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Abstract 

Developing advanced materials for wound dressings is a very challenging, yet unaddressed task. These 

systems are supposed to act as temporary skin substitutes, performing multiple functions, including fluid 

absorption and antimicrobial action, supporting cell proliferation and migration in order to promote the 

skin regeneration process. Following a global bioinspired approach, in this study, we developed a 

multifunctional textile for wound dressing applications. Biodegradable 

polyhydroxybutyrate/poly-3-caprolactone (PHB/PCL) mats were fabricated by electrospinning to mimic 

the extracellular matrix (ECM), thus providing structural and biochemical support to tissue regeneration. 

Furthermore, inspired by nature’s strategy which exploits melanin as an effective weapon against 

pathogens infection, PHB/PCL mats were modified with hybrid Melanin-TiO2 nanostructures. These 

were combined to PHB/PCL mats following two different strategies: in-situ incorporation during 

electrospinning process, alternately ex-post coating by electrospraying onto obtained mats. All samples 

revealed huge water uptake and poor cytotoxicity towards HaCat eukaryotic cells. Melanin-TiO2 coating 

conferred PHB/PCL mats significant antimicrobial activity towards both Gram(+) and Gram(-) strains, 

marked hydrophilic properties as well as bioactivity which is expected to promote materials-cells 

interaction. This study is going to provide a novel paradigm for the design of active wound dressings for 

regenerative medicine. 

Keywords:  Melanin; Bioinspired Wound Dressings; Hybrid nanomaterials; Titanium Dioxide; 

Electrospinning; Polyhydroxybutyrate/poly-3-caprolactone (PHB/PCL)  

Introduction 

Skin is one of the widest organs of the human body, it ensures homeostasis and plays the key role of 

protection against chemical and physical harmful agents, including aggressive pathogens [1–3]. 

Wounding caused by trauma, surgery or any pathological diseases compromises skin integrity and 

frequently leads to permanent physical defects and even to death, thus rising a major healthcare issue [1–

3]. Wound treatment is growing worldwide as one of the most important medical problems since people 

aging and increasing number of metabolic and cardiovascular diseases make chronic wounds more 

significant [4]. Wound dressings play a key role in the healing process, this prompted scientific research 

towards the design of bioactive materials, which mimic the ECM, promoting cell adhesion and migration 

to the wound to aid skin regeneration [1]. Nanostructured materials hold huge promise to address major 
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drawbacks related to the skin regenerative process, including scar formation, scarce tissue integration 

and bacterial infection [5,6]. Particularly, bacterial contamination is the most critical issue in wound care, 

since it can hinder the healing process resulting in chronic wounds [2,7]. An ideal wound dressing 

material should be an elastic, biocompatible and biodegradable system with antimicrobial activity, able 

to absorb wound fluids and exudates, regulate nutrient and gaseous exchange, keep a local moist 

environment, support cell proliferation and migration to aid the healing process, reducing patients’ pain 

and avoiding scarring [8].   

Electrospinning has been emerging as a cutting edge technology for the fabrication of continuous 

polymer micro- and nanofibers, with high surface area to volume ratio and tailored properties (porosity, 

surface area, fiber diameter) for biomedical applications [1,8,9]. Electrospun materials ensure higher 

performances in the wound healing process than conventional systems, because of the peculiar 

morphology and structure, analogous to the ECM, high specific surface allowing good draining, nutrient 

exchange and air permeability. Additionally, drugs, antimicrobials and bioactive moieties can be easily 

loaded into the mats or bound to their surface to promote regeneration [4,8,10]. Particularly, it has been 

reported that compounds with antioxidant activity can promote wound healing [11].  

Poly-caprolactone (PCL), a synthetic polyester, has been largely exploited in biomedical applications, 

including wound dressing, based on its biodegradability, biocompatibility and easy processability [12]. 

Furthermore, its mechanical and viscoelastic properties are comparable to the living tissue [8,13]. 

Indeed, no neat polymer is able by itself to match all requirements for tissue regeneration applications 

and better results can be achieved by synergy of different polymers in polymers blends [14]. This 

strategy can be straightforwardly set up to improve the mechanical properties of PCL, which can be 

easily blended with a huge number of polymers [15,16]. Among those, poly-hydroxybutyrate (PHB), a 

natural polyester produced by some bacteria has been emerging as an attractive sustainable choice to 

produce bio-available, biodegradable and biocompatible plastic constructs for biomedical applications 

[17]. Differently from other similar bio-plastics that are water-soluble and also sensitive to water, PHB is 

insoluble in water and shows some resistance to hydrolytic degradation [18]. Usually, it is combined with 

other polymers to limit intrinsic rigidity and stiffness [15,16]. PCL exhibits good miscibility with PHB, is 

ductile and has a significantly lower melting point than PHB. Notably, PCL/PHB mats can be easily 

obtained by electrospinning, balancing softness and mechanical strength [15,16]. However, their 

hydrophobic features strongly limit wettability as well as cell adhesion [12,14]. Modification with 

hydrophilic ceramic nanostructures, including TiO2, is a valid strategy to address this issue, improving 

tissue compatibility [9]. As a further major limitation, these biocompatible polymers can be subjected to 
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bacterial adhesion [19,20], which may cause serious infections with severe troubles on patients’ health 

[21]. The incorporation of antimicrobial agents into the mats is an effective approach to overcome this 

limitation. Nevertheless, conventional antibiotic drugs show potential toxicity, narrow therapeutic action 

and poor efficacy towards drug-resistant bacteria [21]. In the continuous research for safer and 

wide-spectrum effective biocide agents, that could avoid bacterial resistance, looking at nature’s strategy 

to tackle pathogens infection is a very promising approach [22].  

