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ABSTRACT

In this work keratin/polylactic acid (PLA) 50/50 wt blend nanofibers with different loadings of 

graphene-oxide (GO) were prepared by electrospinning and tested as delivery systems of 

Rhodamine Blue (RhB), selected as a model of a drug. The effect of GO on the 

electrospinnability and drug release mechanism and kinetics was investigated. Rheological 

measurements carried out on the blend solutions revealed unsatisfactory compatibility between 

keratin and PLA under quiet conditions. Accordingly, poor interfacial adhesion between the two 

phases was observed by SEM analysis of a film prepared by solution casting. On the contrary, 

keratin chains seem to rearrange under the flux conditions of the electrospinning process thus 

promoting better interfacial interactions between the two polymers, thereby enhancing their 

miscibility, which resulted in homogeneous and defect-free nanofibers. The loading of GO into 

the keratin/PLA solution contributes to increasing its viscosity, its shear thinning behavior, and 

its conductivity. Accordingly, thinner and more homogeneous nanofibers resulted from solutions 

with a relatively high conductivity coupled with a pronounced shear thinning behavior. 

FTIR and DSC analyses have underlined, that while the PLA/GO interfacial interactions 

significantly compete with the PLA/Keratin ones, there are no significant effects of GO on the 

structural organization of keratin in blend with the PLA. However, GO offers several advantages 

from the application point of view by slightly improving the mechanical properties of the 

electrospun mats and by slowing down the release of the model drug through the reduction of the 

matrix swelling.
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1. INTRODUCTION

In the past few decades, electrospun polymer nanofibers have gained great interest as skin 

patches for drug delivery and wound management (Luraghi et al., 2021). Conventional wound 

dressings are made of woven and non-woven fibers of cotton, rayon, and polyesters (Dhivya et 

al., 2015). Significant advantages of electrospun patches are the nanostructured morphology 

resulting in high surface area and porosity that mimics the extracellular matrix (ECM). 

Electrospinning is a widely used nanofabrication method to obtain nanofibers. It is easy to 

scale up and allows the processing of a wide variety of synthetic and natural polymers including 

blends. It allows also the easy encapsulation of drugs. Thanks to the high versatility, 

multicomponent electrospun layers with tunable chemical-physical properties can be properly 

designed and developed to target desired mechanical properties, drug release profiles, as well as 

biodegradability. Another advantage of electrospinning is the possibility to proceed through a 

layer-by-layer bottom-up approach and assemble different functional layers in a single, 

composite multilayer patch (Krysiak et al., 2021).

Owing to their structural and functional properties, as well as their biocompatibility, natural 

proteins are considered good candidates to prepare electrospun membranes for various 

biomedical applications (Akhmetova and Heinz, 2020). Among them, keratin is one of the most 

promising (Aluigi et al., 2015). It is an abundant protein, that can be found in the epithelial cells 

of mammals, birds and reptiles other than being the major component of feathers, wool, nails, 

and horns (Datta et al., 2020). Like collagen, the bioactivity of keratin proteins has been ascribed 

to the presence of specific amino acid sequences, such as arginine – glycine – aspartic acid 

(RGD) and leucine – aspartic acid – valine (LDV), that have a pivotal role in promoting cell 

adhesion and tissue regeneration (Verma et al., 2008). Due to its wide variety of amino acids, 
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keratin is an excellent carrier of hydrophilic, hydrophobic, and charged ingredients, thereby 

demonstrating great potential for the development of controlled drug delivery systems (Posati et 

al., 2018; Sadeghi et al., 2020). However, the processing by electrospinning of keratin proteins is 

rather challenging. Indeed, due to their low molecular weights (60-25 kDa for mammal keratins 

and 10 kDa for feather keratins), keratin solutions are generally characterized by excessively low 

viscosity, thereby resulting in unstable electrospraying, yielding droplets or beaded fibers. 

Blending with other polymers and/or reinforcing with fillers are strategies often used to 

overcome the aforementioned processing issues (Tonin et al., 2010). 

Among the plethora of blending polymers proposed in the literature, polylactic acid (PLA) is 

considered attractive for biomedical applications due to its biocompatibility and good 

biodegradability (Li et al., 2009; Na Ayutthaya and Woothikanokkhan, 2013; Isarankura Na 

Ayutthaya et al., 2016). Furthermore, PLA is a polymer fully derived from renewable resources 

with a relatively high glass transition temperature (55–70 °C), low thermal conductivity, and 

high tensile strength (Saini et al., 2016). Depending on the stereoregularity degree, it can be 

semicrystalline or fully amorphous with corresponding different stiffness, elongation at break, as 

well as solubility properties. High stereoregular poly-L-lactic acid (PLLA) was found to allow 

electrospinning of keratin if added in an amount not lower than 50 % (Na Ayutthaya and 

Woothikanokkhan, 2013). The fibers produced with a mixture of organic solvents including 

formic acid, acetone, and chloroform exhibited a phase-separated core/shell morphology with the 

core of crystallized PLA (Isarankura Na Ayutthaya et al., 2016). The addition of clay 

nanoplatelet to the electrospinning solution was found to improve its processability and the 

capability of obtained nanofiber for removing methylene blue. (Isarankura Na Ayutthaya et al., 

2016).
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An alternative specific nanofiller not yet studied in a mixture with keratin is graphene oxide 

sheets (GO). It has been shown to improve the processing by electrospinning of many polymers 

and polymer blends (Gasparini et al., 2020; Ramazani and Karimi, 2015; Mao et al., 2018). In 

particular, Tan et al. observed that a small amount of GO contributes to increasing the solution 

viscosity (Tan et al., 2012). This thickener effect could improve the jet stability during 

electrospinning of low viscous solutions, such as the keratin-rich ones. Moreover, due to the 

large specific surface area and the abundance of functional groups, GO is known to display 

effective transport capacity of various drugs, and offers the opportunity to add stimulus 

controlled drug delivery ability to the systems (Mao et al., 2018; Zhou et al., 2014). For instance, 

GO incorporated in PLA nanofibers provided electrospun patches loaded with quercitin with 

electrically triggered release ability (Croitoru et al., 2021). Furthermore, according to the GO 

content, the electrical triggering capacity of the drug release could be tuned. Electrospun 

scaffolds of chitosan/poly(lactic acid)/GO/TiO2 loaded with doxorubicin (DOX) showed slower 

release of DOX in the presence of GO sheets as the effect of the pi-pi interactions between the 

carbon layers of GO and DOX (Samadi et al., 2018). Moreover, GO incorporated in 

chitosan/PLLA nanofibrous scaffolds was found to improve the antimicrobial activity of Gram-

negative Escherichia coli (E. coli) and Gram-positive Staphylococcus aureus (S. aureus) as well 

as the proliferation of pig iliac endothelial cells and the ability to heal rats wounds (Yang et al., 

2020).

In this study, to produce biodegradable and biocompatible material for controlled drug 

delivery, nanofibers mats of keratin/PLA/GO composites were fabricated via electrospinning. An 

amorphous PLA was selected since semicrystalline polymer’s easiest phase-separated in blends 

for thermodynamic reasons (Jabarin et al., 2016). The miscibility degree of keratin and PLA, 



6

under static conditions as well as under shear rate, was first studied by viscosity analysis of 

solutions under shear at different polymer blending ratios. 

