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Abstract

:

The development of processes for stabilization of the properties of bioactive compounds has been studied in recent years, and the use of nanotechnology is among the most discussed routes. The present work addressed the assembly of nanostructures using polyethylene oxide (PEO), the production of core-shell nanofibers (NFs) with bioactive compounds, and the evaluation of their microscopic and physical characteristics. Aqueous solutions of PEO were electrospun by varying different process and solution parameters (PEO and NaCl concentrations, feeding rate, the tip-to-collector distance (TCD), and applied voltage) in order to optimize production of nanostructures. The best condition obtained was evaluated to form core-shell NFs composed by jussara pulp as a source of anthocyanins. To assess the production of NFs with PEO and jussara pulp, feed solutions were prepared in acetate buffer (pH 4.5) with 6% PEO and 10% lyophilized jussara pulp, at a feeding rate of 150 μL·h−1 and TCD of 15 cm using an applied voltage of 10 kV to form core-shell NFs. The results revealed the formation of core-shell NFs with a diameter of 126.5 ± 50.0 nm. The outcomes achieved represent a crucial step in the application of anthocyanins in food systems as pigments, establishing a basis for further research on the incorporation of nanomaterials into foodstuff.
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1. Introduction


Electrospinning is a method that was developed in the early 20th century, and it is known to be a versatile and economical fiber formation technique that is suitable for the production of nanometer-sized fibers. In recent years, this method has improved significantly in terms of instrument design and, moreover, by the possibility of extruding a wide range of polymers [1,2].



Electrospinning involves the drawing of fluid in the form of either molten polymer or polymer solution and, unlike conventional drawing methods where an external mechanical force pushes the molten polymer through a die, electrospinning makes use of charges that are applied to the fluid, causing a stretching force to be applied to a collector in which there is a potential gradient. When a sufficiently high voltage is applied, a jet of polymer solution will erupt from a droplet of the mixture. The electrospinning of polymer solutions relies on the evaporation of the solvent, which allows the polymer to solidify, thus forming polymer fiber. This technique has been employed to produce continuous fibers from a wide variety of materials—including nanofibers (NFs) possessing diameters of a few nanometers—and the process, therefore, offers exceptional flexibility [3,4].



During the electrospinning process, if the compound of interest and the carrier material are mixed and erupt from a droplet of the solution through the application of the electrical field using a single tip, then the manner in which the electrospun structure is obtained is referred to as being uniaxial. On the other hand, in the coaxial electrospinning mode of operation, two concentric capillaries are used to expel polymer solution and the compound simultaneously from two different needles [5,6].



With respect to the polymers applied, polyethylene oxide (PEO) is a water-soluble synthetic polymer that has been designated Generally Recognized as Safe (GRAS) by the Food and Drug Administration (FDA). Hence, it can be quickly and safely used in processed food and beverages [7]. The preparation of polymeric solutions through the addition of salt, such as NaCl, is a common technique used in the manufacturing of NFs through the electrospinning process. The addition of NaCl increases the number of ions introduced to the solution. Thus, additional elongation forces are imposed to the jet under the electrical field, leading to the production of more uniform NFs with smaller diameters [8,9].



Electrospun fibers can be electrostatically charged, and the charge can be manipulated, removed by exposure to ions carried in the air or neutralized through contact with the collector. If the fibers are electrically conductive, the charge can also be adjusted by conduction through the fiber. Polymers such as PEO, polycaprolactone (a polyester), polycarbonate, and polystyrene have been evaluated for their charge induction and charge retention characteristics, and ranked with respect to their inherent polarity. PEO has been shown to possess great versatility and diverse applicability, while also demonstrating ease of manipulation in order to obtain structures in a nanosized scale [5,10,11,12].



The stability of bioactive compounds may be affected by several factors, including the nature of the pigment, light, temperature, pH, metal ions, enzymes, oxygen, and antioxidant agents [13]. Furthermore, some operational parameters are critical in the context of large-scale application of bioactive compounds in foodstuff.



