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Electrospun scaffolds can find numerous applications, including biomedical; for example, tissue engineering. Poly-L-lactic acid is considered suitable for these applications, but its low-thermal stability and its poor mechanical prop erties limit this polymer use. The aim of this work is to obtain a modulation of the final scaffolds characteristics such as fibers dimension, wettability, elastic ity, and resistance to rupture through the choice of the polymers to be electrospun. Different electrospun scaffolds containing gelatin, Poly-DL-lactic acid, different percentage s of cellulose nanocrystals and an elastin peptide have been produced. Thermal stability, physical structure, and its mechanical behavior have been studied. Results suggest that the electrospun scaffolds show better thermal and mechanical properties than bulk materials; that is, the scaffolds with the best hydrophilic and thermomechanical properties are the samples containing 3% (wt/wt) of CNCs and elastin peptide.

INTRODUCTION

Electrospinning is widely used to prod uce materials made of fi bers with regular diameters ranging from 2 nm to several micrometers from solutions of polymers under a strong electric field in the order of thousands of Volts. The added value of electrospinning consists in the possi bility to easily tune fi bers diameter and porosity, that is, the ratio between the volume of voids called pores and the total volume of the material considered, together with the surface-to-volume ratio as well.1 These findings are considered appealing characteristics in the perspective of the use of electrospun fibers as potential tools in biomedi cal devices and innovative materials as well. For example, they are known as biomedical devices, 2 used in drug delivery and tissue engineering,3 and as fùters, protective textile, catalysts and storage cells for hydrogen fuel cells. 4 Furthermore, in the Jast decades electrospun fibers were widely investigated because their production requires minimum consumption of solvents. 5 In the last few years, many electrospun scaffolds have been successfully produced from different polymers, such as polyamide 11 for kidney cells culturing, 6 poly-(vinyli dene fluoride), in order to enhance the piezoelectric phase,7 polyurethane for bone tissue regeneration, 8 poly (-caprolactone) for potential dental applications, 9 and in blends with polyethylene glycol as a drug delivery system, 10 and many others. Furthermore, it is even possible to electrospun blends of polymers, as done for example by Oliveira Lobo et al.11 Poly-L-lactic acid (PLA) is the best candidate of poly mers used for the production of electrospun scaffolds. Actually, it is considered ideal for biomedical applica tions and tissue engineering. 13 -15 Nevertheless, it is weak for the low-thermal stability and the poor mechanical properties, which make difficult its use in biomedical applications. The choice of proper polymeric blend could affect the mechanical properties of the scaffold For example, silicon dioxide nanoparticles, 16 or cellulose nanocrystals (CNCs) have been used as nanofillers for their ability to confer strength to the material.17

CNCs are the product of hydrolysis of cellulose fibers composed of amorphous and crystalline regions. 1 8 Several papers concem the use of CNCs and nano whiskers as reinforcing agents of polymeric matrices composed of polyvinyl acetate, polyethylene oxide. 1 9-22 Finally, CNCs was added to PLA in electrospun scaffolds, for applications in tissue engineering. 23 The aim of this work is to elaborate scaffold nature inspired and biodegradable polymers. The working hypothesis was the modulation the properties such as fibers dimension, wettability, elasticity, and mechanical properties.

Other components that can improve mechanical prop erties of electrospun fibrous structures are natural pro teins, including collagen, gelatin (GE), and elastin.24 Taking advantage of these studies, herein different bio inspired electrospun scaffolds were produced and charac terized through ther momech anical techniques. Six kinds of different polymeric matrices were electrospun starting from polymeric blends of different hydrophobicity degree. All of them were solubilized in 1,1,1,3,3,3 Hexafluoro-2-Propanol (HFP). The polymers were chosen as a func tion of biodegradable and biocompatible properties. First of all, GE was appealing for the presence of bioactive motifs and for its low immunogenicity. 25 The scaffolds produced in this work are reported, in order to facilitate reading, with names that give informa tion about their composition. Letters G, P, and N mean "Gelatin GE", "Polymer PDLLA," and "Nanocellulose CNCs" respectively, while the numbers represent CNCs percentage in the polymeric blends. Finally, prefix El and suffix k meanings "elastin peptide" and "cross-linked," respectively.