Focusing on a Ker/PLA 50/50 wt blend matrix, the effects of the interfacial interactions 

between GO sheets and polymer chains on the rheological behavior of the electrospun solutions, 

as well as on the nanofibers morphology, their thermal behavior, and their mechanical properties, 

were investigated. Finally, the role of GO sheets in the drug release mechanism from the 

composite electrospun mats was assessed using Rhodamine B, selected as a drug model because 

it is easy to detect and quantify. 

2. EXPERIMENTAL

2.1 Materials. High molecular weight keratin (Ker) powder (50 kDa) extracted from raw wool 

was kindly donated by Kerline Srl (Italy). Polylactic acid (PLA) pellet with an average molecular 

weight (Mn) of 119 000 Da and a polydispersity index (Mw/Mn) of 1.40 was kindly provided by 

Nature Works LLC (Ingeo 4060D). 1,1,1,3,3,3-Hexafluoro-2-propanol (HFIP) was purchased 

from Sigma Aldrich S.r.l. Graphene Oxide (GO) solutions with sheets having a thickness of 1.1 

± 0.2 nm and lateral sizes of 120 ± 30 nm were prepared through a modified Hummers method 

(Gasparini et al., 2020).

2.2 Preparation of keratin/PLA blend solutions at different blending ratios. Keratin and 

PLA pellets were separately dissolved in HFIP at a concentration of 10 % w/v by stirring for 4 

hours. Ker/PLA blends at weight ratios 0/100, 25/75, 50/50, 75/25,  and 100/0 between the two 

polymers were obtained by mixing the desired volumes of the pure keratin and PLA solutions 

prepared before. Mixtures were homogenized by stirring overnight at room temperature.
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2.3 Preparation of keratin/PLA blend film. Ker/PLA 50/50 blend films were prepared by 

casting the relative blend solution and letting it dry for 24 hours at room temperature in a 

chemical hood. 

2.4 Preparation of Ker/PLA composite nanofibers loaded with different amounts of 

graphene oxide. For the preparation of Ker/PLA 50/50 nanofibers, the keratin and PLA pellets 

were separately dissolved in 4 mL of HFIP at a polymer concentration of 10 % wt. under shaking 

for 2 hours. The solutions were mixed and stirred at room temperature for 24 h. GO doped 

Ker/PLA 50/50 composite solutions were prepared by dispersing the desired amount of GO into 

HFIP under vigorous sonication in an ultrasonic bath (Elmasonic S 30 H, 37 kHz) for 1 h. 

Composite solutions containing 0.1, 0.5, 0.7 1 % wt. of GO concerning the weight of the total 

polymer (Ker + PLA), were prepared as described before but using properly GO doped HFIP as 

solvent. For nanofiber preparation, the blend solutions were loaded into a 5 mL plastic syringe 

connected to a needle having an inner diameter of 0.603 mm. The syringe was placed 

horizontally on the syringe pump (KdScientific) and a voltage supply (ALINTEL SHV 150, 5 

mA, ±30 kV) was attached to the needle tip; while a metal collector plate was grounded. The 

polymer solutions flow rate was 1.8 mL/h. The distance between the needle tip and the static 

collector was set to 12, 15, and 18 cm; the used applied voltage was 12, 15, and 18 kV. 

Electrospinning was conducted under controlled conditions of temperature (24.0 ± 0.5 °C) and 

relative humidity (20−40 %).

2.5 Characterizations. Shear rate-dependent viscosity measurements of the polymer blends 

and polymer blend/GO nanocomposites loaded with different amounts of GO were determined in 

HFIP solution with Anton Paar Compact Rheometer MCR 102 equipped with a PDT 200/56/l 

Peltier temperature control device. Analyses were carried out at 25 (±0.1) °C by using a parallel 
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plate geometry in a controlled shear rate mode. The gap opening was 0.45 mm. Shear rate was 

varied in the 0.1 to 1000 s-1 range using a logarithmic ramp; while the respective acquisition time 

was logarithmically decreased from 10 s to 1 s. Data were acquired and elaborated with the 

RheoCompass Software (Anton Paar GmbH). For each sample, the final viscosity vs shear rate 

curve is the average of 4 analyses. 

The morphology of cryogenic sections of the blend film, as well as the electrospun blend 

nanofibers, were investigated by scanning electron microscope (SEM) using a Zeiss EVO LS 10 

instrument equipped with a LaB6 source. The film was frozen by immersion in liquid nitrogen 

for 2 minutes and then fractured (with the help of two tweezers) to obtain the cryogenic section 

for observation. All samples were gold-sputtered for 1 min before the analysis. The acceleration 

voltage was 5 kV and the working distances were 4.3 mm or 5.2 mm. 

The nanofiber diameters were obtained by using ImageJ software (National Institutes of 

Health, Bethesda, MD). In particular, the mean diameter and the diameter distribution of 

nanofibers were obtained from 150 measurements randomly gathered from different SEM 

images of the same sample. The distribution of GO in the electrospun nanofibers was examined 

by an FEI Tecnai F20 High-Resolution Transmission Electron Microscope (HR-TEM), equipped 

with a Schottky emitter operating at 120 kV. A thin layer of composite fibers was electro-spun 

directly on a Quantifoil R2/1 Carbon film-coated copper TEM grid. 

Tensile tests of electrospun mats were made using a Remet TC10 universal testing machine 

equipped with a 10 N load cell at a crosshead separation speed of 10 mm/min. The nanofibrous 

mat was anchored to a paper frame to prevent membrane damaging and slipping from the 

machine supports. Specimens had a dimension of 20 × 30 mm, width, and gage length, 

respectively.
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Raw load-displacement data were treated to obtain stress-strain data. The strain () was 

calculated by dividing the displacement () by the initial specimen length (gage length, L) as 

follows:

The stress () calculation was done by applying the following formula (Maccaferri et al., 

2022; Maccaferri et al., 2020; Maccaferri et al., 2021): 

where ρm is the material density (mg/mm3), F is the load (N), m is the specimen mass (mg) and L 

is the specimen initial length (mm);  is expressed in MPa.

The mats’ elastic modulus and properties at break (maximum stress, max, and strain at break, 

max) were determined from - curves. The elastic modulus was evaluated via linear regression 

of stress-strain data in the 0–1% deformation range. max and max are the highest values of stress 

and strain, respectively, at which the membrane break occurs.

Infrared spectra of nanofiber mats and films were acquired with a Bruker Vertex 70 

interferometer equipped with a diamond crystal single reflection Platinum ATR accessory, in the 

4000–600 cm-1 region, with 100 scans and a resolution of 4 cm-1. 

Differential scanning calorimetry (DSC) was performed with a PerkinElmer DSC 8000 

equipped with an intercooler II cooling device and Software Pyris for data acquisition and 

analysis. Analyses were accomplished under a nitrogen atmosphere (30 ml/min) on 5-8 mg of 

sample in an open aluminum pan. Program temperature was: heating from 20 to 105°C, cooling 

back to 20°C, and heating to 170 - 200°C (second scan) at 10°C/min as scanning rate. Data 
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analysis was performed on the second scan step. The instrument was calibrated with Indium and 

lead as standards.