However, the use of natural pigments and additives in processed foods and beverages is essential for increasing consumer acceptability of these products, especially since these pigments are natural colorants with low to no toxicity. It has been established that natural pigments are safer for consumption—even at higher doses than synthetic dyes [14,15]. Consequently, a number of studies have been carried out searching for means to employ these compounds while minimizing their unfavorable effects. With respect to the release of bioactive compounds, it is necessary to consider their practical applications [16,17]. Indeed, in systems where the biocomposite must act as a preservative or even a pigment, a gradual release is required in order to preserve the food matrix during storage. On the other hand, in cases where the nanostructured biocomposite is intended to have an impact on health, its release must take place after being ingested and passed through the gastrointestinal tract, as its bioactivity will be relevant only once the material has been systemically absorbed [15,18,19].



In this sense, the development of technologies and processes for the stabilization of certain features of bioactive compounds has been studied in the recent years, and nanotechnology is currently among the most discussed methods [20,21,22]. Nevertheless, nanostructured forms of bioactive compounds that could enable the stabilization of natural pigments, such as NFs, have not been widely evaluated. In this sense, electrospinning can be considered an excellent technique for the formation of bioactive compounds carriers since the process occurs in a closed working system, which allows for a faster, secure and efficient production. Most of all, the procedure does not require specific solutions and can be executed under ambient temperature [2]. Although the electrospinning technique has already been applied to obtain nanostructures using PEO as the basis [22,23,24,25], none of the consulted manuscripts have simultaneously evaluated the main parameters of the electrospinning process. Hence, we hypothesized that variations in process settings allied to changes in polymer and NaCl concentrations will affect the resulting material in terms of structure, form, and size.



Among the bioactive compounds constituting fruits and vegetables, anthocyanins are particularly remarkable, due to their potential industrial application as natural pigments. Likewise, this bioactive compound has shown several positive effects over human health, as numerous studies reported in the latest years [19,26,27]. The main property described regards their antioxidant capacity, since this pigment acts as free radical scavengers, which is frequently linked to the prevention of chronic diseases [28,29]. The fruit of Euterpe edulis Mart., commonly called jussara, presents high contents of anthocyanins and is very similar to the açai berry in both its sensorial and nutritional properties. Jussara has been extensively considered as a superfruit and highlights the potentialities related to the Brazilian biodiversity as a source of high-value products. Studies in our group showed that jussara, besides the colorant power provided by the anthocyanins, is accounted for in several beneficial results from a perspective of health and well-being [27,30,31,32]. Jussara pulp has been recognized as a superfood due to its composition, mainly, for the high concentration of anthocyanins and other phenolic compounds; in fact, these bioactive compounds are considered an attractive source of pigments and also means to ward off several diseases [27,33,34]. In this context, the pulp as a whole can be used in food preparations to confer color and beneficial biological effects.



Biomolecules present in fruits and other sources are arranged in a complex medium, acting synergistically. In many cases, they are stabilized by the mixture of components present in their natural environment [35]. However, after isolation, their activity may be reduced or even completely lost. In this sense, the use of jussara pulp integrally to produce NFs can be proposed to mitigate or prevent the loss of functionality of these compounds. The incorporation of bioactive compounds into nanocomposites, as well as the production of nanocarriers, can increase the action of these compounds, protect the substances, increase solubility, and allow more precise targeting of molecules in the body [35]. Experimental design plays a critical role in acquiring valid elucidations of results gathered from observational and empirical reports. Designing this work will allow to differentiate the effect of the variables of interest from those not pertinent and, hence, to obtain overall conclusions from the study [36].



As revealed by scarce literature in this subject, the development of nanostructures to include bioactive compounds using electrospinning technology has not yet been extensively studied. Thus, the work tackled precisely this matter, by establishing the conditions to assemble nanostructures using PEO and to incorporate bioactive compounds into core-shell NFs, as well as assessing microscopic and physical characteristics of the material produced. Jussara pulp was used herein to validate the method of incorporating bioactive compounds into the nanostructures and also as a rich source of anthocyanins.