In the attempt to design new-generation biologically active moieties, the huge promise comes from 

melanin, a class of negatively charged hydrophobic pigments, wide-spread in living organism and with 

intrinsic multifunctional properties and multiple biological roles, including photoprotection, metal ion 

chelation, free radical homeostasis as well as anti-inflammatory, antioxidant action and potent 

antimicrobial activity [23–25]. Actually, skin melanin plays a key role in preventing pathogenic 

infections of the dermis and epidermis through inhibition of pathogens proliferation [26–28]. 

Melanin’s intrinsic biological properties, particularly antioxidant and antimicrobial features, can be 

markedly improved if their formation occurs in the presence of a ceramic nanostructured phase, acting as 

a catalyst and a structure-directing agent for melanin, leading to hybrid nanostructures. This approach 

was effectively exploited to design hybrid Melanin-TiO2 nanostructures with significant antimicrobial 

activity even under environmental light [22,29]. Furthermore, TiO2 nanoparticles have been also reported 

to possess hydrophilic as well as intrinsic bioactive properties improving material-cell interaction and 

promoting tissue integration [30]. Unique bioactive properties of Melanin-TiO2 nanostructures 

encouraged to explore, in the present study, their efficacy as active component for electrospun PCL/PHB 

mats to confer antimicrobial properties and improve wound healing activity.  

Melanin-TiO2 nanostructures were combined with PCL/PHB mats following two different strategies. In 

the former, Melanin-TiO2 nanostructures were employed as a filler to obtain PHB/PCL nanocomposites. 

In the latter, electrospun PHB/PCL mats were coated by Melanin-TiO2 nanostructures. Samples 

morphology and structure were assessed through SEM micrographs. Biological tests were also carried 

out to assess antibacterial activity as well as cytotoxicity. Finally, obtained dressings were further 

investigated for hydrophilicity and in-vitro bioactivity. 

 

Experimental section 

Materials 

Poly[(R)-3-hydroxybutyric acid] (PHB; natural origin), polycaprolactone (PCL, Mn= 45.000 g/mol), 

chloroform (>99%), Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate)(PEDOT-PSS 3.0-4.0% 
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in H2O, high-conductivity grade) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, 

Germany). Ethanol (>99.8 %) was obtained from Fluka (Buchs, Switzerland). 

5,6-dihydroxyindole-2-carboxylic acid (DHICA) monomer was synthesized as previously described 

[31]. Titanium isopropoxide (TTiP), acetic acid, isopropanol anhydrous and triethylamine (TEA) were 

purchased from Sigma-Aldrich (Milan, Italy). 

Synthesis of hybrid Melanin-TiO2 nanoparticles 

Melanin-TiO2 nanostructures were synthesized following a hydrothermal route described in our previous 

works [32]. Briefly, an alcoholic solution of titanium isopropoxide (TTiP) was added dropwise to an 

aqueous mixture of acetic acid to obtain a yellowish sol by magnetic stirring for 48 hours. Afterwards, a 

specific amount of DHICA melanic precursor was solubilized into the system and the color of the 

reaction mixture rapidly turned black as soon as the complete polymerization of DHICA monomer was 

achieved. Subsequently, the pH was adjusted to 7 by dropwise addition of TEA, the reaction mixture was 

poured into a Teflon vessel (the liquid filling up to 75 % of the reactor’s volume) and kept in a circulating 

oven for 24 hours at 120 °C. Then, Melanin-TiO2 nanostructures were collected by centrifugation and 

washed three times with distilled water. 

 

Preparation of coated surfaces 

The coated surfaces were prepared by drop-casting procedure, placing a specific volume of 

Melanin-TiO2 nanostructures suspension on 15 mm diameter circular glass-slides, used as supports. 

Before the deposition, each support had been properly hydrophilized on one side by Oxygen Plasma 

Etching (for 2 minutes at 0.50 mbar). Few seconds after the etching process, 200 μL of a 1.5 mg/mL 

Melanin-TiO2 nanostructures aqueous suspension were settled dropwise on the slides to have 300 μg of 

nanostructures covering homogeneously the support’s surface, with a degree of coating set to 170 

μg/cm
2
. Then, the set of supports was dried in a ventilated oven at 60 °C for 20 minutes to remove the 

solvent, obtaining dried coatings.  

 

Preparation of electrospun fibers  

PCL and PHB were dissolved at 80 °C under magnetic stirring in a solution of CHCl3:EtOH=4:1  v/v for 

3 hours. After cooling down, nanoparticles suspension in ethanol (74 mg/mL) was added to the polymer 

solution under magnetic stirring. The final concentration of PCL and PHB were 68 and 52 mg/mL, 

respectively, whilst the Melanin-TiO2 nanoparticles content in the suspension was determined to be 9.4 
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% wt (on dry basis).  This value represents the optimal balance for nanoparticles content allowing for 

significant melanin detection without causing phase-separation in the processed suspension during 

electrospinning, resulting in heterogeneous and poor reproducible samples. The so prepared suspension 

was used to generate PCL/PHB/Melanin-TiO2 nanofibrous membranes in one step by a single-needle 

electrospinning procedure. The depositions were carried out onto filter papers soaked with a solution 

containing PEDOT:PSS, a commercially available, conductive and water-soluble polyelectrolyte 

complex [33] that was used in order to have the paper more conductive. Paper was used facilitating the 

peeling of the deposited fibrous layer. The PEDOT:PSS-soaked paper discs were attached to the 

grounded rotating aluminum bottom plate facing the needle tip at a distance of 11.5 cm. The polymer 

solution was loaded into glass syringes (1 cm long stainless steel and blunt tips) and connected to a 

syringe pump (Model KDS 200, KD Scientific). The fibers deposition was carried out at ambient 

conditions in a home-made electrospinning setup (IIA-CNR, Monterotondo, Rome, Italy) equipped with 

a ventilated clean box. The electrospinning apparatus consisted of a high-power AC-DC converter, a 

high voltage oscillator (100 V) driving a high voltage (ranging from 1 to 50 kV). The fibrous layers were 

fabricated by applying ~3 kV DC voltage between the syringe tip and the collector, at a pump feeding 

rate of 1400 µL h
−1

. The deposition time was set at 25 min to obtain a thin electrospun mat onto the 

conducting paper. Samples obtained through this procedure will be named in the following as loaded 

