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Abstract  

Due to the severity of peripheral nerve and spinal cord injuries, treatment options for patients are 

limited. In this context, biomaterials designed to promote regeneration and reinstate the lost 

function are being explored. Such biomaterials should be able to mimic the biological, chemical, and 

physical cues of the extracellular matrix for maximum effectiveness as therapeutic agents. 

Development of biomaterials with desirable physical, chemical, and electrical properties, however, 

has proven challenging. Here, we propose a novel biomaterial formulation achieved by blending the 

pigment melanin and the natural polymer Poly (3-hydroxybutyrate). Physio-chemical measurements 

of electrospun fibers revealed a feature rich surface nano-topography, a semiconducting-nature and 

brain-tissue-like poroviscoelastic properties. Resulting fibers improved cell adhesion and growth of 

mouse sensory and motor neurons, without any observable toxicity. Further, the presence of polar 

functional groups positively affected the kinetics of fibers degradation at a pH (~7.4) comparable to 

that of body fluids. Thus, melanin-PHB blended scaffolds were found to be physio-chemically, 

electrically, and biologically compatible with neural tissues and could be used as a regenerative 

modality for neural tissue injuries. 
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We developed a biomaterial for scaffolds intended to promote regeneration of nerve tissue after 

injury. This biomaterial, obtained by mixing the pigment melanin and the natural polymer Poly-3-

hydroxybutyrate (PHB), is biodegradable, electrically conductive, and beneficial to the growth of 

motor and sensory neurons. Thus, we believe this biomaterial can be used in the context of health 

care applications. 
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1. Introduction  

The development of biomaterials with suitable mechanical strength, biocompatibility, electrical 

conductivity, and biodegradability, is a critical step for the use of biomedical scaffolds in the 

healthcare sector. Indeed, nanofiber scaffolds, characterized by a mechanically stable continuous 

surface with interconnected pores, are uniquely positioned to be used as a matrix to fill the gap left 

by injury and support the regrowth of damaged neural tissues [1]–[4]. In addition, 3D-

scaffolds/hydrogels in combination with microfluidic chips are being investigated to develop in vitro 

models for brain proxies/ organoids as an alternative to animal models [5], [6]. In recent years, 

various biomaterials have been tested in nerve, cardiac, and bone tissue engineering [7], and shown 

to improve the structural integrity of the regenerating tissue after nerve injury  [7]-[10]. Indeed, by 

mimicking the natural architecture of the extracellular matrix (ECM), scaffolds promote cell 

adhesion, proliferation, and differentiation through the interaction between the scaffold fibers and 

the regenerating cells [11], [12] For these reasons, conventional and leading-edge scaffold 

technologies are being tested to address patient’s needs in the healthcare system [2], [4], [12], [13], 

but development of biomaterials approximating the poroviscoelastic and conducting properties of 

brain-tissue, while also being biodegradable, has proven to be challenging [7], [10], [14], [15]. 

Indeed, brain’s electrical, mechanical and physiological cues, act as critical signals regulating 

proliferation, migration, and differentiation of neural stem cells [16]–[18]. Therefore, an ideal 

scaffold should replicate the electrical and mechanical features of the brain-tissue [14].  

  Currently, electrospinning, photolithography, 3D-printing or 3D-bioprinting can be used to 

fabricate precisely textured fibrous scaffolds, micro-patterned thin films, and implantable grafts 

composed of natural or synthetic polymers. These scaffolds can be used for neural tissue 

engineering (NTE) applications alone or in combination with cells [19]–[22]. Electrospinning is a 

simple and inexpensive technology that has been successfully employed for the generation of 

nano/micro-fibrous scaffolds. The resulting fibrous scaffolds are generally non-conducting and thus 

not suitable to provide electrical stimuli (ES) to nerve cells growing on these surfaces [17]. Indeed, 

electrically conducting polymers (ECP) are not easy to fabricate through electrospinning [14], [15]. A 



 

 

 

This article is protected by copyright. All rights reserved. 

5 

 

possible solution is represented by blending ECPs with suitable biocompatible polymers to create 

composite fibers  [23], [24]. We previously explored the role of electro-spun aligned fibers and 2-

photon lithography in the directed growth of axons [4], [19]. In this study, we propose to design a 

new biomaterial by blending ECP with natural polymers, which is compatible with electrospinning 

and allows for the construction of biodegradable fibrous scaffolds. Thus, we blended Poly (3-

hydroxybutyrate) (PHB), which has already been explored as an implant material to guide axonal 

growth after nerve injury [25], and melanin, a natural electroactive pigment with antimicrobial and 

antioxidant properties [16], [21]-[25]. Furthermore, intramuscular melanin injection was shown to 

promote axon regeneration and improve motor function after sciatic nerve injury in rats [30], 

making it an ideal candidate for nerve regeneration. 

While biodegradable and conductive melanin- based composite thin films have been studied, 

melanin-based fibrous scaffolds and hydrogels have not yet been explored [15], [23], [29], [31], [32]. 

Thus, we aimed to engineer melanin-PHB composite fibrous scaffolds and characterize their physio-

chemical and biological properties, such as surface morphology, thermal, mechanical, and chemical 

properties, hydrophilicity, conductivity, biocompatibility and biodegradability, to assess their 

suitability for soft tissue engineering applications [3], [8]. 

We found that blended fibrous scaffolds offered larger area and rougher surface compared to PHB 

fibers. In addition, we cultured mouse dorsal root ganglia (DRG) and motor neurons (MNs) on 

fibrous scaffolds, as these neuronal types are typically affected in peripheral nerve and spinal cord 

injuries [26], [27] [28]. Survival and morphological features of neurons growing on PHB and melanin-

PHB fibrous scaffolds were evaluated. Neurons exhibited the same level of survival on all the 

surfaces tested, including glass coverslips, which are commonly used as substrate for these cultures. 

Interestingly, DRG neurons displayed greater surface attachment on melanin-PHB fibers, resulting in 

an enlargement of their somatic area compared to other substrates. Our observations suggest that 

melanin-PHB electrically conductive and biodegradable 3D-scaffolds promote the growth of sensory 

and motor neurons. Thus, we believe that our melanin-PHB blend has potential as a biomaterial to 

be used in NTE applications targeted to the healthcare industry. 

 

2. Materials and methods 
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2.1.  Ethics statement 

 

All experiments were performed following the guidelines of the Okinawa Institute of Science and 

Technology Graduate University (OIST) genetic manipulation procedures. All animal experiments 

were performed in accordance with the regulations of OIST animal care and use committee (protocol 

#2021-326). OIST animal facilities and animal care and use program are accredited by AAALAC 

International (Ref. #1551). 

 

2.2.  Reagents and antibodies  

Synthetic Melanin (Sigma M8631), Poly [(R)-3-hydroxybutyric acid (Sigma 363502), Chloroform, 1, 2-

dichloroethane and 1, 1, 1, 3, 3, 3-Hexafluoro-2-propanol were purchased from Sigma-Aldrich, St. 