Thermogravimetric analysis (TGA) was performed with Perlin Elmer TGA4000 equipped 

with software Pyris for data acquisition and analysis. 6-7 mg of sample in alumina pan analyzed 

in the 25-900 °C temperature range under nitrogen atmosphere (50 ml/min) at 10°C/min as 

heating rate.

2.6 Drug Release. The electrospun mats loaded with 3 % wt. of rhodamine B (RhB) were 

specially prepared for the drug release test. The samples were prepared as described before, 

simply adding the desired amount of RhB in the polymer solutions before electrospinning.  

To determine the drug release profiles, 1 square piece (2cm x 2cm) of the electrospun mat was 

placed inside dialysis bags with a cut-off of 12-14 kDa and put in 6mL of phosphate buffer at pH 

7.4. The release tests were carried out at a temperature of 37 °C. Aliquots of 100 μL were 

withdrawn at specific time intervals and replaced with fresh buffer; the released RhB was 

detected as intensity in the UV-Vis spectrum at 554 nm, after the determination of a calibration 

curve (shown in Figure S1 of the supporting information). Spectra were collected by using a UV-

Vis a Cary 100 - Agilent Technologies spectrophotometer. Reference tests with RhB were 

carried out with an aqueous solution of RhB at 3 % wt. (500μL) in the dialysis bag.

3. RESULTS AND DISCUSSION

3.1 Miscibility of keratin and PLA in HFIP solutions. The miscibility degree of keratin and 

amorphous PLA dissolved in HFIP at different blending ratios and a total polymer concentration 

of 10 % wt was evaluated by viscosity analysis under continuous shear (Figure 1). HFIP was 

selected being the only solvent capable of dissolving both keratin and PLA. It is also an excellent 
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solvent for electrospinning due to its relatively low surface tension and sufficiently high 

dielectric constant (Eren Boncu et al., 2020). It is commonly used to develop electrospun mats 

for biomedical applications and the non-toxicity of the obtained nanofibers has been 

demonstrated in several scientific papers (Ulker Turan and Guvenilir, 2021; Eren Boncu et al., 

2020; Guidotti et al., 2021).

Bare Keratin at a low shear rate showed an almost yield-stress liquid behavior (Otsuki, 2020) 

with a very small reminiscence of a Newtonian plateau below shear rate 0.3 s-1. Yield-stress-like 

plots at low shear rates are typically observed on water solutions of globular proteins 

(Castellanos et al., 2014). The behavior has been attributed to adsorption at the interface and 

aggregation phenomena (Sharma et al., 2011). The latter effect has been reported to be the 

dominant one when surfactants are present (Castellanos et al., 2014). Although the adsorption of 

keratin at the plate interface during analysis could be the dominant effect casing the yield-stress-

like behavior in pure keratin, the effect seems to be less important when Keratin is blended with 

PLA. In fact, all viscosity plots of Keratin/PLA mixtures seem to exhibit a Newtonian-like 

plateau at a low shear rate (Figure 1). The difference with pure keratin suggests that in the blend, 

the continuous phase is mainly made of PLA and keratin is in separated dispersed domains. 

Indeed, pure PLA shows the typical behavior of neutral polymer solutions, with the Newtonian 

plateau at a low shear rate. By a more careful analysis (Figure 1) the viscosity at the lowest 

investigated shear rate is not constant and it decreases slowly with the shear rate. This suggests a 

reminiscence in the blend also of the adsorption/desegregation phenomena for keratin 

hypothesized in the pure keratin solution. Then, in the blend plots, a more or less defined plateau 

can be identified. This particular plot shape can be due to the superposition of the pure PLA 

plateau and the decreasing viscosity of keratin because of the adsorption/desegregation 
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phenomena, even if this last seems reduced by the intensity in the blend. This behavior supports 

the hypothesis of the presence of keratin in separated dispersed domains, at least at a low shear 

rate. After this initial part of the plot, named region I at least others two regions are noticed, 

named II and III in Figure 1.

Figure 1. Viscosity under continuous shear () of the Keratin/PLA blend solutions at different 
blending ratios.

Region I is up to a shear rate of 4-5 s-1, the second one up to 11-12 s-1, and the third up to 1000 s-

1. The second region is characterized by the pronounced viscosity decrease with the shear rate

typical of polymer solutions, which is due to chain elongation under flux. At this shear rate, PLA 

chains align. The behavior is observed even in keratin after the small step of the region 

suggesting the occurrence of disaggregation or changes in the chain conformation of the protein 

also. The rearrangement would promote the transition from an almost insoluble globular 

structure of the protein to a more soluble and less compact one. A similar effect has been 

reported also for chitosan at 70 °C (Pakravan et al., 2012). Chitosan shares with keratin some 

important structural features such as the presence of ionizable groups and the ability to form 

intra- and inter-chain hydrogen bonds. This effect in chitosan was reported already at a lower 



13

shear rate. However, it cannot be excluded that this occurred in keratin also, in particular in 

blends. Finally, in the third region, the slope of the viscosity plot decreases, and a new plateau 

seems to be approached indicating that the entanglements between chains and/or stable intra-

chain hydrogens bonds prevent additional chain elongation. The viscosity observed at this shear 

rate is one of the stretched networks. 

Despite the different phenomena responsible for the observed viscosity at a very low shear rate, 

the values were used to extract information on the expected behavior in the quiet conditions of 

the film casting process. Furthermore, the values at 100 s-1 shear were assumed to represent the 

condition during electrospinning (Beliciu and Moraru, 2011). In fact, this shear rate is usually 

associated with several shear processing operations such as pumping and extrusion by spinning, 

including electrospinning (Beliciu and Moraru, 2011). For the miscibility analysis, the 

experimental values obtained at the aforementioned shear rate values were compared with the 

ones calculated by applying the additive mixing rule for ideal mixtures (equation 1):

(1)

where and  are the weight fraction and the viscosity of the ith component, respectively and 

 is the total viscosity of the blend (Teodorescu et al., 2018). 

In quiet conditions, the observed values of viscosities were lower than the additively predicted 

ones at all investigated compositions, resulting in a concave plot of  as a function of the 

composition (Figure 2a). Negative deviations are usually associated with the occurrence of slip, 

caused by a lack of adhesion (weak interactions) between the two polymers (García-Abuín et al., 
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2010). Notice that, even though the calculated value at a low shear rate would suffer from a 

possible overestimation of the viscosity of pure keratin, the experimental values for the blends do 

not follow a linear plot, rather they follow a convex curve, thus suggesting the absence of 

compatibility between the two components. The result is in agreement with a biphasic 

morphology in which PLA is the continuous phase and keratin is the dispersed one. In such a 

case, the blend behavior would be similar to the one of the continuous phase with the Newtonian 

plateau of PLA.

Accordingly, as is typically the case of weakly interacting polymers, the morphology of the solid 

Ker/PLA 50/50 blend showed separate phase domains by SEM analysis of the cryogenic section. 