The morphology analysis of the samples was carried out by scanning electron microscopy (SEM) and from SEM images average fibers diameters were calculated Thermal properties and hydrophilic degree of the electrospun scaffolds were assessed by thermogravimetric analysis (TGA) while the physico-chemical structure evo lutions of the electrospun scaffolds (also after conducting the swelling test on them) were studied by differential scanning calorimetry (DSC) technique. Finally, Dynamic mechanical analysis (DMA) was used in order to investi gate mechanical properties of the samples. In El8NGP mixture (EX15:CNCs:GE:PDLLA ratio 1:7.5:22.5:67.S, 13.1% wt/vol) elastin peptide and GE were added at the same time.

EXPERIMENTAL

Materials

The polymeric mixtures were loaded into a 5 ml plastic syringe with a 18 G stainless steel and then electrospun at 19 kV (gamma high-voltage generator), with a flow of the volumetric pump of 1.6 ml/h. The target was a copper plate covered with an aluminum sheet with a distance from the needle of 19 cm Example of GP, 8NGP, and El8NGP scaffolds composition is listed in Table 1.

Cross linking

Electrospun scaffolds were cross-linked using a 45.0 mM EDC/NHS (1:1) 85.5% ethanolic solution. Scaffolds were left at room temperature under stirring on an orbital shaker (PSU-lOi, Biosan, Riga, Latvia) for 24 h at 60 rpm, then washed with deionized H 2 0 (20 ml x 3 times) to remove the residual cros slinker and finally dried in 95.0% ethanol (1 h at 60 rpm).

3

METHODS

Scanning electron microscopy

The morphological analysis was carried out using a Jeol (Japan) JSM7800F Prime scanning electron microscope and SEM images were acquired with a voltage of 3 kV, after platinum metallization. The images were analyzed using ImageJ software (Java open source) supplied with DiameterJ plug-in.

Thermogravimetric analysis

Thermal stability of the electrospun scaffolds was investi gated by TGA using a Q50 device (TA Instruments, New Castle). Samples with a mass between 5 and 7 mg were eut from the board of the scaffolds and placed into the instrument under a synthetic air flow of 10 ml/min (oxi dizing atmosphere). They were heated from room tem perature to 700 °C at 10 °C/min. Three samples were analyzed for each electrospun scaffold.

Differential scanning calorimetry

The physical structure was analyzed using DSC7 (Perkin Elmer) at a range of 30-200 °C at 20 °C/min under nitro gen flow. Samples with a mass ranging 4-7 mg were eut from the board of the scaffolds, and placed in closed alu minum pans. After the first scan, the samples were immediately cooled at the same rate, and the second scan was recorded. Glass transition temperature T g and heat capacity jump �c;, were determined by the tangent method while the melting temperature T m was taken at the maximum of the peak. DSC measurement was conducted also after the swelling test on the electrospun scaffolds at low temperature with Diamond DSC (Perkin Elmer), under helium atmoephere. In this case, samples were placed in pans and hydrated with 30 µl of ultrapure water. After the experiments we wait 60 min at 25 °C in order to reproduce the swelling test. Two cooling scans were carried out, between 25 and -12ü°C, and 80 and -120 °C at a rate of lü°C/min and two heating scans from -120 to 80°C and from -120 to 85°C at a rate of 10 °C/min, with an identical empty reference pan.

Dynamic mechanical analysis

DMA was conducted using an ARES G2 strain-controlled rheometer (TA Instruments). Samples dimensions were 

RESULTS AND DISCUSSION

Morphology observation

Scanning electron microscopy images were used in order to analyze electrospun fibers morphology before and after cross-linking reaction. In presented: herein, there is again a different morphology, similar to that of the G Pk sample, after cross-linking reaction, with a curvilinear trend of the fibers.