Louis, USA.  SYLGARDTM 184 silicon elastomer kit (Dow chemical company, USA) was used to prepare 

cured PDMS rings for cell culture. Suppliers for tissue culture media and supplements are individually 

specified in the method section. Anti-βIII tubulin antibody was purchased from GeneTex 

(#GTX631830) and AlexaFluor 594 anti-mouse secondary antibody from Invitrogen (ThermoFisher 

Scientific, Japan). 

 

2.3.  Fabrication of PHB and melanin-PHB nanofibers  

 

Electrospinning was used to fabricate PHB and melanin blended PHB nanofibers. Processing and 

operating parameters like polymer concentration, solvent, solvent ratio, mixing time, 

electrospinning distance, flow rate, applied voltage, needle gauge and also environmental factors 

(temperature, humidity), which are critical for electrospinning [19] were considered and optimized 

as follows. PHB was prepared in chloroform and dichloroethane (9% w/v) by mild heating in a hot 

water bath, and the resulting clear solution was additionally stirred for 4-5h at RT. Separately, a 

polymeric solution of melanin (4% w/v) was prepared in hexafluoro 2 propanol (HFIP) and dimethyl 

sulfoxide (DMSO), subsequently added to the prepared PHB solution and further kept for overnight 

stirring condition at RT (Table S1). The homogenously mixed polymer solution was loaded in a glass 

syringe fitted with a 22-gauge flat tip needle to prevent point discharge effects. The polymer 
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solution was drawn using a syringe pump at a rate of 0.8 ml/h, under high-electric potential (18 kV). 

The distance between the tip of the needle and the grounded collector was set to 18 cm. The 

temperature of 25±2°C and relative humidity (%) of the spinning chamber were kept constant 

(~50%) during electrospinning. Samples were collected on an aluminum foil and stored in a vacuum 

desiccator to remove the residual solvents.  

 

2.4  Characterization of PHB and melanin-PHB fibrous scaffolds  

 

2.4.1 Ultrastructure and diameter  

 

Appearance, surface nanotopography, diameter and density of electrospun PHB and melanin-PHB 

fibers were evaluated using scanning helium ion microscopy (SHIM; ORION Plus) and scanning 

electron microscopy (SEM; JEOL JSM-7900F) as previously described [4], [19].  Briefly, scaffolds were 

lyophilized and mounted onto a conducting carbon tape attached to a copper stub. Samples were 

sputter coated with gold for 3 min followed by analysis under SHIM at a working distance of 9-10 

mm, acceleration voltage of 30 kV, and a field of view of 5 m. SEM micrographs were captured at a 

working distance of 10 mm and an accelerating voltage of 5 kV at 1000X and 5000X magnifications. 

Mean fiber diameters were determined from SEM images using ImageJ software.  

 

2.4.2 Chemical composition of PHB and melanin-PHB fibers 

 

To determine the presence of functional groups and the primary and secondary structure of PHB and 

melanin in electrospun fibers and to confirm melanin’s mixability with PHB polymer in the blended 

fibers, we performed Fourier-transform infrared (FTIR) spectroscopy and X-ray photoelectron 

spectroscopy (XPS). FTIR spectroscopy (Vertex 80v; Bruker) was done in transmission mode over a 

range of 400 – 4000 cm-1 (MIR range) at a resolution of 2 cm/4 cm-1 with a scan time of 64 and the 

data was plotted as percentage of transmittance against wave number (cm−1). Elemental 

composition analysis (carbon, oxygen and nitrogen) was performed using XPS (PHI Quantera SXM 

ULVAC-PHI) on a KRATOS Axis Ultra HAS and the resulting data was plotted as counts per second 

(C/S) vs binding energy (eV) [33]. Briefly, ULVAC-PHI instrument was used with Al K mono X-ray 



 

 

 

This article is protected by copyright. All rights reserved. 

8 

 

with laser span (φ) 200 μm of 50 W (15 kV, 3.3 mA) intensity. The take-off angle was kept at 45 

degrees. The survey spectra pass energy was 280 eV and the energy step was 0.5 eV. Spectra pass 

energy and energy step value of 55 eV and 0.1 eV respectively were used for high-resolution 

acquisition.  The atomic concentrations were calculated using the survey scan on aluminum 

substrate. Poly-hydroxybutyrate was used as a reference sample.  

Tracing of the elemental composition of PHB and melanin-PHB fibers using SEM-EDX was also 

performed to confirm successful blending of melanin and PHB and map the distribution of melanin 

in blended fibers [34], [35]. Briefly, scaffolds were sputter coated with Osmium (Os) for 2 min and 

visualized using a scanning electron microscope (SEM; JEOL JSM-7900F), equipped with a front and 

rear Oxford energy-dispersive X-ray (EDX) detector (Oxford Instruments, UK).  SEM micrographs 

were captured at a working distance of 10 mm and an accelerating voltage of 10 kV at 500x. Aztec-

SEM 6.0 (Oxford Instruments, UK) software was used to map the distribution of C, O and N elements 

in PHB and blended melanin-PHB (9% PHB- 4% melanin) fibers.  

 

 

2.4.3 Mechanical characterization  

 

Topographic imaging and nanoindentation of nanofibers (dry condition) were analyzed using atomic 

force microscopy (AFM) images of PHB and melanin-PHB scaffolds. Briefly, images of the scaffolds 

were acquired using a MultiMode 8 Atomic Force Microscope with a NanoScope V controller and E 

scanner (Bruker) as previously described [4]. Mechanical characterization was performed using a 

Peak Force Tapping mode with a RTESPA-150 probe (Bruker) with a nominal spring constant of 5 

N/m, nominal frequency of 150 kHz and a nominal tip radius of 8 nm [12]. Scaffolds were studied in 

air over an area of 5x5 µm2 to determine force-displacement curves. The reduced Young’s 

Modulus/DMT modulus was calculated by fitting the retract curve using the Derjaguin, Muller, 

Toropov (DMT) model [36]. Images were obtained at a scan rate of 1 Hz, a scan size of 5.08 m and a 

128x128 pixels resolution. Raw Young’s modulus AFM images were processed using the NanoScope 

Analysis v.1.10 software (Bruker). 

Mechanical properties of the dry electrospun PHB and melanin-PHB nanofibers were analyzed using 

a mechanical analyzer (Bose Electro Force, USA).  Dynamic force was applied to the fibers of the 
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sheet (10 × 10 mm, n=3) and sample’s response was measured in terms of length deformation until 

occurrence of fracture. Mechanical parameters, stress and strain were calculated using the following 

equations (1) and (2). 