Furthermore, detachment at the interface was detected. The presence of interstices between the 

phases (indicated by the red arrows in Figure 2b) indicates poor interfacial adhesion and 

unsatisfactory compatibility between the two polymers. On the contrary, at the higher shear rate 

of 100 s-1, the experimental viscosities were higher than the one predicted by the additive rule 

(Figure 2c), thereby suggesting good adhesion between the blend components.

Most likely, the keratin conformation under flux enables a more effective interaction with the 

PLA chains through hydrophilic and/or hydrophobic interactions. Accordingly, homogeneous 

nanofibers were obtained by electrospinning the ternary mixture (Figure 2d).

The HFIP is highly volatile (Boiling point 58C), and thus evaporates rapidly during 

electrospinning fixing the structure assumed by the spun material.
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Figure 2. a)  (evaluated at 100 s-1) as a function of keratin content: comparison between 

experimental values (——) and theoretically estimated from the rule of ideal mixtures shown in 
eq. 1 in the main text (----); b) cryogenic section of the cast film obtained from the keratin/PLA 
50/50 blend solution, observed at the scanning electron microscope; c)  as a function of 

keratin content: comparison between experimental values (——) and theoretical values (----) 
estimated from the rule of ideal mixtures shown in eq. 1 in the main text; d) electrospun 
membrane (obtained at 18 kV, 1.8 mL/h, 15 cm) observed at the scanning electron microscope.

Accordingly, when a less volatile solvent made of a mixture of chloroform/acetone with formic 

acid was used, fiber with a core/shell morphology was instead obtained(Isarankura Na Ayutthaya 

et al., 2016). On the contrary, by using HFIP, fibers were very smooth thus suggesting not only 

compatibility but also miscibility between the two polymers. Miscibility induced by flow has 

been often reported and theoretically described (Horst and Wolf, 1997; Jupp et al., 2003; Chopra 

et al., 1999).  Notice that, the use of an amorphous PLA, instead of a crystallizable one 
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(Isarankura Na Ayutthaya et al., 2016), would have contributed to avoiding phase separation 

during the fiber formation.

3.2 Effect of GO on the Keratin/PLA blend solutions. For the sake of brevity, the Ker/PLA 

50/50 mixture was chosen as the matrix to study the effect of doping with GO sheets. At first, the 

viscosities of GO dispersions in the Ker/PLA 50/50 blend solutions were analyzed. Figure 3 

shows the apparent viscosities versus the shear rate of the Ker/PLA 50/50 blend with different 

amounts of GO sheets, on a log-log scale. The shear rate regions I, II, and II, individuated for the 

blends without GO are indicated also in the graph.

Figure 3. A visual image of the keratin/PLA solutions containing different amounts of GO sheets 
and related viscosities vs shear rate.

All curves included one of the net polymeric matrices, show the apparent viscosity, and decrease 

with the shear rates more or less in all the three regions. Distinct effects of GO loading in the 

three above indicated regions of the viscosity plots were noticed: in the first region, a viscosity 

increase depending on the GO content was observed at 0.1 or 0.5 % loading. At these loadings, 
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the viscosity depends on the shear rate much more than it occurs in the net matrix with a 

dependence similar to the one of the bare keratin (Figure 1). On the contrary, for higher GO 

amount (0.7 or 1 % ) the viscosity plots have a shape comparable to the one of the blend matrix 

even though the viscosity is higher. However, the increase does not seem to depend on the 

loading, since the flow curves at 0.7 and 1 % of GO are almost superimposed on each other. The 

viscosity of bare GO in HFIP is negligible in all the investigated range of shear rate and at all 

investigated concentrations (Figure S2). Therefore, no one of the observed features of the 

viscosity plots of Ker/PLA/GO can be ascribed to a simple additive effect of the mixture 

components. The presence of interactions between GO and the polymeric matrix is then clearly 

indicated. The extent and/or the consequence of this interaction depends on the GO amount. The 

effect higher at low GO loading suggests the presence of an additional effect. In particular, it 

seems that in the presence of a low GO amount, keratin recovers the behavior it has in the 

absence of PLA. Therefore, the high viscosity can be explained under the hypothesis used to 

explain the first part of the bare keratin plot, that is, the proteins adsorb at the plate interface of 

the rheometer or rearranges under flux. Most likely at this composition, an inverted or co-

continuous phase domain morphology build-up with keratin not only segregated in dispersed 

domains as it does in the absence of GO. GO promotes both viscosity and yield-stress increase. 

When the amount of GO is 0.7 or 1 % the viscosity plots are similar to the one of the pure blend 

matrix but with a higher initial viscosity thus suggesting that the PLA/GO phase is the 

continuous one as in the blend matrix, and GO causes the viscosity increase. By a careful 

comparison of the initial plateau, a small difference between the viscosities at the two loadings 

level, namely 0.7 and 1 % can be noticed. The difference seems negligible because much smaller 

than the one observed for lower GO loading, but it is not much smaller than other reported 
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differences in the literature (Choi et al., 2001; Hyun et al., 2001). An effect of GO loading on the 

viscosity values is present in the second and third regions as well, while a negligible effect on the 

yield-stress seems to result from an increase of the GO from 0.7% to 1%. Based on this data, it 

seems that at least in solution two different classes of nanocomposites are obtained. The first for 

GO loadings up to 0.5 %, where two co-continuous keratin and PLA/GO rich phases form, and a 

second for loading > 0.5 %, where PLA/GO is the continuous phase.

To have a better understanding of the effect of the GO loading, the viscosity curves were 

analyzed through the Cross model (eq. 2). The model is commonly used to describe the low-

shear-rate viscosity,   (Pa s), of shear-thinning fluid(Hauswirth et al., 2020): 

(2)

In the equation,  (Pa s) is the apparent viscosity at any shear rate  (s-1) and  (Pa s) is the 

viscosity at the very high shear rate,  (s) is the time constant correlated to the relaxation time of 

polymer chains and  is a dimensionless rate constant, known as the (Cross) Rate Constant, 

indicating the degree of dependence of viscosity on the shear rate in the shear-thinning region. 

A value of 0 for  indicates Newtonian behavior, while  values tending to unit indicate shear-

thinning behavior. The best fitting of the experimental data with the Cross model gives R2 > 

0.90. Even if the accordance was not perfect, as expected by the quite complex shape of the 

plots, the calculated parameters (Table 1) were assumed reliable, at least for comparative 

purposes. The obtained zero shear rate viscosities  were found to increase with increasing the 

GO concentration from 0.1 to 0.5 %, whereas a further GO increase from 0.7 to 1 % reduces both 
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viscosities. This behavior numerically describes the effect of the GO loading on promoting a 

different phase organization. Accordingly, the initial  increases up to GO 0.5 % because of the 

increasing thickening effect induced by GO sheets. 

Cross-model values of  approaching 1 were obtained for all the investigated solutions, thus 

confirming the presence of a continuous or co-continuous phase made of keratin, which typically 

gave strong shear thinning behavior. Moreover, samples containing 0.1 and 0.5 % of GO showed 

the highest values for λ among the investigated compositions, suggesting a slower relaxation 

dynamic due to the protein components interacting with GO. On the other hand, at higher GO 

loading the rheological behavior is dominated by the PLA phase, and a less effective shear 

thinning behavior is observed (or pseudoplastic behavior). In other words, GO is less effective in 

reducing the rate of PLA than keratin relaxation.