2. Materials and Methods


2.1. Solutions Preparation for Electrospinning


Solutions used for the electrospinning process were prepared using PEO (900,000 g·mol−1, Sigma Aldrich, ‎St. Louis, MO, USA) concentrations ranging from 6% to 8% with and without NaCl (0–2.5%, w/v) in water. The samples were homogenized in a magnetic agitator at 25 °C.




2.2. Electrospinning Process


The polymeric structures were prepared using laboratory-scale electrospinning (FLUIDNATEK LE-10, BIOINICIA, Spain). The collector was a plate made of anodized aluminum. The samples were produced and collected at controlled room temperature (20 to 25 °C) and relative humidity (50% to 60%). The process and solution parameters most studied to the electrospinning (i.e., the feeding rate, the PEO concentration, NaCl concentration, the tip-to-collector distance (TCD), and the applied voltage) were varied. A thorough investigation was performed to find the optimum conditions of the process. The moisture of the electrospun samples was accepted to be removed entirely during the electrospinning process, so the results of all analyses were expressed on a dry weight basis.




2.3. Experimental Design


The effects of feeding rate, PEO concentration, NaCl concentration, tip-to-collector distance (TCD), and the applied voltage on nanostructures production were studied employing a 25−1 fractional design with four central points, giving a total of 20 trials. The experiments of the 25−1 fractional factorial design were carried out using three values for each of the independent variables (Table 1). For each method setup, the response of the experimental designs was the weight of samples collected (mg). An estimate of the main effect was obtained by evaluating the difference in process performance caused by a change from the low (−1) to the high (+1) levels of the corresponding variable. All the samples were obtained using the uniaxial electrospinning.




2.4. Characterization of Solutions and Nanostructures


2.4.1. Determination of Solution Properties


The solutions were prepared according to the conditions presented (Table 1), and several determinations were achieved, including the conductivity, measured with a digital conductivimeter (Hanna HI 8733, Brazil); pH, measured with a pHmeter (Hanna HI5522, Brazil). Additionally, the optical properties of PEO solutions prepared using the polymer at different conditions were characterized using Ultraviolet-visible absorption spectroscopy (UV–Vis). The zeta potential was measured by a dynamic light scattering instrument, a Zetasizer (Malvern Instruments, Malvern, UK) with an MPT-2 titrator. All the measurements were obtained from three independent assessments.




2.4.2. Characterization of Electrospun Samples


After the NFs samples were produced, using PEO or mixtures of PEO-NaCl, a characterization was performed. The characteristic fundamental vibrational modes and wavenumbers from experimental spectra were obtained using Fourier-transform infrared spectroscopy (FTIR) (Bruker Alpha-P, in the range 4000–500 cm−1). Complementary, to confirm the composition of the obtained structures observed in some of the characterization analyses, the samples were also mapped by Energy dispersive X-ray spectroscopy (EDX) performed by an FE-SEM Philip XL-30 TMP coupled to an Oxford EDS. The field emission scanning electron microscopy (FE-SEM Supra 35 VP- equipment, Carl Zeiss, Germany) was used to obtain the micrography images of the samples. To help expedite measurement in FE-SEM images and reduce bias from manual data processing, the tool DiameterJ (ImageJ program) was applied in the present work [37].



In addition, the contact angle of the electrospun samples was measured to determine surface hydrophobicity. The analysis was performed using a sessile drop method in a Rame-Hart goniometer (Model 260-F) coupled to the software DROPimage Next, using deionized water as wetting liquids, the droplet volume of each standard wetting liquid was determined to be 5 μL. At room temperature (26 ± 1 °C), this was obtained at 10 random locations on the surface of the composites. From these measurements, we determined the mean and standard deviation.