                                        

                                                        𝑆𝑡𝑟𝑒𝑠𝑠 (𝑃𝑎) =
𝐹𝑜𝑟𝑐𝑒 (𝑁)

𝐴𝑟𝑒𝑎 (𝑚2)
                                                            (1) 

 

                                                        𝑆𝑡𝑟𝑎𝑖𝑛 =
𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛 (𝑚)

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑙𝑒𝑛𝑔𝑡ℎ (𝑚)
                                                       (2) 

         

Young's modulus (Y), tensile strength, and (%) elongation, were also calculated based on the stress–

strain curve of each sample (Figure S1A) [37], [38]. Young’s modulus was calculated by measuring 

the slope within the elastic region of the stress-strain curve, tensile strength was measured from the 

ultimate stress of the stress-strain curve and elongation was quantified by the value of strain at 

fracture point [37], [38].  Our methodology is further illustrated in Figure S1B.  

 

2.4.4 Thermal properties  

 

The thermal properties of PHB and melanin-PHB scaffolds were characterized using a differential 

scanning calorimeter (DSC 8500, PerkinElmer) [4]. Samples of the fibers’ scaffold were placed in 

alumina pans, while empty pans were used as a reference. All samples were first heated at a range 

of 40-250°C at a heating rate of 10°C min-1 under a continuous dry nitrogen flow of 20 mL min-1. 

Afterwards, the samples were cooled to 40° C at 10°C min-1. After each test, the 

crystallization/melting peak region from the thermograph was analyzed to determine the 

crystallization (Tc)/melting (Tm) points. 

 

2.4.5 Conductivity measurement  
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2-probes and 4- probes methods are generally used to measure the resistivity (conductivity) of a 

material, including fibers [39]. The electrical resistivity (or conductivity) of fibers can be measured by 

using the probe resistance. Briefly, a uniform current density was applied across the specimen 

sandwiched between two electrodes located on parallel faces. The potential drop across electrodes 

was then measured. First, we directly measured the resistivity/conductivity of both PHB and 

melanin-PHB electrospun scaffolds (dry) of known geometry (1 cm X 1 cm x 14 m) using a 2-probe 

method (Cascade Microtech SUMMIT 12000B-AP).  

We then confirmed the conductivity of melanin-PHB fibrous scaffold inferring the sheet 

resistance (Rs) by calculating the slope (∆V/∆I) of the voltage vs current (V/I) curve and multiplying it 

for the geometric correction factor (π/ln(2)=4.53236) as shown in equation (3) [40].  

 

                                                     𝑅𝑠 =
π

ln (2)
 (

∆V

∆I
) = 4.53236 ∗ (

∆V

∆I
)                                    (3) 

                             

                                       

A geometric correction factor (
π

ln (2)
) was required to account for the limitation of current pathways 

through the sample, and is based on the sample size, shape and thickness and the position of the 

probes [40]. If the thickness of the sheet (tf) is known, the sheet resistance (𝜌) can be calculated by 

its resistivity using equation (4) [40]. Conductivity () of fibrous sheets can be calculated by the 

inverse of resistivity (1/ 

 

                                                                             𝑅𝑠 =
𝜌

𝑡𝑓
                                                                   (4) 

 

2.4.6 Hydrophilicity/wettability  

 

Hydrophilicity was determined by observing the contact angle of a water droplet on the scaffolds 

using a sessile drop method in a contact angle goniometer (KRUSS, GmbH) [4]. Briefly, a water 
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droplet was poured on the surface of PHB and melanin-PHB samples and the contact angle was 

measured by Drop Shape Analysis (DSA) software (KRUSS, GmbH).  

 

2.4.6 Swelling and degradation analysis  

Swelling and degradation of PHB and melanin-PHB electrospun fibers were estimated in-vitro in 

phosphate buffered saline (PBS, pH 7.4) [41]–[43]. Briefly, dried scaffolds were precisely cut in 

square shapes (1 cm x 1 cm) and the initial weight was measured. To calculate the degree of swelling 

both samples were then immersed in 1 ml of PBS (pH 7.4) at 37 °C for 24h, and subsequently 

weighed. AFM micrographs were also taken to visually confirm the swelling of fibers [42].  For the 

degradation analysis, after 120 days the scaffolds were rinsed in distilled water, dried in an oven for 

24h and weighted.  SEM observation was also performed to confirm morphological changes after 

degradation over a period of 120 days [44].  For the calculation of the degree of swelling (%) and 

degraded mass (%), we considered the initial dry weight of the scaffold (mi), the weight of the 

swelled nanofibers after removing excess water and surface moisture with a filter paper (ms), and 

the constant residual weight of the scaffolds after degradation (mx). The degree of swelling and 

degraded mass (%) of the scaffolds were calculated from equation (5) and (6). 

 

                                        𝐷𝑒𝑔𝑟𝑒𝑒 𝑜𝑓 𝑠𝑤𝑒𝑙𝑙𝑖𝑛𝑔 = (𝑚𝑠-𝑚𝑥/𝑚𝑥) ∗ 100                                       (5)                                       

                                         𝐷𝑒𝑔𝑟𝑎𝑑𝑒𝑑 𝑚𝑎𝑠𝑠 (%) = (𝑚𝑖-𝑚𝑥/𝑚𝑖) ∗ 100                                        (6) 

 

2.5 Cell culture 

 

2.5.1 Preparation for culture  

 

We used 24 well plates for primary neuronal cultures. Scaffolds were placed inside the wells and a 

Polydimethylsiloxane (PDMS) ring was applied on top of the fiber mesh to prevent it from floating in 

the medium. For the fabrication of PDMS rings, molds were designed in CAD Rhinocerous3D (V.5, 

Robert McNeel & Associates) and 3D printed (Object 500 Connex 3, Stratasys, USA) as previously 
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described [12]. PDMS pre-polymer and catalyst were then mixed thoroughly with a 10:1 ratio in a 

disposable plastic cup. The mixture was degassed in a vacuum desiccator for 20 min and poured 

inside the molds. The PDMS was cured in an oven at 60°C for 3h. Finally, polymerized PDMS rings 

were extracted from the molds and inserted inside the well on top of the scaffolds.  