Table 1. Cross model parameters related to Keratin/PLA 50/50 solutions doped with different 
amounts of GO sheets.

% GO  (Pa s)  (Pa s)  s) n R2

0 1.000.02 0.120.02 0.0740.004 1.000.08 0.996
0.1 3.90.1 0.230.04 0.360.03 0.990.06 0.996
0.5 6.10.3 0.130.08 0.240.02 0.990.07 0.996
0.7 1.90.1 0.30.1 0.100.02 0.90.1 0.948
1 1.70.1 0.310.01 0.0650.001 1.00.2 0.911

3.3 Nanofibers Morphology. Figure 4 shows the scanning electron microscope (SEM) images 

of the keratin/PLA 50/50 nanofibers, as well as of their nanocomposites obtained with different 

GO loadings and different applied voltages. The relative diameters distribution curves fitted with 

the LogNormal function are shown in Figure S3. As shown, the electrospinning of Ker/PLA 

50/50 solution, as well as of all the relative GO composite suspensions, gives rise to smooth and 

defects-free nanofibers with random orientation, having a mean diameter between 270 and 120 
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nm. In Figure 5, the mean diameters as a function of GO loading and applied voltage are 

reported. Unfortunately, the complexity of the electrospinning process makes often the 

determination of the operational parameter effects on nanofibers morphology very difficult if not 

impractical. In general, the higher viscosity of the polymer fluid generates a higher opposing 

force to the jet stretching and thinning, thus leading to greater nanofibers. On the other hand, 

more conductive solutions allow a greater stretching of the electrospinning jet, due to the 

presence of more charge carriers, thus favoring a reduction of the fiber diameter. 

As can be seen, for the GO doped solutions, higher applied voltages produced thinner nanofibers 

and this could be attributed to the increasing stretching force with increasing the intensity of the 

electrostatic field (Haider et al., 2018). Instead, at lower voltages of 12 and 15 kV, a decrease of 

the mean diameters of the fibers with increasing the GO loading until 0.7 % occurs, 

notwithstanding the higher viscosities of GO doped solutions compared to the solution without 

GO. Probably, for these electrospinning conditions the enhanced jet thinning with increasing the 

GO amount is due to the conductivity increase of the GO doped solutions with increasing the GO 

amount (Figure S4) (Heikkila and Harlin, 2009; Xiao et al., 2016; Liu et al., 2017).

The most pronounced shear-thinning behavior of the GO doped solutions could also contribute to 

producing thinner nanofibers by promoting the macromolecular orientation along the drawing 

direction induced by the electric field. Nevertheless, the slight increase in the mean diameters, 

observed for the fibers containing 1 % of GO, notwithstanding the highest conductivity of the 

related solution (Figure S4), could be attributed to the less pronounced shear thinning of the 

solution doped with 1 % of GO concerning the other ones.
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At the highest applied voltage, namely 18 kV, the deposition rate seems to be too much faster to 

allow chain elongation, and the dominant effect is the one of viscosity as was reported for 

PLA/keratin/clay electrospun at 19 kV(Isarankura Na Ayutthaya et al., 2016).

The distribution of the GO sheets on the nanofibers was investigated by HR-TEM analysis 

(Figure 6). As previously observed by SEM, the thickness of the nanofibers is quite 

polydispersed, ranging from > 600 nm to less than 100nm. The addition of GO in the nanofibers 

resulted in the formation of bulges protruding from the fibers. The bulges displayed different 

sizes, often exceeding the thickness of the fiber. We should note that the diameter of nanofibers 

(spanning from 87 nm up to 261 nm in the different samples) is comparable to or lower than the 

average size of the GO sheets (120 ± 30 nm). High magnification micrographs of the bulging 

region (Figure 6c) displayed diffraction fringes of a semi-crystalline material with an average d-

spacing equal to 0.40 nm, compatible with GO (002) lattice planes, often observed on GO 

nanosheets wrinkles and folded edges (Li et al., 2021). The presence of GO in the bulging region 

was further confirmed by electron diffraction images (Figure S5). We cannot exclude the 

presence of GO fully embedded in the nanofiber structure along the main axis, but the limited 

contrast due to the material’s likeliness and the lack of distinct diffraction patterns does not allow 

for a full understanding of the nanofibers’ internal structure.
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Figure 4. SEM images of electrospun fibers from keratin/PLA 50/50 solutions with different 
loadings of GO sheets obtained using a flow rate of 1.8 mL/h and a tip-to-target distance of 15 
cm: a) 12 kV – 0 % GO; b) 15 kV – 0 % GO; c) 18 kV – 0 % GO; d) 12 kV – 0.1 % GO; e) 15 kV 
– 0.1 % GO; f) 18 kV – 0.1 % GO; g) 12 kV – 0.5 % GO; h) 15 kV – 0.5 % GO; i) 18 kV – 0.5 %
GO; j) 12 kV – 0.7 % GO; k) 15 kV – 0.7 % GO; l) 18 kV – 0.7 % GO; m) 12 kV – 1 % GO; n) 
15 kV – 0.7 % GO and o) 18 kV – 1 % GO.
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Figure 5. Fibers mean diameter at different GO loading and different applied voltages 

Figure 6. TEM images of keratin/PLA 50/50 with a) 0.5 % of GO and b) 1 % of GO; c) detail at 
higher magnification of the keratin/PLA 50/50 with 0.5 % of GO.

Among all the considered electrospinning conditions, a voltage of 18kV, a working distance of 

15 cm, a flow rate of 1.8 mL/min, and a deposition time of 2 hours was selected as the best 

parameter to obtain mats with more homogenous nanofibers showing narrower diameter 

distributions (Figure S2) at all the GO loadings. 
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Figure 7. a) square pieces of keratin/PLA/GO electrospun mats at different loadings of GO; b) 
electrospun mats on the wet skin; c) after drying and d) conformal contact of the electrospun mat 
evidenced by the comparison between the not applied mat and the mat applied to the skin.

In Figure 7a, square pieces of Ker/PLA/GO electrospun mats at different loadings of GO are 

shown. The mats can be easily handled (see video support), they exhibit robust adhesion on wet 

skin (Figure 7b) that is maintained even in the dry skin (Figure 7c) since they can achieve 

conformal contact replicating human skins pattern (Figure 7d). This behavior could be explained 

by assuming a muco-adhesion process, typical of several proteins. In muco-adhesion, there is an 

intimate contact between the adhesive material and the skin, caused by wetting and swelling of 

the material followed by the formation of chemical bonds (such as hydrogen bonds) and/or Van 

der Waals forces. 