Melanin-TiO2 /PCL/PHB mats. 

Subsequently, a different nanofiller loading strategy was investigated: a Melanin-TiO2 water-ethanol 

dispersion (~10 mg/mL; H2O:EtOH=10:1) was used to functionalize one side of the PCL/PHB mat by 

electrospray technique using the same set-up for fibers deposition. The Melanin-TiO2 dispersion was 

loaded in a plastic syringe of 1 mL and fixed at the pump with a feeding rate of ~340 µL h
−1

 with a 

distance from the PCL/PHB fibrous disc of ~7 cm. About 3.4 mg of Melanin-TiO2 nanoparticles were 

sprayed onto the fibrous mat of 170 mg during the deposition procedure in order to achieve a 

homogeneous and robust free-standing layer easy to be handled without any particle detachment (i.e. 2 % 

wt on dry basis). Obtained samples will be indicated in the following as coated Melanin-TiO2 PCL/PHB 

mats. 

 

Biological assays 

Single colonies of Escherichia coli DH5Bacillus subtilis PY79, Staphylococcus aureus ATCC 6538P 

strains were resuspended in 5 mL of Luria-Bertani (LB) broth each and incubated overnight at 37 °C 

[34].When the culture reached an OD600 of 1 unit, it was diluted (1:100) on 12-well plate in different 
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volumes (250, 500 and 1000 µL) of phosphate buffer (PBS) composed by NaCl 137 mM, KCl 2.7 mM, 

Na2HPO4 10 mM, KH2PO4 1.8 mM, CaCl2 1 mM, MgCl2·6H2O 0.5 mM at pH = 7.4. An empty well 

represented the negative control, uncovered glass slide and coated Melanin-TiO2 glass slide were used in 

other wells. All wells were filled with the same amount of PBS and bacterial cells. The plate was 

incubated at 37 °C for 4, 24, 48 hours, two dilutions (1:100 and 1:1000) of bacteria from all the wells 

were placed onto solid medium LB agar and incubated overnight at 37 °C. The same assay was 

performed on Escherichia coli DH5 cells incubated with PCL/PHB fibers (negative control), loaded 

Melanin-TiO2/PCL/PHB mats and coated Melanin-TiO2/PCL/PHB mats in 250 µL of PBS. The 

following day, the percentage of adhesion was estimated by colony counting on each plate and compared 

with the controls. Standard deviations were less than 5 % for each experiment (which was performed at 

least in triplicate). 

 

DAPI/PI dual staining and fluorescence microscopy image acquisition 

For dual staining, slides incubated with Escherichia coli DH5α cells for 4, 24, and 48 hours in 250µL of 

PBS were used. A mixture of 40,6-diamidino-2-phenylindole dihydrochloride (DAPI) solution (1 

mg/mL DAPI final concentration) and propidium iodide (PI) 20 mg/mL was used. The slides were 

observed using an Olympus BX51 fluorescence microscope (Olympus, Tokyo, Japan) using a DAPI 

filter (excitation/emission: 358/461 nm). Standard acquisition times were 1000 ms for DAPI/PI dual 

staining. Images were captured using an Olympus DP70 digital camera [35]. 

 

Eukaryotic cell cultures  

HaCat (human keratinocytes) cells are a spontaneously transformed aneuploid immortal keratinocyte cell 

line from adult human skin, widely used in scientific research. These cells were maintained in Dulbecco 

Modified Eagle Medium (DMEM), supplemented with 10% fetal bovine serum and 1% penicillin 

streptomycin. Cells were cultured at 37°C in a wet atmosphere of 5% CO2. The PCL/PHB mats and 

coated Melanin-TiO2/PCL/PHB mats were used for the cytotoxicity assay [36]. 

 

Cytotoxicity assay on mammalian cells 

Cytotoxicity on HaCat cells was assessed by performing the 3-(4,5-dimethylthiazol-2-yl)-2,5 

diphenyltetrazolium bromide (MTT) reduction inhibition assay, a colorimetric assay for assessing cell 

metabolic activity. Cells were grown as previously described and plated on a 12-well plate at a density of 

1x10
5
 cells per well, in 250 µL of the medium. No mats (negative control), PCL/PHB fibers and coated 
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Melanin-TiO2/PCL/PHB mats were added to each well and cultured, respectively, for 4, 24, 48 and 72 

hours. After treatment, the medium was aspirated and MTT solution was added to the well to a final 

concentration of 0.5 mg/mL. After 4 h incubation, the MTT solution was removed and the formazan salts 

were dissolved in 250µL of 0.1 N HCl solution in anhydrous isopropanol. Cell survival was expressed as 

the absorbance of blue formazan measured at 570 nm with an automatic plate reader (Multi scan 

spectrum, Thermo Scientific, Waltham, MA, USA). Cytotoxicity tests were performed at least 3 times. 