 

2.5.2 Culture of primary sensory neuron from dorsal root ganglion (DRG)  

Scaffolds were placed inside a well of a 24-well plate while being gently pressed down with PDMS 

rings. Control glass surface and the scaffolds were sterilized with a graded series of ethanol (EtOH) 

and finally immersed in 99.99% EtOH for 5 min and subsequently washed three times with PBS (each 

time for 5 min). The samples were then coated with 0.01% Poly-L-lysine (Sigma-Aldrich #P4832-50ml) 

overnight at 4°C, rinsed with PBS  and coated again with Laminin (GibcoBRL #23017-015) for 2h at 

4°C. Dorsal Root Ganglia (DRG) neurons were obtained from 2 months old ICR female mice (Charles 

River or JapanClea, Japan) as described here [45]. Briefly, DRGs were dissected out from adult mice 

and collected in HBSS (GibcoBRL, #14175095), supplemented with 5 mM HEPES (Sigma-Aldrich, 

#H0887), and 0.1 mg/ml Primocin (Tamar #ant-pm-1), pH 7.35. Dissociation was performed by 

digestion with 100 U of papain (Sigma Aldrich, #P4762) in HBSS for 30 min, followed by digestion in 1 

mg/ml collagenase-II (Worthington Biochemical Corporation, #CLS2) and 1.2 mg/ml dispase at 37°C 

in HBSS for 30 min. The ganglia were then triturated in complete HBSS. Cells were recovered by 

centrifugation in 20% Percoll (Sigma-Aldrich, #P4937) diluted in L15 medium (GibcoBRL #L-5520), 

with 5 mM HEPES, 10% Fetal Calf Serum (Invitrogen, #10270106), 0.1 mg/ml Primocin, at the speed 

of 1000 rpm for 8 min and plated at a density of 2 × 104 cells/cm2 in F12 medium (GibcoBRL, 

#11765062) supplemented with 10% Fetal Calf Serum, and 0.1 mg/ml Primocin for 48 hours. 

 

2.5.3 Embryonic motor neurons culture (MNs) 

 

C57/BL6 mouse embryonic stem cells (mESC, #SCRC-1002, ATCC, USA) were cultured and 

maintained as previously described [4]. Briefly, mESCs were maintained on gelatin coated 

flasks (EmbryoMax 0.1% Gelatin solution, Merck, #ES-006-B) in Glasgow Minimal Essential 

Medium (GMEM, Invitrogen #11710035), 5% ES cell-qualified fetal bovine serum (FBS, 
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Invitrogen, #16141079), 5% knockout serum replacement (KSR, Invitrogen Corporation, 

#10828028), 1% GLUTAMAX (Invitrogen, #35050061), 0.1 mM 2-mercaptoethanol and 1000 

units/ml of leukemia inhibitory factor (Chemicon International, Inc., #ESG1107). To generate 

MNs, 1.5 × 106 mESC were grown in suspension on a 10 cm non-tissue culture treated Petri 

dish in presence of differentiation medium (DFNK, 45% Neurobasal (ThermoFisher, 

#21103049), 45% DMEM/Ham's-F12 (FUJIFILM Wako #041-29775/Invitrogen #11765062), 

10% KSR, 1% GLUTAMAX and 0.1 mM 2-mercaptoethanol). 24h after plating, the resulting 

embryoid bodies (EBs) were centrifuged and re-suspended in 10 ml of DFNK medium. The 

day after, EBs were allowed to sediment and re-suspended in fresh DFNK medium 

supplemented with 1 μM all-trans retinoic acid (RA, Sigma, #R2625) and 333 nM 

Smoothened Agonist (SAG; Merck, #566660) and maintained as such for additional 4 days. 

Finally, EBs were dissociated with trypsin-EDTA (Sigma, #T4049) for 7 min at 37°C as 

previously described [4], [46]. Before seeding, control glass surface and the scaffolds were 

sterilized with 99.99% EtOH for 5 min and subsequently washed three times with PBS (each 

time for 5 min). Surfaces were then  coated with 0.01% Poly-L-lysine overnight at 4°C, rinsed 

with PBS  and coated again with Laminin for 2h at 4°C. Dissociated motor neurons were 

plated onto the scaffold in motor neuron growth medium, comprised of Neurobasal medium 

(ThermoFisher, #21103049) supplemented with 2% B27 (ThermoFisher, #12587010), 2% FBS, 

1% GLUTAMAX, 25 μM 2-mercaptoethanol, 10 ng/ml rat ciliary neurotrophic factor (CNTF; 

Peprotech, #450-13), 100 pg/ml rat glial cell line-derived neurotrophic factor (GDNF; 

Peprotech, #450-10) and 1 μM RA for 48h.  

 

2.6 Immunocytochemistry  

 

Mouse sensory and motor neurons were cultured on PHB and melanin-PHB fibrous scaffolds for 48h 

and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, #15710) in phosphate buffer 

saline (PBS, e-Nacalai, #14249-95) for 30 min at room temperature. Blocking for non-specific 
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antibody binding was performed by incubation with 5% normal goat serum and 0.1% Triton X-100 in 

PBS for 30 min. Neurons were then incubated overnight at 4°C with anti-βIII-tubulin antibody 

(GeneTex, 1:1000 dilution in PBS), which is a neuronal marker [47]–[49]. Cells were then washed 3-

times with PBS and incubated with anti-mouse Alexa Fluor 488 (Invitrogen) conjugated secondary 

antibody (1:500 dilutions in PBS) for 1h at RT. Imaging for DRG neurons was performed on a confocal 

laser microscope LSM900 (Carl Zeiss AG, Germany) using 20x (Plan-Apochromat, NA=0.8) and 63× 

(Plan-Apochromat, NA = 1.40) objective lenses. Images were acquired in ZenBlue 3.1 (Carl Zeiss AG, 

Germany) with a pixel resolution of 512 x 512 at 20x (0.624 m/pixel) and 2048 × 2048 at 63x (0.050 

m/pixel) for the DRG neurons. Higher resolution images of motor neurons within the scaffold have 

been acquired on a Nikon-A1R laser confocal microscope (Nikon, Japan) using a PlanApo VC 20x/0.75 

NA objective (pixel size = 0.21 m).  

 

2.7 Cell viability assay and cell body area estimation 

 

Survival analysis of DRG neurons grown on melanin-PHB and PHB scaffolds was performed to assess 

the biocompatibility of the material. 1 cm × 1 cm × 10 μm (L×W×H) fibrous sheets were prepared 

using electrospinning.  DRG neurons were dissociated and cultured for 48h, and cell viability was 

determined using the CytoPainter Fixable Cell Viability Assay Kit (Fluorometric–Red; ab176744) as 

previously reported [12]. The fluorescent dye provided in the kit reacts with cell surface amines in 

alive cells, while necrotic cells display a strong labelling (~500 fold higher than alive cells) of 

intracellular amines. Indeed, sensitivity of most fluorescent methods for detecting viable cell is 

higher [50], [51] and exhibit lesser cytotoxicity than conventional methods such as the MTT-assay 

[52]–[54].  Briefly, cells were incubated with Fluorometric-Red at 37°C for 45 min, washed with HBSS 

and fixed with 4% paraformaldehyde (Electron Microscopy Sciences, #15710) for 20 min. Cells were 

then stained with anti-βIII-tubulin antibody and Alexa-488 conjugated fluorescent secondary 

antibody. Fluorescence imaging was performed on a confocal laser scanning microscope LSM900 

(Carl Zeiss AG, Germany) using 20x objective as explained in earlier section-2.6, and the number of 

dead (Fluorometric-Red positive cells) and alive cells was counted to estimate cell viability on the 

different substrates. The same images were then used to quantify the surface area of the cell bodies 
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of neurons grown on glass surfaces, PHB and melanin-PHB fibers. The software ImageJ was used to 

manually identify the cell body using a segmented line tool and the area in pixel was calculated for 

each neuron and later converted to m2. 