The other samples containing CNCs, that is, lNGP, 3NGP, and SNGP scaffolds, with their cross-linked fees, presented morphology very similar to 8NGP matrix (data not shown). This similarity in SEM images suggested that CNCs was well dispersed in the polymeric blends for all these concentrations, as confirmed by Yang et al., 32 who produced matrices composed of PLA and cellulose nanofibrils (CNFs) as nanofiller with concentrations of 3%, 5%, 7%, and 10% via electrospinning. CNFs have also been used in order to reinforce scaffolds made up of PLA and poly(butylene succinate) (PBS), 33 and other fibrous particules like carbon nanotubes (CNTs) and GE to blends of PLA have led to well-formed and uniform non woven scaffold, thanks to their incorporation in the poly meric suspen sion. 34 These fibrillar beadless and interconnected porous microstructu res were also found in El8NGP samples (Figure l(e)), with curled fibers after cross-linking (Figure l(f)). Rnjak-Kovacina et al., 35 and Jiménez Vàzquez et al. 36 have developed electrospun scaffolds with fibers structure similar to ours samples and com posed of h uman tropoelastin and collagen and bovine elastin and collagen derived from chicken skin, respectively.

From SEM analysis it can be concluded that ail the samples showed a similar morphology and an analogous behavior after cross-linking reaction. The mean diameter value measured on 1000 fibers from three different images is around 1116 ± 290 nm.

Thermal stability

In order to analyze the thermal stability of the samples, TGA was carried out under oxidizing atmosphere (syn thetic airflow). For each electrospun scaffolds, three anal ysis were done.

In Figure 2 a comparison between TGA thermograms of respectively GP, 8NGP, and El8NGP scaffolds is presented.

This graph shows the normalized weight and the derivative thermogravimetric (DTG) curves in fonction of the temperature. On GP scaffold (Figure 2), three main thermal phenomena were noted. The first one was observed at a maximum of intensity at about 63 °C due to the loss of the water present in the matrix. In fact, despite PDLLA is essentially a hydrophobie polymer, the pres ence of the hydrophilic regions of GE (which is partially hydrolyzed collagen) increased the ability of the electrospun scaffold to bind water. In literature this "'° desorption phenomenon was observed when GE was electrospun. 37 The main degradation started at a temper ature around 250 °C and reached a maximum of intensity at 327.1 ± 0.3 °C, (Table 2) with the loss of about 80% of the scaffold mass. Subsequently, a high -temperature degradation phe nomenon (deriving from the oxidation of the first degra dation residue) with a lower slope of the normalized weight curve, was present and led to the total decomposition of the sample, at a temperature around 560 °C. The same trend for 8NGP and El8NGP scaffolds can be noted, with an increase of the degradation tempera ture with the presence of elastin peptide (335.8 ± 0.8 °C).

CNCs have been used as nanofiller even in the case of electrospun scaffolds made up of GE. 38 We have tested various contains of CNCs in our scaf folds. The scaffolds named lNGP, 3NGP, and SNGP, which contain a percentage of CNCs of 1%, 3%, and 5% (wt/wt) respectively, presented thermograms very similar (data not shown). Table 2 shows the values of thermal degradation. For the first two typologies of mats, an increase of degradation temperature, which reached the maximum value of 338 ± 2°C for the 3NGP scaffold was observed. This increased temperature with the presence of CNCs is in agreement with the works of Shi et al., 39 and Zhou et al., 40 in electrospun blends of PLA with dif ferent amounts of CNCs. When the amount of added CNCs became higher (scaffolds SNGP and 8NGP) a decrease of the degradation temperature was observed.