3.4 Interaction studies between Keratin, PLA polymer chains and GO. Figure 8a shows the 

characteristics of ATR-FTIR adsorption peaks, in the 2000-800 cm-1 range, of keratin (red line), 



25

PLA (blue line) regenerated from HFIP by electrospinning, and GO (black line) regenerated 

from HFIP by solvent casting. In particular, keratin adsorption peaks fall at 1650 cm-1 (Amide I), 

1532 cm-1 (Amide II), 1213 cm-1 (Amide III), and 1190 cm-1 and 1021 cm-1 (asymmetric and 

symmetric cysteine-S-sulphonated groups, respectively). Instead, the PLA shows a strong 

adsorption band at 1749 cm-1 due to the carbonyl stretching vibration, at 1180 cm-1 and 1080 cm-

1, due to the C-O-C asymmetric and symmetric stretching, respectively. The peak at 1452 cm-1 

and 1360 cm-1 are due to CH3 asymmetric stretching and CH3 groups bending, 

respectively(Zhang et al., 2004). According to the literature data, the GO sheets showed the 

characteristic adsorption peak at 1722 cm-1, due to the C=O stretching, 1613 cm-1 related to the 

non-oxidized skeletal component of graphite, 1049 cm-1 and 984 cm-1 attributed to the C-O and 

C-C stretching vibrations, respectively (Rostami et al., 2020). 

In the 1700-1820 cm-1 spectral region, where there are no adsorptions of keratin (Figure 8b), we 

can observe the carbonyl stretching peak associated with the PLA (at 1746 cm-1), shifted towards 

higher wavenumbers when blended with keratin (1752 cm-1).

Figure 8. a) ATR-FTIR spectra of keratin powder (red line), PLA nanofibers (blue line), GO 
(black line), keratin/PLA 50/50 nanofibers (orange line), and keratin/PLA 50/50 nanofibers 
containing 1 % of GO (wine line), PLA nanofibers containing 1 % of GO; b) spectra in the 1746-
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1752 cm-1, normalized for the carbonyl stretching vibration of the PLA; c) spectra in the 1450-
1750 cm-1 region, normalized for the Amide I of the keratin.

The 6 cm-1 shift of the whole peak is in agreement with the formation of a miscible blend of the 

two components in the nanofibers. The shift toward higher wavenumbers, differently from the 

red shift more commonly observed in these systems, indicates a less restrained arrangement of 

the PLA chains in the mixture so that the steric hindrance of the PLA carbonyl groups is reduced 

and their vibration energy is increased. A slight shift towards higher wavenumbers was observed 

also for the PLA nanofibers containing the 1 % of GO sheets (from 1746 cm-1 to 1749 cm-1). 

This data suggests that in the presence of the GO sheets, the PLA chains assume an organization 

similar to the one assumed in the presence of keratin. Moreover, the C=O adsorption peak of the 

keratin/PLA/GO ternary system seems the result of the PLA/GO and PLA/Keratin interfacial 

interactions since it falls at 1750 cm-1 and it is broader towards higher wavenumbers. This data 

supports the formation of almost homogenous mixtures of the three components even in the solid 

state, at least with 1 % GO in Ker/PLA 50/50. In fact, under this circumstance, the number of 

PLA/Ker interactions would be reduced by the competition with the PLA/GO ones, thereby 

producing a lower C=O shift. The whole result would be the observed intermediate shift. On the 

other hand, by analyzing the amides spectra region of keratin (1480-1750 cm-1) where there are 

no adsorptions of PLA, a shift towards higher wavenumbers of the Amide I in the keratin/PLA 

sample (with no GO) with respect to the keratin was also observed (Figure 8c). This blue shift 

suggests that changes in the secondary structures of keratin occur under the electrospinning most 

likely resulting in more elongated configuration chains. Similar results have been reported for 

PLA/keratin/clay nanofibers, where the nanoclay was found to increase the fraction of keratin in 

α conformation (Isarankura Na Ayutthaya et al., 2016), a structure that may form more easily in 



27

elongated chains than β-one does. No significant differences were observed in the Amides I and 

II with the introduction of GO, thereby supporting the hypothesis of negligible effects of the GO 

in the polymer matrix rearrangements when loaded in a large amount. 

3.5 Thermal behavior. The effect of different GO loadings on the thermal stability of 

keratin/PLA electrospun mats was studied by TGA in a nitrogen atmosphere. The recorded data 

indicates good thermal stability with a weight loss of 5 % at around 225 °C at all investigated 

compositions (Figure 9). In fact, the addition of the thermostable PLA to keratin improves the 

thermal stability of the protein (Figure S6). On the contrary, the presence of GO at different 

percentages of loading was found to have a negligible effect on the thermal stability of the matrix 

and the degradation pathway. In fact, the thermograms for the composites with different GO 

content are almost all superimposed with only minor differences in the 400-900 °C thermal 

region. The differences are in the range of instrumental error and thus no correlation with the GO 

content was found. A similar effect has been observed also for GO in the pure PLA (Figure S6). 

This behavior is different from the ones described in the literature for GO dispersed in other 

polymeric matrices, such as polypropylene (Sabet et al., 2020), nylon 6 (Xiao et al., 2016), and 

poly(ethylene-co-vinyl alcohol) (Yassin and Abdelghany, 2021) where a significant increase of 

thermal stability was observed, with the effect depending on the GO loading. However, apparent 

contradictory results are also reported for GO in PLA and keratin, for which either a decrease in 

the thermal stability or an increase has been reported (Liu et al., 2017; Zhang et al., 2020; Wu et 

al., 2020; Esparza et al., 2017). The differences between the different data in the literature can be 

interpreted as differences due to the functionalization of GO (in the case of PLA) and to the 

matrix feature, such as the presence of poly(ethylene oxide) as a blend component (in the case of 

keratin), as well as differences in the interaction between GO and the polymeric matrix.  In order 
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to verify the possible different effects of GO on the two components of our matrix (namely PLA 

and keratin), GO was incorporated into PLA with a GO loading of 0.5 %. The TGA of this 

sample (Figure S5), showed no significant shift toward either higher or lower temperatures than 

the one of the matrix for the composite, thus indicating the absence of any effect of GO both on 

the thermal stability of PLA and on that of the Ker/PLA 50/50 blend.

Figure 9. Comparison among the TGA plots of Ker/PLA blends with different loadings of GO.

The thermal behavior of the Ker/PLA 50/50 blend in the presence of the different amounts of GO 

was studied also by DSC analysis. After the first heating step up to 105 °C to remove the 

possible adsorbed moisture and solvent residual from electrospinning, samples were analyzed 

from room temperature up to 200 °C, namely in the range of thermal stability of the composites 

by TGA analysis (Figure 10a). In this range, a well detectable glass transition process was 

observed in all samples between 55 and 56 °C (Table 2). The value can be assigned to the PLA 

phase into the immiscible Ker/PLA blend. Indeed, the modest 3 °C shift toward higher 

temperature with respect to pure PLA indicates immiscibility between the two polymers in the 

blends. This result is further supported by the perfect proportion between the ΔCp in the blend 

and in the pure PLA, which indicates that all PLA participate in the separated phase. On the 
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other hand, the small shift toward the high temperature of the glass transition of PLA in the blend 

with respect to the pure polymer can be due to any chemical interaction at the interface with 

keratin by hydrogen bonding or dispersive force. These interactions can result in reduced 

mobility of PLA with a corresponding increase in the PLA glass transition located close to the 

interface. Moreover, the co-continuous morphology of the blend produces a quite large interface 

extension, with a corresponding non-negligible volume of the polymer located in this region. 