 

2.8 SEM imaging of sensory and motor neurons 

 

The morphology of DRG sensory and embryonic motor neurons cultured on glass, PHB and melanin-

PHB fibers was qualitatively evaluated by scanning electron microscope (SEM) as reported in our 

previous work [12]. Briefly, cultured neurons were fixed with 2.5% glutaraldehyde for 20 min. Cells 

were washed 3 times with PBS (e-Nacalai, #14249-95) for 1 min and fixed with 1% Osmium tetra 

oxide  for 20 min. Cells were then washed 5 times with PBS for 5 min and gradually dehydrated using 

70%, 90%, and 100% EtOH for 15 min. Samples were treated with t-butyl alcohol (Sigma-Aldrich 

#471712) before freezing at -30°C for 5 min. Frozen samples were kept inside the Freeze Dryer (ES-

2030) at -20°C under vacuum and dried overnight. Dried samples were coated with gold using a 

multifunction vacuum sputter deposition equipment for 3 min at 0.001 Pa. SEM images were 

acquired with a JEOL JSM-7900F at 5 KV and 10 mAmp current with LED detector at magnifications 

ranging from 900x to 2000x. 

 

2.9 Statistical analysis  

 

ANOVA with Tukey's post hoc test was performed for multiple comparisons and unpaired t-test was 

performed for the comparison between 2 groups using GraphPad Prism 9 Software (GraphPad, 

U.S.A.). All the data were expressed as mean ± SEM, where the error bar indicates the standard error 

of the mean. * = P<0.05, ** = P<0.01, *** = P<0. 001, and **** = P<0.0001. 

 

3 Results  

 

3.1.  Morphological characterization of electrospun scaffolds  
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We aimed to use electrospinning to fabricate PHB and melanin-PHB nanofibers. Synthetic melanin 

by itself is not a good candidate for spinning due to poor solubility, low plasticity, and brittle nature. 

Therefore, synthetic melanin was blended with PHB to assist electrospinning and obtain electrically 

conducting and biodegradable nanofibers (Table S1). Successful electrospinning of PHB and melanin-

PHB fibrous meshes was validated by SEM imaging. Both PHB and melanin-PHB fibrous sheets were 

characterized by continuous fibers of random orientations with interconnected pores. PHB fibers 

displayed a smooth surface, while the surface of melanin-PHP fibers was rough and feature rich 

(Figure 1A & 1B). Fiber diameter (mean ± s.e.m.) was estimated using images of 5kx magnification. 

Blending of melanin with PHB resulted in smaller fibers, with PHB and melanin-PHB fibers displaying 

a diameter of 2.22 ± 0.055 µm and 1.36 ± 0.0527 µm respectively (Figure 1C, Table 1). Scanning 

helium ion microscopy (SHIM) images, which allow for a better visualization of the fiber 

ultrastructure, also revealed the presence of flakes or nanoparticles-like structures on the surface of 

melanin-PHB fibers (Figure 1Bi). The presence of a mixture of micro and nanofibers (diameter ~0.2-1 

m) in melanin-PHB sheets might be the result of the electro-conductive nature of melanin. We 

expect the mixed diameter of melanin-PHB fibers in conjunction with their rough surface to 

positively affect the adhesion of nerve cells, by increasing the point of contact of the cells with the 

scaffold and offering a capillary network for the extension of neurites. 

 

4 



 

 

 

This article is protected by copyright. All rights reserved. 

17 

 

Figure 1: Surface characterization of PHB and melanin-PHB fibers. High resolution SEM images at 

1000x and 5000x magnification. (A) PHB scaffold, (B) melanin and PHB composite fibers, and SHIM 

images showing the ultrastructure and the surface morphology of (Ai) PHB fibers, and (Bi) melanin-

PHB fibers. Scale bars: (A-B) at 1000x and 5000x: 1 m, and (Ai-Bi) 500 nm (C) Quantification of fiber 

diameter of PHB and melanin-PHB scaffold at 5000x. Data shown as mean ± s.e.m.; asterisks indicate 

statistical significance (Student t-test; ****p ≤ 0.0001). 

 

 

Measurement 

Numeric Values 

PHB scaffold Melanin-PHB scaffold 

Morphological analysis: 

Fiber diameter  

 

2.22 ± 0.055 µm 

 

1.36 ± 0.052 µm 

Mechanical strength: 

Young’s modulus (Y) 

Tensile strength 

Elongation (%) 

 

86.56 ± 10.33 MPa 

3.15 ± 0.592 MPa 

44.28 ± 3.31 

 

46.70 ± 4.66 MPa 

2.43 ± 0.591 MPa 

43.01 ± 2.92 

Thermal stability: 

Melting temperature (Tm) 

 

175.18°C 

 

178.958°C 

Resistivity  (Ω-cm): 

Dehydrated/Dry 

 

Conductivity S/cm: 

Dehydrated/dry 

 

0.78x10
8 
Ω-cm 

 

 

12.8079 x10
-9
 S/cm 

 

411.61 Ω-cm 

 

 

2.42x10
-3 
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Mathematically derived from the 

slope of V/I curve 

Resistivity (Ω-cm): 

Conductivity S/cm: 

 

**Insulator 

 

 

            

            n/a 

            n/a 

**Semiconductor 

 

 

 

1.1785 Ω-cm 

848.5123x10
-3

 S/cm 

 

Wettability measurement: 

Contact angle (in degrees) 

 

100.03 ± 1.24° 

 

61.82 ± 3.40° 

Table 1:  Physiochemical measurements of PHB and melanin-PHB nanofiber scaffolds. 

3.2.    Chemical analysis and tracing of fibers elemental composition  

 

We looked at FTIR transmittance spectra of PHB and melanin-PHB fibers to identify the characteristic 

peaks of functional groups, which would confirm the presence of PHB and melanin in our fibers. An 

initial chemical analysis of PHB and melanin in polymeric powder form suggested the presence of a 

characteristic aliphatic -OH stretching peak at 3436.88 cm-1 and an aromatic –OH stretching peak at 

3377.09 cm-1 in PHB and melanin respectively (Figure S2A and S2B) [55]. The amine group identified 

in blended fibers suggests the presence of melanin and justifies their solubility in polar solvents. 

Indeed, water solubility of amines is largely due to their capability for hydrogen bonding [56]. 