2.5. Incorporation of Jussara Pulp as a Source of Anthocyanins


2.5.1. Solutions Preparation for Electrospinning


The feed solutions were prepared in acetate buffer (pH 4.5) with 6% PEO and 10% lyophilized jussara pulp (preliminary tests were accomplished to determine the best concentration of the jussara pulp to incorporate into the electrospun material). The jussara pulp used was acquired straight from producers associated with the Jussara Project from Ubatuba City–São Paulo–Brazil. The frozen jussara pulp was transported in coolers, lyophilized (to maintain the bioactive compounds intact), and stored in a freezer until the analysis. Jussara pulp was reconstituted and filtered before the electrospinning assays.




2.5.2. Electrospinning Process


The electrospinning process was conducted on the equipment (FLUIDNATEK LE-10, BIOINICIA, Spain) at room temperature to produce NFs containing jussara pulp. The collector was a plate made of anodized aluminum. The samples were prepared and collected at controlled room temperature (20–25 °C) and relative humidity (50%–60%). The jussara pulp was successfully included using the electrospinning technique at both operational modes of the equipment, uniaxial and coaxial, to form core-shell NFs. The operational conditions for the electrospinning process in the uniaxial setup were: feeding rate of 150 μL·h−1; TCD at 15 cm; applied voltage of 10 kV. The feeding solution presented a pH of 5.6, the same as the natural jussara pulp. While for the coaxial mode of operation, PEO%, TCD and applied voltage followed the same operational conditions of the uniaxial method. However, feeding rate was adapted to allow the setup of the equipment. Therefore, for a shell (polymeric solution), the flow rate was 400 μL·h−1, whereas the core (jussara pulp) employed a flow rate of 200 μL·h−1.




2.5.3. Characterization of Electrospun Samples


After the NFs containing jussara pulp samples were produced, characterization of the material was performed. Field emission scanning electron microscopy (FE-SEM Supra 35 VP- equipment, Carl Zeiss, Germany) was used to obtain the micrography images of the samples. To help expedite measurement in FE-SEM images and reduce bias from manual data processing, the tool DiameterJ (ImageJ program) was applied [37]. Additionally, fundamental vibrational modes and wavenumbers from experimental spectra were obtained using Fourier-transform infrared spectroscopy (FTIR) (Bruker Alpha-P, in the range 4000–500 cm−1).





2.6. Statistical Analysis


Measurements from the samples were carried out independently in triplicate and compared by applying analysis of variance (ANOVA) using the degree of significance of 95% (p < 0.05), followed by Tukey’s post hoc test.





3. Results and Discussion


3.1. Electrospinning Process


Considering the factors detected by a careful literature search on parameters that could influence production of nanostructures using the electrospinning process, feeding rate (150–3000 μL·h−1, PEO concentration (1%–8% w/v), NaCl concentration (0%–2.5% w/v), tip-to-collector distance (TCD) (10–15 cm), and applied voltage (10–24 kV) featured among the main findings [22,23,24,25,38,39,40,41,42]. Unexpectedly, in contradiction to the results presented in the consulted literature, none of the assays performed using PEO concentrations under 6% formed any kind of polymeric structures and, in all cases, regardless of any other parameter adjustment within the aforementioned ranges, the solution would drop as it went through the TCD and contacted the collector.



Due to such discrepancy between the data found in the literature and these preliminary results, an alteration to the variation in PEO concentrations was applied. Instead of using the PEO concentration 1%–8% (w/v), the experiments applied 6%–8% (w/v) of PEO; all the conditions used are presented (Table 1). Composition of the PEO/NaCl solutions, as well as the other parameters assessed for nanostructures production and conductivity measurements, are shown in Table 1. It must be highlighted that PEO is widely used as a carrier due to its ability to dissolve a wide variety of salt and superb mechanical properties compared with those of other polymers.




3.2. Experimental Design


The assays from the experimental design matrix were randomly performed to produce electrospun structures (Table 1). In the present study, several operational challenges occurred regarding the electrospinning process for nanostructures production using the chosen parameters. The samples 1, 3, 4, 6, 10, 16, 17, 18, 19, and 20 were unsuccessful assays since it was not possible to obtain any kind of polymer fiber using the established conditions of those experiments. Still, we could not find a specific variable or combination thereof to explain this result, mainly due to the lack of data to evaluate the experimental design purposed. It appears that some kind of interactions between the variables assessed possesses an antagonist effect regarding the electrospun formation. Therefore, 10 samples (out of 20) could not be considered, and the experimental design was not fully explored herein.