Table 2. Thermal transitions by DSC analysis of keratin/PLA blends and PLA with different 
amounts of GO

Matrix GO (%) Tg (°C) ΔCp (J g-1

°C-1)
T1 (°C) ΔH1(J g-1)

0 56 0.25 96 0.07
0.1 56 0.27 94 0.19
0.5 55 0.34 92 0.27
0.7 56 0.27 94 0.17

Keratin/PLA

1.0 56 0.30 94 0.08
0 53 0.51 n.d. -

0.5 55 0.58 n.d. -PLA
1 55 0.45 n.d. -

The addition of GO to PLA results in a similar, even if lower by value, shift toward a high 

temperature of the glass transition observed by mixing with keratin. This suggests a similar 

effect of GO and keratin on increasing the stiffness of PLA in the interfacial region (Coiai et al., 

2013; Prevosto et al., 2010). On the contrary, the addition of GO to the Ker/PLA blend results in 

Tg values with intermediate values between the ones of pure PLA and Ker/PLA. The observed 

behavior is similar to the shift of the C=O of PLA observed by FT-IR, for which the ternary 

mixture exhibits a peak at wavenumber intermediate in-between the values of PLA/GO and 

Ker/PLA. Therefore, once again the data can be interpreted by the formation of an almost 

homogenous three components heterophase, namely keratin, PLA domains, and the interface 

region between them.
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Notice that the observed immiscibility by DSC data is in apparent contradiction with the data by 

rheology. However, this latter refers to the polymers in HFIP solutions, while thermal data refer 

to the polymer in the solid state. In the case of nanofibers, morphology analysis by SEM and 

TEM showed a very homogenous phase that is compatible with one of the miscible polymer 

blends. However, based on thermal information it is more likely that miscibility occurred only 

under shear in solution. Once HFIP evaporates, the blend components in nanofibers separate. 

However, for kinetic reasons due to the electrospinning process, we do not see phase separation 

on the macro-micro scale by microscopy analysis; this could be explained by the formation of 

nano-sized phase separated domains not detected by microscopy or by the formation of a co-

continuous heterophase. This last hypothesis is supported by the rheological behavior that 

showed either keratin and PLA in the continuous or continuous phase, depending on the GO 

loading. Additional complexity to the phase arrangement could be induced by the electrical field 

during electrospinning. In any case, whatever the morphology, due to the formation process, 

phases are characterized by a lower packing density concerning the bulk phases that usually form 

under equilibrium conditions. The low packing is in agreement with the blue shift of the PLA 

adsorption peaks observed by ATR analysis.

The DSC thermograms of keratin/PLA mixtures with GO show, in addition to the glass transition 

process of PLA, two other processes exhibiting both endothermic peaks (Figure 10a). The broad 

peak at the highest temperature has a maximum in the 115 – 120 °C range and can be assigned to 

the residual moisture that was not removed by the first heating treatment up to 105 °C. It is likely 

due to water bonded to keratin that, as other proteins do, can interact strongly with water shifting 

its evaporation temperature (Hatakeyama et al., 1988).   
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Figure 10. Comparison among DSC thermograms (2° heating step) of keratin/PLA (a) and PLA 
(b) nanofibers with different amounts of GO. Graphs are arbitrarily vertically shifted for clarity.

The second peak, having maximum, T1, in the 92-96 °C range (Table 2) was not detected in pure 

PLA or PLA with GO (Figure 10b) and it is almost not detectable in the Ker/PLA blend. 

Therefore, it seems to be due to the presence of GO and keratin together. Notice that, to the best 

of our knowledge a peak at this temperature has never been reported for keratin-based materials. 

However, materials are often analyzed in a single heating step by DSC (Liu et al., 2018) and this 

range is covered by the evaporation of unbonded water (Milczarek et al., 1992). Even if this peak 

is always small in area, it is interesting to observe that the area depends on the GO content: it is 

very small at 0 % GO, increases with the amount of GO up to 0.5 % of loading, where it is 

maximum; then, it decreases again and reaches a value close to the one of the net matrix at 1 % 

loading of GO (Table 2). It is thus evident, that whatever the nature of the peak, the associated 

process is strongly affected by the presence of GO, the peak being higher when the degree of 

dispersion of GO is maximum. The analogy between the trend of this peak intensity and 

viscosity data for increasing GO loading suggests that the endothermic process is correlated to 
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the different keratin or phases’ structural arrangement in the matrix because of the joined GO 

and flux effects.

3.6 Mechanical Properties. The mechanical properties of nanofibrous mats were evaluated via 

tensile testing. To discard inaccuracies due to material porosity and thickness measurement, load 

data were analyzed according to the approach proposed by Maccaferri et al. (Maccaferri et al., 

2022; Maccaferri et al., 2020; Maccaferri et al., 2021), by applying the following equation (Eq. 

3):

(3)

where σ is the stress (MPa), m is the specimen mass (mg), ρm is the material density (mg/mm3), 

L is the specimen initial length (mm) and F is the load (N).

Histograms of Figure 11 display mats’ tensile properties. GO does not significantly improve the 

elastic modulus nor strength (maximum stress) of membranes. However, in some cases, 

reinforced mats have higher mean values, especially when 0.7 % and 1.0 % of GO are loaded (up 

to +35 % and +23 % in elastic modulus and strength, respectively). By contrast, GO has a 

stronger impact on strain at break, showing improved deformability as the GO increase. 

Membranes with 0.5 % and 0.7 % of GO almost double the strain at the break with respect to the 

unreinforced sample, while adding 1.0 % of GO leads to even better deformation (+135 %). 

Results display that the addition of GO, regardless of its percentage, does not lower the 

mechanical properties of Keratin/PLA nanofibrous membranes. Moreover, the sample with the 

highest GO content shows overall mechanical properties better than the unmodified mat.
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Figure 11. Elastic modulus, maximum stress and strain at break of keratin/PLA nanofibrous 
mats as a function of the GO loading.

3.7 Effect of graphene oxide on drug release. The drug release profiles were determined only 

on the Ker/PLA mat containing the 0.5 % of GO selected among the GO containing ones, 

because of its good dispersion of GO sheets, and the Ker/PLA mat without GO as the reference 

sample. In particular, the aforementioned samples were loaded with a 3 % weight of RhB chosen 

as a drug model for its easy detectability using UV-Vis measurements (Figure S7).

The profile of cumulative drug release versus time is shown in Figure 12. The release profile of 

free RhB across the dialysis bag was also determined (as control). As expected, the release of 

free RhB is very fast reaching a plateau at about 92 % within 2 hours (Figure 12 a) while, in the 

same time range, the RhB released from the nanofibrous mats is only 10 %. In the final stage of 

the test (40 h), about 60 % and 40 % of the RhB are released from the mats without and with 

GO, respectively (Figure 12 b). This indicates that the presence of GO delayed the release of 

drugs probably because of the strong interactions between RhB and GO sheets by means of 

hydrogen bonds π-π stacking, and hydrophobic interactions (Zhang et al., 2011).