Standard deviations were always <5% for each experiment [37]. 

 

Physico-chemical and morphological characterization 

Morphological analyses were carried out using micrographs from Scanning Electron Microscopy (SEM). 

Both coated glass surfaces and electrospun nanofibrous fabrics sputter-coated with gold in a Balzers 

MED 010 unit were analyzed for SEM by a JEOL JSM 6010LA electron microscope (High Equipment 

Centre, University of Tuscia, Viterbo, Italy).  

Electron Paramagnetic Resonance (EPR) measurements were carried out on the loaded 

Melanin-TiO2/PCL/PHB and the coated Melanin-TiO2/PCL/PHB electrospun mats to verify the 

presence of hybrid melanin-based nanostructures. Experiments were performed at room temperature by 

using a X-band (9 GHz) Bruker Elexys E-500 spectrometer (Bruker, Rheinstetten, Germany), equipped 

with a super-high sensitivity probe head. The samples were inserted into flame-sealed glass capillaries, 

then coaxially allocated in a standard quartz sample tube (diameter of 4 mm) put in the resonance cavity. 

The following instrumental settings were used: sweep width of 120 G; modulation frequency of 100 kHz; 

modulation amplitude of 1.0 G and resolution of 1024 points. 32 scans were accumulated to obtain a low 

noise/signal ratio. The spectra quantitative analysis was carried out by determining the spectral 

parameters, i.e., g-factor, signal line width, ΔB, and spin-density values, as previously described [29,38].  

Water wettability tests were conducted through water contact angle measurements, using images 

captured by Supereyes B011 microscope (5.0MP, 500X) on water drops (8 µL) deposited on the 

PCL/PHB, loaded Melanin-TiO2/PCL/PHB and coated Melanin-TiO2/PCL/PHB electrospun mats. The 

water contact angle was quantified in each thin membrane after 5 s and 10 s of water drip by 

DropSnake© (LBADSA method), a plugin implemented for ImageJ software (open source image 

processing program). An optical micrograph of the sample cross-section was captured by DMC4500 

(5MPx) camera mounted on the optical microscope (Leica DM2700M) and the thickness was measured 

by LASX software. 

FT-IR analysis was carried out through the Nicolet Instrument Nexus model (Thermo Scientific, 
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Waltham, MA, USA) equipped with a DTGS KBr (deuterated triglycinesulfate with potassium bromide 

windows) detector. FT-IR absorption spectra were recorded in the 4000–400 cm
-1

 range at a 2 cm
-1

 

resolution on pressed disks of the Melanin-TiO2 powders previously diluted in KBr (1 % wt). FTIR 

spectra of electrospun mats were recorded in the attenuated total reflection (ATR) mode, using 

DuraSam- plIR II accessory equipped with ZnSe Crystal. 

 

In vitro Bioactivity 

Bioactivity of both Melanin-TiO2 nanostructures and produced mats was assessed in-vitro, by soaking 

the samples in Simulated Body Fluid (SBF) solution, whose ion concentration is close to that of blood 

plasma [39], then evaluating the formation of apatite coating through FTIR and ATR spectroscopy, 

respectively. Solution pH was buffered at 7.25 using tris-hydroxymethyl-aminomethane (Trizma base) 

and tris-hydroxy-methyl-aminomethane hydrochloric acid (Trizma-HCl). Spun mats were soaked for 

different times and the solution was renewed every 2 days. The volume to surface area ratio was kept at 7 

mL/cm
2
. At predefined times, the specimens were taken out, then washed with distilled water, dried at 

room temperature and finally submitted to ATR analysis. 20 mg of Melanin-TiO2 nanostructures were 

dispersed into 5 mL SBF solution. Periodically, 1 mL of the suspension was withdrawn and centrifugated 

to recover the nanoparticles which were washed twice with distilled water, dried and submitted to FT-IR 

analysis.  

 

Water uptake 

Bare PCL/PHB as well as loaded and coated Melanin-TiO2/PCL/PHB membranes were soaked either 

into water or SBF solution, at different soaking times. Then, the specimens were removed from the 

liquid, the surface excess water was wiped off using blotting paper, and wet weight values were 

determined. Water uptake (WU) was evaluated through the equation:  

 % WU = [WM- DM]/(DM) x 100 

where WM and DM are wet mass and dry mass, respectively. 

Three sets of experiments were carried out in triplicate. The WU value is expressed as the mean ± SD 

among the obtained results. 

 

Results and discussion 

Melanin-TiO2 nanostructures were combined with PCL/PHB mats through electrospinning technology 

according to two different strategies. In the former, hybrid nanoparticles were dispersed into the 
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PCL/PHB solution before electrospinning to obtain loaded Melanin-TiO/2/PCL/PHB electrospun fibers. 

In the latter, Melanin-TiO2 nanostructures were deposited onto neat PCL/PHB mats by electrospraying, 

leading to coated Melanin-TiO/2/PCL/PHB mats. Obtained nanofibrous mats were investigated and 

compared in morphology, physico-chemical features and antibacterial activity as follows. 

Characterization of Hybrid electrospun fibers  

Surface morphology and diameters distribution of PCL/PHB fibrous membranes was investigated by 

SEM and shown in Fig. 1. Neat PCL/PHB mats were bead-free and containing fibers of 1.9 microns in 

diameter with a standard deviation of 0.5 microns as appreciated by SEM pictures, reported in Fig. 1a, b  

The loaded Melanin-TiO2/PCL/PHB fibers have an average diameter of 1.7 microns with a standard 

deviation of 0.5 microns (Fig. 1c, d). The diameter is the same within the standard deviation comparing 

PCL/PHB and loaded Melanin-TiO2/PCL/PHB fibers and this could be ascribed to two antagonistic 

effects, the presence of the charged Melanin-TiO2 nanoparticles causing an increase of both conductivity 

and viscosity. Usually, the higher conductivity the smaller fibers diameter [40], but in the case, 

nanoparticles can also increase the viscosity of the solution causing an increase of fibers diameter. 