Further, we observed a sp3 -CH stretching peak of CH2 and CH3 groups in PHB at 2977.86 cm-1 (Figure 

S2A) [57] and an aromatic –NH stretch of secondary amine peak in melanin at 3213.16 cm-1 (Figure 

S2B) [58].   A carboxylic –C=O stretching peak was observed in PHB and melanin at 1726.15 cm-1 and 

1716.51 cm-1 respectively [59]. We then confirmed the presence of similar peaks in PHB and 

melanin-PHB electrospun fibrous scaffolds. Indeed, PHB fibers were characterized by an aliphatic -
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OH stretching peak at 3436.5 cm-1, a sp3 -CH stretching peak of CH2 and CH3 at 2975.6 cm-1
 and 

carboxylic acid –C=O stretching peak at 1720.17 cm-1 (Figure 2A), with a shift of ~0.38 cm-1, ~2.26 

cm-1 and ~5.98 cm-1 compared to PHB powder (Figure 2A and Figure S2A). A broad primary amine 

peak at 3207.01 cm-1, a sp3 -CH stretching peak at 2975.06 cm-1 and a carboxylic acid –C=O stretching 

peak at 1722.10 cm-1 were observed in melanin-PHB fibers (Figure 2B), with a significant shift in peak 

value of ~6.06 cm-1 and ~5.59 cm-1 in the primary amine peak and –C=O stretching peak, compared 

to melanin powder (Figure S2B) [60]. We hypothesize that such shifts could be the result of the use 

of HFIP and DMSO (3:1) as solvent for the melanin-solution (4% w/v) and successful blending with 

PHB polymeric solution (9% w/v). We didn’t observe the characteristic -NCO peak (2264 cm−1) of 

HFIP in the fibers, suggesting successful evaporation of solvent [61], [62].  
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Figure 2: Chemical characterization of PHB and melanin-PHB fibers. FTIR spectra of (A) PHB fibers, 

and (B) melanin-PHB fibers showing the characteristic peaks of the identified functional groups. (C) 

XPS spectra for the elemental analysis, and (Ci) (%) atomic constitution of melanin-PHB and PHB 

fibers. XPS spectra shows the peak for elements (D) C1s, (E) O1s and (F) N1s in the PHB and melanin-

PHB scaffolds. 
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 Elemental composition analysis via X-ray photoelectron spectroscopy (XPS) of PHB and 

melanin-PHB was performed (Figure 2C-2F), highlighting the presence of similar levels of C1s (Figure 

2D) and O1s (Figure 2E) in both, and confirming the presence of the common polymeric group of 

PHB. Further, C1s peak of sp3 -C-C and -C-H stretching peak were located at ~284.8 eV (Figure 2D). 

We observed the presence of a carbonyl –C=O stretching peak between ~286-287 eV. Similarly, we 

detected a carboxylic acid –C=O stretching peak at 288.8 eV in both PHB and melanin-PHB fibers 

(Figure 2D). An O1s peak of carboxylic acid –C=O was also observed at ∼532.6 eV (Figure 2E). The 

N1s peak of primary and secondary amines located at ∼399.8 eV (Figure 2F) was present only in 

melanin blended fibers, confirming the successful blending of melanin in melanin-PHB fibers.  

 We also traced fiber composition by SEM-EDX analysis [34], [35] (Figure S2 C-F). We focused 

on the localization of nitrogen to map the distribution of melanin in blended fibers, since it is present 

in melanin and absent in PHB. We compared fibers obtained by electrospinning of 9% PHB (control 

sample) and a 13% blend of PHB and melanin (9% PHB and 4% melanin) (Figure S2 C-D) [35]. Indeed, 

the characteristic peak of carbon (Kα 277 eV) and oxygen (Kα 525 eV) was detected in both samples, 

while nitrogen (Kα 392 eV) was present only in melanin-PHB fibers (Figure S2 E-F).  

 

 

3.3.   Mechanical properties 

 

The mechanical properties of PHB and melanin-PHB fibers were investigated to verify whether these 

scaffolds have the required rigidity to sustain their morphology in an in-vivo setting. We performed 

atomic force microscopy (AFM) scans to determine the fiber’s topology (Figure 3A) and DMT 

modulus/ Young’s modulus (Y) (Figure 3B) to visualize the topographic distribution of mechanical 

strength throughout the scaffolding surface. The average topographic distribution of Young’s 

modulus for PHB and melanin-PHB nanofibers was around ~ 70 MPa and ~50 MPa respectively 

(Figure 3B) [4]. We also investigated the dehydrated form of both fibrous scaffolds using a 

mechanical testing machine (Table 1; Figure S1). In that context, PHB fibers were shown to have the 

higher values of modulus, 46.70 ± 4.66 MPa, compared to melanin-PHB fibers, 86.56 ± 10.33 MPa 

(Figure S1C) [15], [16]. Though blending of melanin with PHB seemed to decrease the tensile 
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strength compared to PHB fibers (2.43 ± 0.591 MPa and 3.15 ± 0.592 MPa respectively), the 

difference observed was not statistically significant (Figure S1D). The elongation (%) showed similar 

values for melanin-PHB (43.01 ± 2.92 %) compared to PHB nanofibers (44.28 ± 3.31 %) (Figure S1E).  

Our data confirmed that the mechanical strength of both PHB and melanin-PHB fibers meets the 

physiochemical requirements for medical implants in brain-like tissues, suggesting that they would 

be able to sustain their spatial architecture in-vivo and are, thus, suitable as implants for neural soft 

tissues engineering [1], [25].  

 

 

Figure 3: Mechanical and thermal property analysis of PHB and melanin-PHB fibers. (A) 

Representative height sensor AFM images of PHB fibers and melanin-PHB blended fibers show the 

surface morphology of the fibers. (B) Nanoindentation images with peak-force mode show the 
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topographic distribution of the calculated Young’s modulus (DMT modulus). Differential scanning 

calorimetry (DSC) curves of a (C) blank sample, (D) PHB scaffold and (E) melanin and PHB blended 

fibers Heating cycle is represented in red and cooling cycle in blue color. Tm shows the peak of melting 

temperature. 

 

3.4 Thermal properties 

 

Biomaterials thermal properties, such as low impedance for neural probes and durability for 

scaffolds, are crucial to their suitability for neural tissues applications [1], [63]. To determine the 

thermal properties of PHB and melanin-PHB scaffolds, we performed a calorimetry study with a 

differential scanning calorimeter (material and methods section 2.4.4). We observed a negative peak 

during the heating cycle, corresponding to the melting temperature (Tm) of the nanofibers, 

suggesting a deformation in the fiber structure, whereas no peak was observed during the cooling 

cycle, indicating that the polymer does not further undergo a state change after melting (Figure 3C-

3E).  The calculated Tm of PHB fibers and melanin-PHB fibers were 175.18°C (Figure 3D) and 178.95°C 

(Figure 3E) respectively. Elevation in Tm for melanin-PHB fibers confirmed successful blending. Our 

analysis suggests that melanin-PHB fibers are thermally stable and thus a suitable candidate for 

neural tissue engineering.  