Therefore, the presence of the CNCs, up to 3% (wt/wt) seems to improve the thermal stability of the matrices, probably due to char formation from CNCs before the thermal decomposition of GP scaffold, inhibiting the thermal conductivity and then leading to a decrease of the degradation temperature of these scaffolds. 41 In lit erature a decrease of mechanical properties is described after the percolation threshold. 42 Also the peptide effect seems to improve the thermal stability of the samples. As a matter offact, if we compare 8NGP and El8NGP, we note an increase of 5 °C for degra dation temperature. The slight increase could be explaining by a better crosslinking induced by the pres ence of peptide. A higher crosslinking provides more cohesion between polymer chains. This cohesion increase needs more energy to obtain the thermal degradation.

Figure 3 shows the TGA thermograms before and after cross-linking reaction for 8NGP scaffold.

The main difference between these two samples was the water content in the matrix. The scaffold cross-linked did not show loss of water in this case.

Table 2 highlights how the quantity of water present in the electrospun scaffolds increases with the addition of CNCs and elastin peptide: 3NGP and El8NGP scaffolds showed the maximum percentage of water, 5.1 % and 4.6% respectively. This behavior was probably due to the presence of the hydroxyl groups of CNCs and to the hydrophilic regions of the peptide, which can better form hydrogen bonds with water, leading to a higher hydro philicity of the scaffolds. The finding that all the cross linked samples showed a smaller presence of water can be explained by the fact that cross-linking induces a decrease of hydrophilic sites and of mobility. 
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Physical structure

Figure 4 presents the first heating scans of non-cross linked electrospun scaffolds (GP, 8NGP, and El8NGP).

The thermal parameters of ail samples are reported in Table 3.

The scaffolds showed a glass transition temperature, near 56 °C associated with amorphous phase and a peak is superimposed on the heat capacity step attributed to the physical aging. We can note only one T g , consistent with a good miscibility of the two polymers. In GE/PLA blends Alippilakkotte noted that the miscibility was 3).

• • ••• • .... .. • • •••••••• ••••
The presence of interstitial water was confirmed by the broad complex endothermic peak located in a tem perature range between 70 and 150°C. At high tempera ture, a melting peak was observed at aro und 149 °C indicative of crystalline phase. nanocomposite fibers via melt-spinning. It interesting to note that add elastin peptide drive to an analogous T m .

In the second heating scans the endothermic event at the glass transition vanishes and the data, listed in Table 3 shown a good stab ility of glass transitio n temper ature with the low level of nanocellulose, and a decrease of 5 °C of T g in scaffolds with 8% of CNCs or elastin pep tide. The melting temperature decrease stro ngly when it can be measured.

In Figure 5 we compared the 8NGP scaffold first heating scan before and after cross-linking reaction .

We can observe an increase of both thermal transi tions, glass, and melting. The values reported in Table 3 confirm this increase of thermal properties for all the samples. But it seems to be that the crystalline phase (Tm values) was less affected than amorphous phase (T g values) by the cross-linking.

In the second heating scans, the glass transition tem perature of ail the cross-linked scaffolds, decrease until 3NGPk when at higher concentrations T g increases again: this finding suggests that a percolation threshold phe nomenon is present at 3% CNCs (wt/wt). This phenome non was observed for example when CNTs were added in polymeric matrices. 42

• 46 Finally, T m value decreases at about 100 °c in the second heating scan.

This st udy shows that the different products used for the scaffold formulation have a good miscibility. In the first heating ramp, we observed the sample fingerprint linked to process and composition. Physical aging phe nomenon observed superimposed at the glass transition is due to the electrospinning process, and can make diffi cult T g measurement with good accuracy, this endother mic fingerprint vanishes which thermal cycling. An addition of CNCs to PDLLA and GE with various ratio formed a hydrogen bonding network, restricting the seg mental mobility retarding the cooperative motion of the polymer chains, and leading to the increase of glass tran sition temperature. A similar T g behavior was observed by Cai et al., 47 which produced electrospun scaffolds composed of poly-DL-lactic acid with a tiller different from CNCs, that is, nanodiamonds. With elastin peptide the thermal response made unchanged A broad endothermic peak superimposed with several transitions (70 and 150°C) was attributed to the vaporiza tion of bound water.