Moreover, loaded Melanin-TiO/2/PCL/PHB fibers appeared rough (Fig. 1d), suggesting the presence of 

Melanin-TiO2 nanostructures within the fibers. The composite nature of the mats was also confirmed by 

their light brown color (Fig. S1).  

    

a b 
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Fig. 1 – SEM images of: bare PCL/PHB fibers (a,b); loaded Melanin-TiO2/PCL/PHB fibers (c,d); coated 

Melanin-TiO2 /PCL/PHB fibers (e,f) 

Furthermore, bright structures could be observed on coated Melanin-TiO2/PCL/PHB fibers, proving 

deposition of Melanin-TiO2 nanostructures (Fig. 1e-f). From high magnification images (Fig. 1f) these 

were deposited as spherical submicrometric aggregates with a wide range of diameters distribution 

ranging from 100 nm to 400 nm. 

As shown by SEM images in Fig 1, electrospun mats featured a web-like structure with interconnected 

porosity, which is required to allow for cell transfer, growth and differentiation. Furthermore, this 

microstructure should keep the wound wet, ultimately promoting the wound healing process [41]. 

Moreover, the web-like structure suggested a high surface-area-to-volume ratio, which was supposed to 

allow for high absorption of wound exudates. Thus, PCL/PHB mats exhibited high potential as wound 

healing dressings [41].  

The coated Melanin-TiO2/PCL/PHB mat was about 43 ± 6 m thick, as observed by optical microscopy 

of cross section reported in Fig. 2. This showed that Melanin-TiO2 nanostructures penetrated throughout 

the mat, forming a uniform, more compact layer, about 10 ± 1 m thick on the surface. 

c d 

e

c
f 
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Fig. 2- Cross section view of coated Melanin-TiO2/PCL/PHB mats by optical microscopy  

 

The evidence of incorporation of Melanin-TiO2 nanostructures within and on the PHB/PCL fibrous 

membranes was confirmed by EPR spectroscopy basing on one of the most characteristic properties of 

melanin, that is its persistent paramagnetic behavior. As shown in Fig. 3, the experimental EPR spectra 

showed the presence of a single and broad signal at a g-factor of ~2.0035±0.0003, which is typical of the 

carbon-centered radicals characteristic of melanin-like pigments.  

Particularly, both the electrospun samples presented this signal, perfectly reproducing the same peak 

obtained for bare Melanin-TiO2 nanostructures, as shown in Fig. 3a [32]. This conclusion was also 

confirmed by the quantitative determination of the signal amplitude (ΔB), which is related to the mean 

distance between the radical centers within the material. Similar to that observed for bare Melanin-TiO2 

nanostructures, the EPR spectra of electrospun samples presented ΔB=5.0±0.2 G, confirming the 

presence of hybrid antimicrobial nanostructures in the fibers. Notably, similarities in EPR parameters of 

bare Melanin-TiO2 nanostructures and electrospun mats ensured that the melanin component did not 

undergo any structural changes during the preparation of the mats. 
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Fig. 3 - EPR spectra of (a) Melanin-TiO2 nanostructures, (b) loaded Melanin-TiO2/PHB/PCL mats (c) 

coated Melanin-TiO2/PHB/PCL mats.  

 

 

Surface Wettability 

Since hydrophilic surfaces can support cell adhesion better than hydrophobic surfaces, the wettability of 

electrospun mats was assessed through water contact angle evaluation (Fig. 4). The contact angle of the 

bare PCL/PHB dressings was 118  2° (Fig. 4a), indicating their hydrophobicity. Similar features were 

evidenced by loaded Melanin-TiO2/PCL/PHB/ mats, which showed a contact angle of 122  5° (Fig. 4b). 

On the other hand, the contact angle of coated Melanin-TiO2/PCL/PHB mats could not be appreciated, 

since water drop rapidly spread on their surface. This result proved that Melanin-TiO2 coating turned the 

wettability behavior of PCL/PHB mats from hydrophobic to completely hydrophilic.  
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Actually, hydrophobicity of loaded Melanin-TiO2/PCL/PHB mats was expected as Melanin-TiO2 

nanostructures were included within the mats, thus they did not affect surface energy and wettability. 

The decreased contact angle of coated samples could be ascribed to a rougher surface due to Melanin- 

TiO2 spherical deposits [42]. Indeed, several studies reported that melanin-like coatings, such as 

polydopamine, markedly improved hydrophilicity of coated substrates even of hydrophobic electrospun 

mats [43,44]. DHICA melanin must show a similar behavior due to the presence of functional groups 

such as catechol moieties and OH groups which can interact with water molecules [43]. However, none 

of melanin-like coatings was able to achieve a comparable improvement of hydrophilic behavior as that 

observed in coated Melanin-TiO2/PCL/PHB samples, which switched from high hydrophobic to 

completely wettable feature. Indeed, the hydrophilic nature of the TiO2 component within the 

nanostructure must provide a significant contribution to the increase of surface wettability [9]. Therefore, 

the marked improvement of hydrophilic properties must be the result of the synergy between melanin 

and TiO2 components within hybrid nanostructures, providing further evidence that combination at the 

molecular scale of biopolymers and inorganic nanostructures through ceramic templated approach is a 

valid strategy to boost their intrinsic features.   