 

3.5 Resistivity and conductivity measurement  

 

We explored the electrical properties of PHB and melanin-PHB fibers by measuring their resistivity 

() and conductivity () (Figure 4A-4D). Resistivities were directly measured by 2-probes (material 

and method section 2.4.5). PHB and melanin-PHB fibers resistivities were 0.78x108 Ω-cm and 411.61 

Ω-cm respectively, while conductivities were 12.80x10-9 S/cm and 2.42x10-3 S/cm respectively (Table 

1). The conductivity value for PHB fibers lies in the range of insulator materials, whereas melanin-

PHB sheets were within the range of semiconductor materials (Figure 4D). Further, we confirmed 

the conductivity values by mathematically deriving the resistivity/conductivity values from the sheet 

resistance, which was calculated from the slope of the linear segment of the V/I curve as explained 

in the material and method section 2.4.5. We could observe a linear behavior of the V/I curve only 
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for melanin-PHB fibrous scaffolds (PHB alone is not conducting). Therefore, following the equation 

(3) of method section 2.4.5, we could derive the value of the sheet resistance (Rs= 4.53236*slope = 

841.80 Ω) from the slope (185.73315 Ω) of the V/I curve for melanin-PHB sheets only. Further, we 

calculated the resistivity (of melanin-PHB fibrous sheets as a product of the sheet’s 

resistance (Rs) and thickness (tf=14 m). Finally, conductivity (848.51x10-3) was measured as the 

inverse of resistivity. The calculated resistivity and conductivity of melanin-PHB sheets lies in the 

range of semiconductor materials (Figure 4D).   
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Figure 4: Electrical properties of PHB and melanin-PHB fibers using 2-probes methods. Resistivity 

measurement of (A) PHB and (B) melanin-PHB fibers using V vs I curve. PHB fibers behaves like as an 

insulator and melanin-PHB scaffolds show semiconductor like behavior. (C) Melanin-PHB sheet 

resistance (Rs) calculation by slope measurement of V/I curve. (D) Graphical representation of the 

calculated resistivity and conductivity of PHB and melanin-PHB scaffolds on the conductivity scale. (E) 

Contact angle measurement for the wettability/hydrophilicity analysis of PHB scaffold and melanin-

PHB scaffolds. Data are shown as mean ± s.e.m.; asterisks indicate statistical significance (Student t-

test; ****p ≤ 0.0001). 

 

3.6 Wettability  

We determined the wettability (or hydrophilicity) of PHB and melanin-PHB scaffolds. The water 

contact angle is an important parameter to predict the adhesion of cells to the scaffold and is critical 

to define the its suitability for biological applications [4], [63], [64]. Surfaces displaying contact 

angles lower than 90° are considered hydrophilic. Our findings showed that the value of the contact 

angles for pure PHB fibers was significantly higher (100.03 ± 1.24°, **p<0.0001) than the one of 

melanin-PHB scaffolds (61.82 ± 3.40°) (Figure 4E), suggesting that blending of melanin increased the 

hydrophilicity of the resulting fibers, possibly improving protein adsorption and cell adhesion on the 

scaffolding surface [65], [66]. 

 

3.7 Swelling and degradation analysis 

We measured the degree of swelling or swelling capacity (%) of PHB and melanin-PHB scaffolds over 

a period of 24h (Figure S3 A-E). We found the (%) swelling capacity of melanin-PHB fibers (800.58 ± 

41.7) to be significantly higher (**p<=0.01) than the one of PHB fibers (169.33 ± 11.74) after 24h 

incubation in phosphate-buffered saline (PBS) (Figure S3C). We also analyzed the degradation of PHB 

(Figure S3F) and melanin-PHB fibers (Figure S3G) by measuring weight loss after immersion in PBS 

for 120 days (Fig. S3 F-J). Blending of melanin increased the percentage of degradation of melanin-

PHB scaffolds (**p<=0.01) compared to PHB ones (Figure S3H).  
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3.8 Biocompatibility of PHB and melanin-PHB scaffolds  

 

Dorsal root ganglia (DRG) and motor neurons (MNs) are typically affected in traumatic peripheral 

nerve injuries and spinal cord injuries [67], [68] [69]. We tested the biocompatibility of PHB and 

melanin-PHB fibrous scaffolds on both neuronal cell types in-vitro. SEM and fluorescence images 

confirmed that both DRGs (Figure 5 and Figure S4) and MNs (Figure S5) could grow and survive on 

PHB or melanin-PHB scaffolds. Further, 3D representation of DRG neuronal culture on PHB and 

melanin-PHB scaffolds showed how axons could extend between different layers of the 3D scaffolds 

(Figure 5B). Due to their smaller soma size, MNs could pass through different layers in the 3D 

scaffold and extend neurite network in 3D (Figure S5), as shown in SEM micrographs (Figure S5A) 

and by immunofluorescence analysis (Figure S5B). 
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Figure 5:  Biocompatibility of PHB and melanin-PHB fiber scaffolds. (A) High resolution SEM images 

of DRG neurons on glass, PHB and melanin-PHB surfaces. scale bar: 10 m. (B) Confocal images of 

DRG neurons growing on glass surface, and polymeric 3D fibrous sheet of PHB and melanin-PHB 

fibers. Cells are stained with anti--III tubulin antibody (green; left panel). Transmission images 

(middle panel) and a color-coded representation (right panel) of the neurite outgrowth in the depth 

of 3D scaffold are also shown. Scale bar: 20 m, color-coded scale bar showing the correspondence 

between the depth in the scaffolds and the color in the 3D view color-coded panel (C). Cell survival 

assay shows no significant difference in the (%) survival of DRG neurons on control glass surface, and 

polymeric 3D fibrous sheet of PHB and melanin-PHB. (D) Quantification of the spread of the soma on 

control glass surface, and polymeric 3D fibrous sheet of PHB and melanin-PHB (C-D). Data are shown 

as mean ± s.e.m.; asterisks indicate statistical significance (One-way ANOVA with Tukey's post hoc 

test; ***p ≤ 0.001; ns= not significant). 

 

 We also quantified the survival of DRG neurons on these substrates using a cell survival 

assay (Figure S4).  No noticeable effects on neuronal viability or sign of axonal stress were observed 

when comparing PHB and melanin-PHB nanofibers to a silica substrate, which is standard for the 

culture of these neuronal types (Figure 5C). High resolution SEM micrographs highlighted a better 

attachment of DRG neurons to melanin-PHB fibers, which can be inferred by the significant increase 

of DRG neurons somatic area (445.32 ± 19.4 m2, ***p<0.001,) in melanin-PHB scaffolds relative to 

glass (236.25 ± 8.48m2) and PHB sheets (257.89 ± 4.13 m2) (Figure 5A and 5D). Thus, our data 

support the biocompatibility of melanin blended PHB scaffolds and their suitability for neuronal 

cultures. 