Cross-linking treatrnent induces an enhancement of thermal parameters, T g (excepted 3%) and T m . This result could be due to the effect of the cross-linking reaction of GE. In literature we found analogous results: with genipin cross-link GE electrospun scaffolds, 48 or the use of vinyltrimethoxysilane to form cross-linked bonds on PLA electrospun scaffolds. 49 In presence of elastin peptide not any specific behavior was observed.

A second heating scan modify significantly the ther mal behavior of amorphous and ciystalline phase of scaf folds, plasticization effect on amorphous phase and smaller ciystals demonstrating the non-reversible effect of temperature on the electrospinning scaffold.

Adding elastin peptide at the formulation does not modify the thermal properties.

In Table 3 we reported also the calculated electrospun scaffolds ciystallinity values, calculated from DSC, using the enthalpy of melting on first heating scan and the the oretical LiH m for a 100% ciystalline PLA, 93J/g. 50 • 51 GP scaffold presented a crystallinity of 19.6%, for non-cross linke d samples, there was an increase of ciystallinity with CNCs addition until SNGP scaffold (29.5%), while, at 8% (wt/wt) concentration and with peptide addition ciystal linity decreased, assuming values of 13.8% and 16.3%. This datum suggests that a low amount of CNCs could act as nucleating agent for improving the ciystallization of PLA molecular chains, 39 and suggest that the increase of ciystallinity could contribute to the enhance of degra dation temperature, 52 as found in TGA studies. On the 4.

The first heating run, bring to the fore the structural water melting T m . For GPk scaffold it assumed a value of 10.3 °C this value decreased with the addition of CNCs (samples lNGPk, 3NGPk, and SNGPk), but became higher in 8NGPk scaffold and peptide addition at 9.2 °C. The same trend has been found for the second heating scan. Using ImageJ software (Java open source) supplied with the DiameterJ plug-in, average fibers diameter were calculated from SEM images of the electrospun scaffolds and the DSC swelling test values, and listed with their SD, in Table 4. It is interesting to note that it seems to be a correlation between the structural water melting tem perature and the scaffolds average fibers diameter: as a matter of fact the bigger is the average fibers diameter, the smaller is T m . This result suggests that during the cooling scan water molecules could rearrange themselves better, leading to a higher ciystallinity and to a higher T m of the water, if the fi bers diameter was smaller.

Dynamic mechanical behavior

Mechanical properties of the scaffolds were analyzed by DMA In Figure 6 storage modulus E' and loss modulus E" are reported as a function of the temperature for GP, 8NGP, 8NGPk, and El8NGP electrospun scaffolds. In Figure 6, the viscoelastic step associated with the anelastic manifestation of glass transition call a mode, is visible on storage modulus. The temperature of a relaxa tion is consistent with previous calorimetric results. For 8% CNCs addition the glassy plateau decreases strongly, and the a relaxation is increased Add elastin peptide at this ratio (El8NGP) enhanced the modulus in the whole temperature range, and shifted a relaxation to a lower "iv" The influence of CNCs added at GP is studied and reported in Figure 7.

We observed that a relaxation increases with increas ing the nanocellulose ratio, and the glassy modulus increases until 3% of CNCs and decreases strongly for higher ratio. This datum is in agreement with the work of Pirani et al., 53 which presented biodegradable nanocomposites of CNCs and electrospun PLA and found the maximum value of the storage modulus at a CNCs loading level of 3% (by the weight). An increase of E' has Ta values extracted from loss modulus E" maximum are reported in Figure 8.