To better understand the mechanism of drug release, a non-linear data fitting using the 

Korsmeyer-Peppas model (Eq. 4) was carried out (Korsmeyer et al., 1983):

(4)
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where  (%) is the percentage of the released drug and  (h) is the corresponding time. From the 

data fitting the transport constants  and the transport exponents  were determined. Considering 

the nanofibers as cylindric drug delivery systems, an  value of 0.45 indicates Fick diffusion; 

while, higher values between 0.45 and 0.89 indicates anomalous transport involving both Fickian 

diffusion and matrix swelling contribution (Costa and Sousa Lobo, 2001). The two samples have 

the same k value (Table 3), therefore it seems that the GO does not modify the diffusion rate of 

the drug. However, the  value for the mat without GO falls in the 0.45-0.89 range, indicating an 

anomalous transport; on the contrary, the mat with the GO showed a value of  of 0.45, 

indicating a pure Fickian diffusion of the drug. 

In order to evaluate the dependence degree of the drug release upon the Fickian diffusion and 

matrix swelling contribution, the Peppas-Salhin model (Peppas and Sahlin, 1989), described in 

Eq. 5 was applied:

(5)

where  represents the Fickian diffusional contribution, while  is the matrix swelling one (Di 

Prima et al., 2020). The values obtained for  by a best fitting procedure of the release data are 

comparable for the samples with and without GO. Furthermore, the values are more or less the 

same as the ones obtained by fitting with eq (4). On the contrary, the relaxational contribution of 

matrix swelling,  is zero for the mat with GO, while, even though small it is present for the 

matrix without GO. Therefore, even if the drug is released mainly by a Fickian diffusion 

mechanism in both investigated samples, in the absence of GO a minor contribution due to the 

matrix swelling is present. This behavior supports the hypothesis that the GO reduces the 

swellability of the keratin rich domains resulting in a Fickian controlled diffusion of the model 

drug in the composite nanofiber mat.
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Figure 12. The RhB release profiles and mathematical curve fitting by Korsemeyer-Peppas and 
Peppas-Salhin models. Detail of the first 2 hours’ release (a) and complete release profile (b)

Table 3. Kinetic parameters of RhB released from the keratin/PLA 50/50 electrospun mats with 
0.5 % of GO and without GO

Korsemeyer-Peppas Peppas-Salhin
GO (%)  (h-n) R2 (h-0.45) (h-0.45) R2

0 81 0.540.05 0.957 81 0.60.4 0.948
0.5 81 0.440.05 0.924 91 -0.20.3 0.929

CONCLUSION

In summary, an innovative electrospun mat made of an unprecedented ternary composite system 

constituted by a keratin/PLA blend matrix filled with GO sheets was here developed for 

controlled drug delivery applications. In particular, keratin has been selected as an interesting 

non-food protein for the design of drug delivery systems due to its biocompatibility, bioactivity, 

and biodegradability. An additional advantage of keratin is its production from byproducts of the 

dairy and slaughterhouse industries. On the other hand, PLA is a valid support polymer with an 

acceptable biodegradability and good biocompatibility that significantly improve the processing 

of keratin by electrospinning. Finally, GO sheets were selected as filler to improve both the 

rheological characteristics of the polymer blend solution, as well as to better control the drug 
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release kinetics. A series of Ker/PLA 50/50 mats loaded with different amounts of GO were here 

prepared by electrospinning at different applied voltages. As expected, the GO added to the 

solvent contributed to increasing its conductivity. Moreover, a GO loading from 0.1 to 0.5 % 

contributes to increasing the viscosities and the yield-stress behavior of Ker/PLA 50/50 blend 

solutions. At higher GO loading, a different phase blends morphology builds up with PLA in the 

continuous phase a more moderate effect of the GO incorporation on the solution viscosity.

The nanofibers’ diameter depended on both the applied voltage and on the GO loading in a 

complex manner. Indeed, GO addition increases both the viscosity and the conductivity of the 

solution, the former resulting in thicker fibers while the latter promote thinner ones. Furthermore, 

the higher applied voltage increase the polarization and the deposition rate. As result at lower 

applied voltages of 12 and 15 kV (lower applied stretching) the nanofibers thinning is affected 

by the conductivity as well as by the shear thinning behavior of the starting dispersion. In this 

condition, the relatively high conductivity and the pronounced shear thinning resulting from the 

loading of 0.5 % of GO seems to promote the formation of the thinnest nanofibers. Instead, at the 

high applied voltage, the dominant effect is the one of the viscosity, which increases with the GO 

loading. Under this condition, the thinnest and most homogeneous nanofibers were obtained at 

all investigated GO contents. The GO sheets were embedded into the nanofibers and some of 

them form protruding bulges. Nevertheless, this does not compromise the mechanical properties 

of the final mats; rather, a GO loading of 1 % contributes to improving the maximum stress and 

the strain at break. Moreover, also the thermal stability and the degradation pathway of the 

electrospun mats are not affected by the presence of GO. 

At the macromolecular level, some weak interfacial interactions involving the carbonyl groups of 

the two polymers, occur between keratin and PLA as well as on GO and PLA interfacial regions 

as revealed by ATR analysis. The GO sheets presumably do not interfere with the keratin 

secondary structures; nevertheless, higher-level rearrangements of the protein chains seem to be 

affected by a joined action of low GO loadings and flux conditions. Finally, the main effect of 

GO on the drug release is to reduce the swelling of the matrix, thereby slowing down RhB 

release from the mats. 

The obtained results demonstrate the potential of Ker/PLA/GO electrospun mats for applications 

in drug delivery. In particular, the knowledge of the effect of GO on the electrospinning process 

and chemical-physical properties of Ker/PLA mats, as well as on the drug release here acquired 
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is fundamental for the design of patches that display desired mechanical properties and desired 

kinetics and mechanisms of drug release, to be obtained by additive electrospinning of different 

nanofibrous layers. The main advantage of such knowledge lies in the possibility to have a 

ternary system with combined and modularly properties in terms of electrospinability, 

nanometric morphology, and mechanical and drug release properties.

GRAPHICAL ABSTRACT
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ASSOCIATED CONTENT – Video about the application of the electrospun mats (without GO 

and/or RhB), on the wet skin.

Supporting Information. Shear viscosity () of the GO in hexafluoroisopropanol (HFIP) at 

different concentrations; Diameters distribution of electrospun fibers from Ker/PLA 50/50 

solutions with different loadings of GO sheets fitted with the LogNormal function; Conductivity 

of the solutions of GO dispersed in 1,1,1,3,3,3 hexafluoroisopropanol as function of GO amount; 

Selected Area Electron Diffraction images of the Keratin/PLA/GO composite on left) bulging 

nanosheet and right) pristine nanofiber. The reference HR-TEM micrograph in the inset displays 

the relative position of each diffraction image. The diffractogram on the bulging GO nanosheet 

displays sharper diffraction rings at 2.1 and 4.0 Å relative to semi-crystalline GO; Comparison 

between the TGA plots of PLA and PLA/GO 0.5 % carried out under nitrogen atmosphere; 

electrospun mat made of keratin/PLA 50/50 and 0.5 % of GO, loaded with 3 % of Rhodamine B 

(RhB). 
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