Increased hydrophilicity of electrospun mats, makes them more suitable for cell adhesion and 

proliferation [45]. 

  

  

Fig. 4 - Water Contact Angle for bare PCL/PHB fibers (a), loaded Melanin-TiO2 /PCL/PHB mats (b), 

coated Melanin-TiO2/PCL/PHB mats after 5s (c) and 10 s (d). 
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Water uptake 

Water absorption properties of dressings play a key role in wound treatment since they allow for keeping 

moisture balance and remove excess exudates. Therefore, a wound dressing construct is required to 

absorb large amounts of fluids [46,47]. To assess this feature, water uptake tests were carried out on 

prepared samples both in distilled water and in SBF, to simulate physiological conditions.  

Fig. 5 shows water uptake of neat PCL/PHB mats as well as of those added with Melanin-TiO2 

nanostructures soaked in SBF. Water absorption kinetics were very fast for all samples which gained a 

stable weight after only 18 hours’ soaking. Particularly, bare PCL/PHB and coated Melanin-TiO2/ 

PCL/PHB mats showed comparable water uptakes of about 300 wt %, whereas loaded 

Melanin-TiO2/PCL/PHB mats showed a lower result (200 wt %). Very similar results were obtained 

soaking the samples into distilled water (Fig. S2), yet with faster kinetics, since all samples achieved a 

constant weight after 5 hours’ soaking. Water absorption of electrospun mats mainly depends on their 

high surface area available for water uptake, this explains the huge water uptake even in PCL/PHB and 

loaded Melanin-TiO2 /PCL/PHB mats, which evidenced a hydrophobic behavior [48,49]. However, the 

latter shows the lowest value. Actually, the incorporation of a significant amount of nanostructures into 

the polymeric fibers can reduce water uptake as nanoparticles can change fibers organization within the 

mat [49].  

The huge water absorption ability evidenced by coated Melanin-TiO2/PCL/PHB mats even in solution 

simulating biological fluids shows that these mats can absorb wound exudates and keep a moist 

environment, further supporting their high potential as wound dressing constructs [50,51].  Jo
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Fig. 5 - Water uptake kinetics of neat PCL/PHB membranes and PCL/PHB membranes modified with 

Melanin TiO2 nanoparticles. 
 

 

 

 

In-vitro bioactivity 

 

A valid strategy to boost the wound healing process is based on incorporation into the dressing with a 

bioactive moiety. Among those, some inorganic and hybrid materials were able to react with blood 

plasma, producing a surface hydroxy carbonate apatite (HCA) layer, similar to bone mineral composition 

[39]. This biomimetic coating showed a great capability to promote fibroblasts adhesion and 

proliferation also enhancing skin regeneration [52]. To assess the ability of Melanin-TiO2 nanoparticles 

to promote HCA formation, Fig. 6 shows FT-IR spectra which were carried out before and after soaking 

the nanostructures in SBF, at different times. 

 

 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm
-1
)

T
ra

n
sm

it
ta

n
ce

Day 14

Day 11

Day 8

Day 4 

Before soaking 

 
Fig. 6 – FTIR spectra of Melanin-TiO2 nanostructures at different soaking times in SBF. 

 

In the FTIR spectrum of bare Melanin-TiO2 nanostructures, the broad band in the range 3600–3000 cm
-1

 

can be assigned to the stretching vibrations of the -OH and -NH groups in the catechol, indole and pyrrole 

moieties in melanin backbone. Indeed, -OH groups of absorbed water as well as of Ti-OH species can 

also contribute to this absorption band. 

The band between 1465–1375 cm
-1 

usually refers to skeleton deformation modes, whereas the band 

between 1650–1600 cm
-1

 is usually ascribed to the stretching vibrations of aromatic C=C and C=O 

stretches of carboxylic groups [53], as well as to O-H scissors in absorbed H2O. Furthermore, the band in 

the range 1500–1400 cm
-1

 is usually attributed to the bending vibration of N-H and the stretching 

vibration of C-N bond in the secondary amine of indoles [53]. Besides, the absorption band near 523 cm
-1

 

corresponds to the Ti–O bond stretching vibrations [54]. 

Spectra of treated samples, starting from 8 days’ soaking into SBF, showed new absorption bands at 

~1080 cm
-1

 corresponding to the superimposition of PO4
3-

 and HPO4
2-

 stretching. Furthermore, the band 

at 1460 cm
-1

 grew more intense and a new one appeared at 1530 cm
-1

 typical of CO3
2- 

stretching. A weak 

shoulder appeared in the range between 557 and 600 cm
-1

, assigned to PO4
3-

 bending vibrations. These 
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features suggested that nanostructures got covered by a HCA layer during soaking in SBF, proving their 

bioactivity. Indeed, several studies reported that TiO2 nanostructures were able to promote apatite 

formation in physiological conditions [54]. Recently, similar behavior was assessed for natural melanin 

and melanin like coatings, which induced apatite fast deposition in SBF [43,55,56]. It was recognized 

that Ti-OH and catechol moieties acted as nucleation sites. Obtained results showed that melanin 

produced through ceramic templated approach keeps most relevant biological properties of natural 

melanin and that hybrid Melanin-TiO2 nanoparticles keep bioactive properties of their components. 

Indeed, catechol groups of DHICA were involved in complex formation with Ti (IV) ions, however, the 

amount of melanin’s precursor in the sample exceeded stoichiometric value, which was required for 

complexation of all Ti (IV) ions, thus some catechol groups should be still available as nucleating sites 

for apatite.   