We can observe a continuous increase of Ta with increasing CNCs ratio. A decrease of this parameter appears adding elastin peptide, and finally the cross-linking treat ment enhances Ta to lü°C. This behavior was consistent with calorimetric parameters and associated with the mac romolecules mobility loss, and with the increase of the stiff ness due to the reticulation. Glassy modulus observed around 150 MPa at low level of CNCs shown an important decrease (around 100 MPa) after 3% this value corresponds at a percolation threshold, and can give rise to a modulation of the mechanical properties. Uniaxial tensile testing of the scaffold in the dry state, previously described (Ciarfaglia et al.), showed that addition of 8% of CNC, both in the pres ence and absence of elastin peptide reduced significantly Young's moduli, thus increasing elasticity, while in the hydrated state no differences were observed. Interestingly, 8NGPk and E18NGPk scaffolds showed higher elongation at break inferring a role as plasticizer in the dry state. 55 Our scaffolds are suitable to be useful in skin tissue engineering; natural skin possesses tensile modulus between 15 and 150 MPa, 17 • 56 • 57 and tunable adding CNCs or peptide with or without cross-linking. Our values are measured in dry state. Lower values are expected in physi ological environment due to the plasticization effect.

CONCLUSIONS

In this work, thermomechanical properties of different electrospun scaffolds, composed of GE, Poly-DL-Lactic

Acid, various ratio of CNCs and an Elastin peptide were analyzed. All the components of the polymeric blends showed a good miscibility. CNCs and elastin peptide were well dispersed in the solvent: their addition to the mixtures changed the concentration blends but did not affect their properties and the electrospinning process. SEM images showed a well-defined three-dimensional fibrillar microstructures and interconnected porous microstructures, with a more curvilinear trend after cross-linking re action. TGA presented an increase of deg radation temperature and hydrophilic properties with addition of CNCs up to 3% (wt/wt) and elastin peptide . By using DSC it was found an increase of the T g with CNCs addition for the scaffolds series. Furthermore, a correlation between water melting temperature and fibers diameter average, after the swelling test, bas been found. Finally, DMA showed an important increase of the Ta after the cross-linking and brought to the fore a concentration threshold on storage modulus values. These results suggest that the electrospun scaffolds show better thermal and mechanical properties than bulk materials and the scaffolds 3NGP and El8NGP have the more interesting parameters for appli cation. Therefore, these polymeric blends are useful for the preparation of electrospun scaffolds biocompatible and suitable for applications in the field of tissue engineering. Further studies will be conducted to check the biocompatibility of these matrices.
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  and by Zhang et al., 12 which produced matrices of biolog ical interest.

  Poly-lactic acid was herein used in the racemic form (PDLLA). As a mat ter of fact, PDLLA [Poly(D,L-lactic)acid] with a lower crystalline level undergoes faster degradation than semi crystalline PLA 26 That characteristic let it be preferred in the field of the tissue engineering. 27 Elastin is a highly hydrophobie and cross-linked protein assembled from a soluble precursor protein called tropoelastin. It is the pro tein responsible for the elasticity of vertebrates' tissue such as large blood vessels, lung, and skin. It was ascertained that the conformational features related to the single exon coded polypeptides are the same as those suggested when they are insert in the entire protein, because each exon encodes an independent and self-contained structure. Therefore, it is possible to use the exon-by-exon analysis to study the characteristics of a single domain. In the works of Tamburro et al., a coherent recomposition of the elastin domains, with the intention of giving an acceptable solu tion of the elastin structure-function problem was pro posed. 2 8 , 2 9 Finally, a peptide encoded by exon 15 (EX15) of Human Tropoelastin and CNCs at 1, 3, 5, and 8% (com pared to the weight of the other components) were added to the polymeric blends in order to irnprove biocompatibil ity and strength, respectively. Due to GE solubility in water and in biological fluids, a cross-linking reaction was carried out on the electrospun scaffolds.