The central points of any experimental design provide additional degrees of freedom for error estimation, which increases power when testing for statistical significance of effects [43,44,45,46]. In our work, the central points did not provide any electrospun samples (experiments 17–20) difficulting the statistical analysis over the remaining effective samples. On the other hand, from the conditions used to produce samples 2, 5, 7, 8, 9, 11, 12, 13, 14, and 15, it was possible to obtain different structures, showing very diverse formation between the samples.




3.3. Characterization of Solutions and Nanostructures


The conductivity values obtained for polymer solutions ranged from 128.8 to 27,500.0 μS·cm−1, and, as expected, the solutions containing higher amounts of NaCl presented higher conductivity. Samples lacking NaCl decreased their conductivity in proportion to PEO concentration, even with the PEO not being electrically charged. The rise in conductivity values in the samples with a higher amount of salt can be attributed to an increase in the number of mobile ions as a result of salt concentration [47]. Several authors affirm that the presence of NaCl—besides increasing conductivity values and, consequently, interacting at the polymer-bulk medium interface between the hydrophilic polymer and water molecules—can impact the size of the obtained structure [22,40]. Therefore, especially considering the principle of the electrospinning process, it is an essential variable to study. The values for pH ranged from 8.26 to 8.76, showing a small range of variation (Table 1).



All electrospun samples had negative surface charges (Table 1), and their values ranged from −0.3 to −0.9 mV. The addition of NaCl decreased the zeta potential value. The negative lower values (or positive higher values) of zeta potential is an indication of stability [48]. From the obtained data regarding UV–vis absorption spectroscopy results (Figure S1), it is possible to affirm that the behavior of PEO solutions followed the same profile regardless of NaCl addition or concentration. According to the parameters of process variation, different structures in a distinct scale were obtained, showing a vast range of results (Figure 1).



FE-SEM images (Figure 1) show that fibers were formed, creating unique shapes with a high number of porous structures, showing the most different formation possibly because the polymeric solution did not dry out before reaching the collector. The micrographs obtained for sample 8 (Figure 1d) show mostly NaCl crystals. Although some similarities are observed concerning the final product obtained for samples 7 (Figure 1c), 9 (Figure 1e), 11 (Figure 1f) and 15 (Figure 1j), NFs were not formed. In turn, in samples 5 (Figure 1b), 12 (Figure 1g), 13 (Figure 1h) and 14 (Figure 1i), PEO presented NFs shape. The image representing sample 5 (Figure 1b) presents solution droplets on the fiber material. For samples 7 (Figure 1c) and 12 (Figure 1g) an excellent homogeneity of the obtained fibers was observed, while, for sample 13 (Figure 1h), larger fibers were obtained. The production of smaller fibers is preferred over larger fibers due to their greater surface area, which can maximize the properties of incorporated biocomposites.



The evaluated conditions yielded fibers with no preferential direction of orientation (Figure S2). In addition, data were obtained after the measurement of NFs diameters (Table 2).



The diameters of NFs composed by PEO and jussara ranged from 94.02 ± 40.0 nm to 29,957.27 ± 6032 nm, and our aim was to select the solutions yielding materials with smaller measurements. An analysis of variance (ANOVA) using the degree of significance of 95% (p < 0.05, followed by Tukey’s post hoc test was applied on the data to determine the statistical relations among the acquired samples. Comparing the diameters obtained, an immense variation is observed. On an individualized evaluation, samples 2, 5, 12, and 14 showed no difference (p < 0.05) regarding the size of the electrospun samples produced (Table 2). Even though, numerically, the samples appear very different among them, all four samples present adequate structure size for incorporation of the bioactive compound, thus exhibiting potential for the jussara pulp NFs production.