In-vitro bioactivity was also assessed for coated Melanin-TiO2/PCL/PHB mats. Fig. 7 shows FTIR 

spectra of coated Melanin-TiO2/ PCL/PHB mats before and after 14 days’ soaking in SBF. Both spectra 

show typical features of PCL/PHB blends. The broad band in the range 3000–2900 cm
−1

 is assigned to 

C-H stretching vibrations; the peak at 1720 cm
−1

 is attributed to the ester carbonyl C=O stretching while 

the 1457 cm
−1

 band is assigned to the asymmetric deformation of CH3; the peak at  1379 cm
−1

  is due to 

the symmetric wagging of CH3; the bands at 1280 cm
−1

 and 1261 
1
cm

-1 
as well as that at 1165 cm

-1
 
-
are

 

assigned to C-O-C asymmetric and symmetric stretching; the bands at 1131 cm
−1

 and 1100 cm
−1

 are due 

to the asymmetric and symmetric C-O stretching; the peak at 1228 cm
-1 

is ascribed to CH3 vibrations, 

whereas the bands in the range 1055-1044 cm
−1

 are ascribable to C-O stretching and CH2 bending [57]. 

Particularly after 14 days’ soaking, the spectrum of coated Melanin-TiO2/PCL/PHB mat showed a 

decrease of the band at 1720 cm
-1

 and a relative increase of absorption at 1045 cm
-1

, suggesting apatite 

surface deposition onto the mats [58]. Thus, we may conclude that Melanin-TiO2 coating is able to confer 

bioactive features to the whole electrospun construct. 

On the contrary, no relevant changes were observed in FTIR spectra of bare PCL/PHB samples and 

loaded Melanin-TiO2/PCL/PHB fibers after treatment in SBF, supporting that no appreciable apatite 

layer formed on the surface of these samples, since Melanin-TiO2 nanoparticles were included in the 

fibers and unable to come into contact with SBF (Fig. S3). Therefore, we can conclude that 

Melanin-TiO2 incorporation into the mats during electrospinning process is not able to promote apatite 

formation. 
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Fig. 7 – FTIR spectra of and coated Melanin-TiO2/PCL/PHB mats before (a) and after 14 days of soaking 

in SBF (b) 

 

Biological tests on Melanin-TiO2 coated surfaces 

In order to set up experimental procedure as well as test parameters of biological tests, Melanin-TiO2 

nanostructures were preliminarily coated onto a glass surface. 

Surface hydrophilization through plasma etching allowed for achieving uniform hybrid nanostructures 

coatings, as observed by SEM micrographs (Fig. S4a), which looked as structured into submicrometric 

aggregates at high magnification (Fig. S4b).  

In previous studies we proved Melanin-TiO2 nanostructures can induce microorganism death essentially 

mediated by cytoplasmic membrane damage, following the contact of bacteria with the nanostructures. 

Notably, it has been assessed that pathogens adhesion on nanostructures aggregates results in membrane 

destructuring, thus it can be straightforwardly related to their strong antimicrobial activity [29].   
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In order to test the bacterial adhesion of the Melanin-TiO2 coated surface, nanostructure coated glasses 

were placed in contact with bacterial cells suspensions. In this way, it is possible to demonstrate the 

contact between the nanostructures attached to the slide and the bacteria. The measure of bacteria’s 

adhesion was exploited to assess antimicrobial activity, of Melanin-TiO2 coatings as demonstrated by 

previous studies [29] and  confirmed by fluorescence microscopy experiments, as described below 

(figure 9). 

These biological assays were preliminarily performed using different volumes in order to check the 

appropriate volume to employ during adhesion tests. The number of bacteria that adhere to the 

Melanin-TiO2 coated slide decreased with the increase of buffer volume (Fig. S5). Actually, the number 

of bacteria suspended onto neat glass did not change over time, suggesting a poor bacterial adhesion onto 

this surface, as expected due to its poor affinity with bacteria strains. However, when the slide was coated 

with Melanin-TiO2 nanostructures, most of the bacteria adhered to the glass and the number of bacteria in 

the solution was drastically reduced (Fig.S5). This behavior was better appreciated using a total volume 

of 250 L, since after 4 hours of incubation, about 60 % of the bacterial cells were found attached to the 

Melanin-TiO2 coated slide (Fig. S5A), whereas adhesion was lower at higher volumes of 500 l (figure 

S4B), and 1 mL respectively (Fig. S5C). Therefore, a total volume of 250 L was employed to carry out 

adhesion tests on all investigated surfaces. The smaller volume allows for more effective interaction 

between nanostructures and bacteria, causing the microorganisms’ death, thus highlighting the 

antimicrobial properties of the coating. The higher adhesion percentage, the higher bacterial death rate, 

and, therefore, the higher antimicrobial activity exhibited by the nanostructures. The same trend was 

observed using two Gram positive as reported in the supplementary section (figures S6, S7). These 

results highlighted the material efficiency on both Gram negative and Gram positive strains. 