  Figure l(a), SEM image of GP scaffold is shown: it presented a well-defined three-dimensional fibrillar microstructures and interconnected porous microstructures. A linear and random-oriented structure of the fibers was noted and the absence of sol vent and beads suggested a good solubilization of the polymers in the blend. After the cross-linking reaction with EDC, the scaffold showed a change in the morphol ogy (Figure l(b)), with a more curvilinear trend of the fibers. These characteristics were also obtained in the work of Piccirillo et al., which prepared several electrospun scaffolds with different GE/PLA ratios.30 GE can lead to the production of bead-free fi bers and smooth morphology of the scaffolds even when it is electrospun in blend with polycaprolactone.31 Also for 8NGP scaffold (Figure l(c)) as for GP one, a nonwoven matrix with fibrillar and interconnected porous microstructures presenting randomly oriented fibers was observed. CNCs were finely dispersed in the polymeric mixture because the presence of beads was not noted. In Figure l(d) SEM image of 8NGPk scaffold is

FIGURE 1

 1 FIGURE 1 Scanning electron microecopy images of (a b) GP, (c d) 8NGP, and (e f) El8NGP scaffolds before and after cross linking reaction

FIG URE 2

 2 FIG URE 2 Comparison of thermal behavior by TGA thermograms of the three typologies of the electrospun scaffolds. Loss mass and derivated Joss mass are reported (10 °C/min). Square, circle, and up triangle, represents GP, 8NGP, and El8NGP samples respectively. Loss mass is reported as filled symbols, while derivated Joss mass is reported as empty symbols. TGA, thermogravimetric analysis

FIGURE 3

 3 FIGURE 3 Comparison between the TGA thermograms of 8NGP electrospun scaffolds before (square) and after (circle) cross linking reaction. Loes mass is reported as filled symbols, while derivated Joss mass is reported as empty symbols. TGA, thermogravimetric analysis

FIG URE 4

 4 FIG URE 4 First heating thermograms of non cross linked electrospun scaffolds performed at 20"C/min. Square, circle, and up triangle represents GP, 8NGP, and El8NGP sarnples respectively

FIGURE 5

 5 FIGURE 5 First heating DSC thermograms of 8NGP electrospun scaffolds before (square) and after (circle) cross linking reaction. DSC, differential scanning calorimetry

T m H 2

 2 -linking reaction led to a decrease of ciys tallinity except for 8NGPk scaffold.DSC was also used in order to analyze the thermal prop erties of the electrospun scaffolds after conducting the swell ing test. The swelling test was done only on the cross-linked scaffolds (GE is water soluble without the cross-linking reac tion). Results obtained are presented in Table

12 'FIG URE 6

 126 FIG URE 6 DMA thermograms of GP (square), 8NGP (circle), El8NGP (up triangle), and 8NGPk (down triangle) electroepu n scaffolds. Storage moduli are reported in fi.lied symbols while loss moduli are reported in empty symbols. DMA, dynamic mechanical analysis

FIG URE 7

 7 FIG URE 7 Effect of peroentage of oelluloee nanocrystals on the DMA behavior ofscaffulds: DMA thermograms ofGP (square), lNGP (circle), 3NGP (triangle), and SNGP (exagon) electroepun scaffolds. Storage moduli are reported in filled symbols while loes moduli are reported in empty symbols. DMA, dynamic mechanical analysis

FIGURE 8

 8 FIGURE 8 Histogram of Ta values obtained for the scaffolds studied in this work

GE (type B powder, 225 Bloom strength, p.I. 3.8-5.5 at 25 °C) from bovine skin, was bought from Sigma Aldrich (St. Louis, MO); Poly-DL-Lactic Acid (PDLLA EasyFil PLA-PolyLactic Acid, transparent pellets, molecular weight 126,000 g/mol, density 1240 Kg/m 3 ) was pur chased from Form Futura (Netherlands), cellulose nanocrystals (CNCs, spray dried powder, particle size 1-50 µm, pH in water 6-7, 88% crystalline fraction) was obtained from CelluForce (Montreal, Quebec, Canada) while elastin peptide was synthetized as previously reported 2 9 For electrospinning, all the components were dissolved in 1,1,1,3,3,3 Hexafluoro-2-Propanol (HFP) (Iris Biotech GMBH, Marktredwitz, Germany). For cross linking, N-hydroxysuccinimide (NHS) was obtained from Sigma Aldrich, N-(3-dirnethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC-HCI) was purchased from Novabiochem (Darmstadt, Germany) and ethanol was bought from Carlo Erba Reagents (Cornaredo, MI). 2.2 2.2.1 Fabrication of PLA-based scaffolds