 

 

Discussion 

 

Several millions of people worldwide are affected by peripheral nerve injury (PNI), spinal cord injury 

(SCI), and traumatic brain injury (TBI) [70], [71]. Autologous nerve grafts have been used to address 

these clinical needs, but their successful implementation has been hampered by limitations such as 
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donor site morbidity, potential loss of function, and limited amount of tissue graft [8], [71]. Thus, 

alternative strategies are actively being investigated. Over the past decades, tissue engineering has 

gained attention as an alternative to conventional transplant methods [8]. The viscoelastic and 

conducting nature of nerve cells makes the development of a suitable polymer formulation for 

scaffolds challenging [1]. Though several classes of biomaterials have been investigated to improve 

regeneration of damaged neural tissue, electrical cues and biodegradability have been difficult to 

achieve and need to be addressed in order to enable the development of effective scaffolds [1], [23], 

[25], [72], [73]. To date, most of NTE applications are in pre-clinical phase, with the exception of 

collagen-based conduits, which have been successfully tested in clinical trials for regeneration of 

peripheral nerves [74], [75]. Most biomaterials available are not electrically conductive, a property 

crucial for neural tissues [76], [77], [7], [10]. Indeed, direct electrophysiological link between nerve 

cells and electrical stimulation was shown to influence cell signaling and protein adsorption [15], 

though, the exact mechanism is not yet clear [7]. Numerous, electrically conductive polymers have 

been investigated, including polypyrrole (PPy), polyaniline (PANI), poly(3,4- ethylenedioxythiophene), 

polystyrene sulfonate (PEDOT: PSS), poly(3-hexylthiophene) (P3HT), poly(2,2′-bithiophene) (PBP), 

and polythiophene and poly(para-phenylenevinylene), which are biocompatible but non-

biodegradable [76], [72], [2], [3], [78].  

In our previous works, we investigated the effect of  varying the degree of alignment of 

electrospun fibrous scaffolds on  neuronal cell behavior [19], and controlled geometry on directional 

axonal growth, using IP-DIP photo-resin lithographed 3D-scaffolds [4]. In the present study, we 

developed electrospun electrically conductive and biodegradable fibrous scaffolds by blending the 

natural pigment melanin with the natural polymer poly-3-hydroxybutyrate (PHB). PHB is 

biodegradable and has been used in healthcare such as surgical sutures, nerve repair, and drug 

delivery [79], [80], [77], [81], [31]. Melanins are naturally occurring conductive pigments, chemically 

characterized as heteropolymers of 5,6-dihydroxyindole and 5,6-dihydroxyindole-2-carboxylic acid. 

The electrical conductivity of melanin  ranges from 10-8 S cm-1 in the dehydrated state up to 10-3 Scm-1 

in the fully hydrated state [82], [15], [83]. Herein, the unique properties of melanin and PHB 

polymers were explored to construct conducting and biodegradable nanofiber scaffolds with 

potential for NTE applications. Physiochemical analysis confirmed successful fabrication of melanin 

blended PHB fibers using electrospinning (Figure 1). Electrospun melanin-PHB scaffolds were shown 



 

 

 

This article is protected by copyright. All rights reserved. 

30 

 

to provide a larger surface area and better cell attachment due to their rough surface and the 

presence of nanometer size fibers in the mesh [4], [76], [84] (Figure 1). The ideal mechanical strength 

of brain tissue ranges from few hundreds of Pa to MPa [1]. It has been reported that mechanical 

mismatch between engineered biomaterial and brain tissue can cause mechano-chemical 

inflammation and injuries through the activation of apoptotic cellular pathways [1], [85]. Therefore, 

materials developed for NTE should also have neuroprotective properties [23], [26]–[28]. Our 

material is composed of melanin, which is a well-known neuroprotective substance [26], [28]. The 

stiffness of our engineered biomaterial measured in terms of elastic moduli, tensile strength and 

elongation (%) lies in the ideal range for brain tissues engineering (Figure 3B and Figure S1) [1], [9], 

[23]. In addition, calorimetry investigation with DSC showed that our biomaterial is thermally stable 

and can sustain high temperatures (Figure 3E). Adding melanin has not only increased the 

hydrophilicity (Figure 4E), swelling and biodegradability (Figure S3) of nanofibers due to the presence 

of polar functional groups (Figure 2B), but also made the fibers conducting in nature, opening to the 

possible use of melanin for bioelectronics (Figure 4B-4D; Table 1) [86]. Conductive scaffolds will 

facilitate the establishments of electrical cues in an in-vivo setting, which might accelerate neuronal 

growth [7]. Melanin-PHB fibers are also mechanically and thermally stable (Figure 3) and might 

reduce impedance due to a larger surface area for ionic-electronic transduction. These properties 

might make the melanin-PHB blend suitable for the coating of neural probes and semiconducting 

circuitry on chips for brain machine interfacing [1], [15], [23], [82]. Further, melanin-PHB fibers rough 

surface and conductive nature facilitated the attachment [4] and survival of mouse sensory (Figure 5) 

and motor neurons (Figure S5), without impacting cell viability (Figure 5C and Figure S4). High 

resolution SEM micrographs showed a better attachment of DRG neurons on melanin-PHB fibers, as 

evidenced by the flattening of the neuronal soma and the significant increase in the cell body area 

(Figure 5A and 5D). The observed improvement in cell adhesion might be the product of melanin-

PHB scaffolds topological features, such as surface roughness, micropores [87], [88] surface energy of 

substrate [89], [90], and increased swelling capacity/hydrophilicity [91], [92], in conjunction with 

laminin coating, which might have promoted the interaction between scaffold and cell surface 

receptor proteins, like integrin, known to facilitate neuronal growth [11], [93]–[95]. Indeed, surface 

modifications that increase the nanoscale roughness of electrospun fibers have been reported to 

improve cell attachment, differentiation and proliferation regardless of cell type [84], [89], [96]. A 

recent study also showed how melanin-based electroactive and antioxidant silk-fibroin nanofibrous 
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scaffolds displayed neuroprotective properties, and improved cell proliferation and differentiation of 

neuroblastoma cells [23]. Taken together, our data suggests the suitability and potential advantages 

of melanin-PHB scaffold as a brain-tissue-like biomaterial, which could be deployed to repair 

damaged neural tissue and support the regrowth of severed nerves.  

 

Conclusions 

 

In this study, we successfully fabricated biodegradable and conductive fibrous scaffolds, using a 

blend of melanin and PHB. These fibers were characterized for their physical and chemical 

properties. Melanin blending favorably altered PHB fibers morphology, diameter and wettability and 

positively improved their electrical conductivity. These scaffolds were also shown to be thermally 

stable, while providing suitable tensile properties, porous network, high surface area to volume 

ratio, and being able to support the growth of DRG and motor neurons. Indeed, melanin-PHB fibers 

were biocompatible and did not impact neuronal survival, while improving cell adhesion, as shown 

by the observed increase in somatic area. The measured physiochemical and electrical properties, 

coupled with the observed biocompatibility and biodegradability, suggest that our melanin-PHB 

scaffolds could be applied to neural tissue engineering applications.  Future pre-clinical in-vivo 

studies are required to predict the feasibility of clinical use.  
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