 

Biological tests on hybrid electrospun fibers  

An experimental procedure defined through preliminary tests on coated glass surfaces was employed to 

test the biological activity of the new material against E. coli. PCL/PHB fibers (blank), loaded 

Melanin-TiO2/PCL/PHB mats, and coated Melanin-TiO2/PCL/PHB mats were cut to perfectly adhere to 

the wells of a 12-well plate. Afterwards, phosphate buffer (250 µL) and bacterial cells (same amount for 

each sample) were added into the wells covering the fibers. Aliquots of bacteria were collected and 

subsequently plated after 4, 24 and 48 hours. As shown in Fig. 8 the bare PCL/PHB sample does not 

affect microbial cells, since their number remained constant over time and was equal to the control (no 
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fibers inside the well). Coated Melanin-TiO2/PCL/PHB mats showed a high capability to sequester 

bacterial cells from a liquid environment since the number of plated bacteria considerably decreases 

(70% after 24 hours). Bacterial interaction with loaded Melanin-TiO2/ PCL/PHB fibers was significantly 

less efficient: 45% of cell adhesion after 48 hours. These results are consistent with the tests performed 

with the glass slide, evidencing relevant adhesion of bacteria onto Melanin-TiO2/PCL/PHB mats, 

particularly on coated samples (Fig. 8). This feature could help to control the level of pathogens in a skin 

lesion, thus aiding its regeneration. Furthermore, bacteria adhesion onto Melanin-TiO2 containing fibers, 

ensures contact with Melanin-TiO2 nanostructures which was a key step in their antimicrobial action, 

according to the mechanism of biocide activity previously proposed. Two phenomena contributed to the 

antimicrobial action of melanin-TiO2 hybrid nanostructures: cell wall destabilization and oxidative stress 

due to ROS produced during melanin degradation [29]. Particularly, bacterial interaction and adhesion to 

submicrometric aggregates of Melanin-TiO2 nanostructures was a fundamental step to allow for 

membrane destabilization. However, this step was reduced in loaded Melanin-TiO2/PCL/PHB fibers, 

probably due to low exposition of Melanin-TiO2 nanostructures, which were included within the fibers, 

thus determining a poor bacterial adhesion as well as no significant changes of surface properties in terms 

of bioactivity and hydrophobicity.  

 

Fig. 8- Adhesion of Escherichia coli DH5a cells with the fibers at different times (4, 24, 48 hours) in 250 

µL of PBS. The chart shows the control (black bars), PCL/PHB fibers (light gray bars), loaded 

Melanin-TiO2/PCL /PHB fibers (gray bars) and coated Melanin-TiO2/PCL/PHB fibers (dark gray bars). 

The bacterial adhesion percentage is represented on the y axis. The assays were performed in triplicate. 
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In order to prove that Melanin-TiO2 coated surfaces exert antimicrobial activity, biological tests were 

carried out on Melanin-TiO2 glass slides. A fluorescence microscope was used to evaluate the interaction 

between nanostructures coated glass slides and bacterial strains. As shown in Fig. 9A, when bacterial 

cells are attached on the Melanin-TiO2 covered slides, (Fig. 9 B) many of them are red, which indicates 

the entrance of the propidium iodide (damaged cells dye) in the bacterial cells caused by bacterial 

membrane damage in consequence of its interaction with Melanin-TiO2 nanostructures, thus leading to 

the microorganism death. These results proved that, the adhesion of bacterial cells to the Melanin-TiO2 

coated surface induce bacterial mortality and, consequently, the  higher the adhesion percentage, the 

higher the bacterial mortality [29]. 

 

Fig.9: Images acquired in optical microscopy (panel A) and fluorescence microscopy (panel B) of glass 

with Melanin-TiO2 incubated with E. coli DH5α in 250 µL of PBS for 24 hours. 

 

Cytotoxicity assay 

The cytotoxicity studies of a new material are driven by its possible application in the biomedical field. 

Melanin-TiO2 coatings have antibacterial properties [25,29,32], therefore it acts on prokaryotes. 

However, to understand if it is also able to act on eukaryotic cells, we performed an assay using a reagent 

called MTT, as reported in the methods. HaCat eukaryotic cells (human keratinocytes) were grown on 

the bottom of a plate, putting them in contact with the two types of material: PCL/PHB fibers, and coated 

Melanin-TiO2/PCL/PHB fibers. As shown in Fig. 10, no cytotoxic effect caused by the fibers over time 

(4, 24, 48 and 72 hours), was observed.  
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Fig. 10 - Effects of PCL/PHB fibers and coated Melanin-TiO2/PCL/PHB fibers at different times (4, 24, 

48, 72 hours), in 250 uL of PLBS, on the viability of HaCat cells by MTT assay. The error bars represent 

the standard errors calculated over six replicas. 

Conclusions  

Inspired by nature’s strategies which provide support to cell adhesion and proliferation through ECM and 

exploit melanization as a potent tool against pathogens, overall this study proposes the rational design of 

an advanced material for wound dressings applications. Notably, integrating bioinspired approach with 

nanotechnology routes, including ceramic templated synthesis of hybrid melanin nanostructured 

materials, allowed for developing PCL/PHB mats modified with Melanin-TiO2 nanostructures with good 

biocompatibility and ascertained multifunctional behavior. Actually, coating PCL/PHB mats with 

Melanin-TiO2 nanostructures appeared as more promising than incorporation to exploit multifunctional 

properties of hybrid nanoparticles. Obtained systems exhibited huge water uptake, required for good 

exudates management, relevant antimicrobial activity towards both Gram(+) and Gram (-) strains, 

marked hydrophilicity as well as in-vitro bioactivity, which are expected to enable materials-cells 

interaction, promoting their adhesion and proliferation. This study opens the way to effective design 

strategies for the development of cutting-edge skin wound dressing bio-materials.  
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Highlights 

 

 Multifunctional Polyhydroxybutyrate/poly-3-caprolactone (PHB/PCL) dressing for wound 

healing was developed following global bioinspired approach.  

 Biodegradable electrospun PCL/PHB mats were modified with biocompatible, antimicrobial 

Melanin-TiO2 nanostructures. 

 PCL/PHB /Melanin-TiO2  fibers exhibited huge water uptake.  

 Surface Melanin-TiO2 coating conferred to PCL/PHB mats relevant antimicrobial activity, 

marked hydrophilicity as well as in-vitro bioactivity. 
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