  

	Electrospinning
	GP mixture (GE:PDLLA ratio 1:3, 12.0% wt/vol) was pre•
	pared by dissolving GE in HFP at 37°C for 2 h and then
	adding PDLLA. The mixture was kept at 37°C under
	magnetic stirring for 3 h. All the NGP mixtures (lNGP,
	3NGP, SNGP, and 8NGP) were obtained by dispersing
	CNCs in HFP at room temperature and by keeping the
	dispersions under magnetic stirring for 24 h. The blends
	underwent some sonication cycles. Later, GE was dis•
	solved in the polymeric mixtures and kept under stirring
	for 2 h at 37 °C. Finally, PDLLA was added and stirred for
	3 h at 37 °C.

TABLE 1

 1 Polymeric blends compositions ofGP, 8NGP, and El8NGP samples of 35 x 12.5 mm 2 with a thickness of 0.3 mm for the non-cros.s-linked scaffolds and of O. 7 mm for th ose cros.s linked. The scaffolds were analyzed in tensile geometry mode and the temperature range of the heating scans was performed between O and 80 °C at a heating rate of 3 °C/min. The strain and the frequency were fixed at 0. 03% and 1 Hz respectively within the material linearity range.

		Gelatin (GE)	Poly DL lactic acid	Cellulose nanocrystals	Elastin peptide	Solvent (HFP)
	Sample name	mass(g)			

(PDLLA) mas (g) (CNCs) mass (g) (EXIS) mass (g) volume (ml) GP 0.09 0.27 / / 3.0 8NGP 0.09 0.27 0.03 / 3.0 El8NGP 0.09 0.27 0.03 0.0039 3.0 E�(T) (elongational storage modulus) and E:(T) (elongation Joss modulus) were determined.

TABLE 2 Degradation temperature, calculated using derivated Joss mass curves and percentage of water lost, calculated on the TGA thermograrns De gradation Scaffold temperature ( °C)

 2 

	Lost water(%)

T m ( °C) �CP (J g-1 C-1) 2nd 1st 2nd 1st

  Mukherjee et al. obtained T m values ranging from 102 to 104 °C from the analysis of pigskin GE.44 With the addition of CNCs, the melting temperature was measured between 149 and 155 °C. A similar T m was registered by Muijca-Garcia et al.,45 in PLA-CNCs

					2nd	Xe(%)
	51.7	148.9	I	0.6	0.3	19.6
	50.7	149.0	I	0.8	0.2	15.9
	52.4	155.1	144.7	0.6	0.2	29.1
	53.7	156.3	146.7	0.5	0.3	18.9
	53.8	155.3	149.1	0.6	0.2	24.2
	44.6	154.7	I	0.7	0.2	19.0
	51.5	155.0	144.1	0.6	0.3	29.5
	50.7	156.9	144.3	0.7	0.3	17.5
	53.2	149.0	I	0.8	0.3	13.8
	52.4	156.2	145.7	0.7	0.2	20.0
	54.8	154.9	145.1	0.5	0.3	16.3
	52.3	156.1	146.3	0.7	0.3	15.6

TABLE 4 Transition temperatures and melting enthalpi es of water present Scaffold 1st 2nd 1st 2nd Average fibers diameter (µm) in the electrospun scaffolds after
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	GPk	10.3	11.3	244.9	241.8	0.9 ±0.2	swelling test found by using ose
	lNGPk	7.3	6.6	267.9	231.6	1.6 ± 0.9	
	3NGPk	8.3	8.0	182.9	173.8	1.7 ± 0.4	
	5NGPk	5.8	7.4	264.2	260.3	2.2 ± 0.3	
	8NGPk	10.8	10.3	209.5	205.4	0.8 ± 0.3	
	El8NGPk	9.2	8.8	178.3	176.9	1.2 ± 0.3