Comparing among the samples produced, some did not reveal statistical differences within one another (this is the case for samples 13, 2, and 14, as well as for samples 8, 9, and 15), whereas statistical differences were verified between samples 7 and 11. Samples 7, 8, 9, 11, 13, and 15 showed microsized structures, that is, they provide smaller surface area, thus turning their appeal for incorporation bioactive compounds less attractive.



Since maximization parameters for nanostructure production were not achieved from the experimental design applied herein, a more panoramic interpretation of the conditions studied could be provided by other analysis upon the differences observed among the conditions that successfully produced materials. In this context, our results seem to confirm our hypothesis, since the obtained materials present incontestable differences depending on the combination of the parameters applied to produce each sample.



To better understand the role of NaCl on the formed polymeric structure, FTIR analyses were performed (Figure 2). For this analysis, samples 5 and 12 were chosen. The chosen conditions were based on trials that yielded nanosized structures. The characteristic fundamental vibrational modes and wave numbers exhibited for these samples collected from the FTIR experimental spectra (Figure 2) are listed (Table 3) and are in agreement with data reported in the literature [49,50,51,52,53,54].



FTIR bands ranging from weak to medium intensities found in the spectra region 400 to 4000 cm−1 for both evaluated conditions involve the coupling of several vibrational modes of the CH2 group and the skeletal modes. These bands are relatively sensitive to chain conformation changes [51,55]. The absorbance peak in the 3416 cm−1 regions can be the result of water absorbance [56]. As seen in the selected frame, it is more intense in the sample prepared with NaCl and can be attributed to the absorption of humidity from the air. Considering the polymer produced with the addition of NaCl, changes in the intensities and small displacements of the bands can be observed. However, no bands were suppressed, and no new bands were formed. This result suggests that the incorporation of NaCl in PEO solutions does not cause significant variations in its structure.



Furthermore, to investigate whether the factors variated on the present study changes the wettability of the nanostructures, the contact angle was used to evaluate the surface of NFs obtained from samples 2, 5, 7, and 14, since they presented no difference, statistically, in terms of diameter. The contact angle values were determined for electrospun samples (Figure 3) and the results ranged from 37.4° ± 3.3° to 57.7° ± 1.9°, showing no statistical difference (p < 0.01) between them. All contact angle values evaluated in water were lower than 90°, indicating that the samples possess a hydrophilic character regardless of the conditions applied to obtain the nanostructures. However, no difference was observed regarding the hydrophilicity.



Samples 5 and 12 were mapped using EDX to confirm the composition of the obtained structures observed (Figure 4a,b respectively). Within the boundaries of the NFs, a higher accumulation of counts for C and O were present, according to the element map. C and O of the map are due to the presence of these elements in PEO NFs. No presence of N in the PEO sample is observed, since it does not contain N in its composition. A small amount of Na and Cl is also found for sample 5 (Figure 4a), possibly due to salts present in the water used to make up PEO solutions. Regarding sample 12 (Figure 4b), a high distribution of Na and Cl is observed throughout the sample map, as expected.




3.4. Incorporation of Jussara Pulp as a Source of Anthocyanins


Jussara pulp was used as a model to verify the success of the method to incorporate bioactive compounds, such as anthocyanins and other phenolics, into the produced structures using the electrospinning method, forming core-shell NFs. Therefore, the four conditions (samples 2, 5, 12, and 14) that presented no statistical difference among each other were used to compare the behavior of jussara addition. The parameters chosen for pulp incorporation are comparable thosed applied to sample 5 from the experimental design since, in this case, the lowest amount of polymer is used, representing an economical use of the resources.



FE-SEM images comparing fibers obtained either using only PEO or after the incorporation of core-shell NFs with jussara were evaluated (Figure 5). The structures produced with jussara pulp show a heterogeneous format compared with NFs of PEO, in which a clean/beadles morphology was observed in some samples. Measurement in FE-SEM images was also obtained, and the mean core-shell NFs diameter was 129.5 ± 51.0 nm. In terms of fiber size, there was no statistical difference after jussara pulp incorporation, as mean fiber diameters were 126.5 ± 50.0 nm and 144.3 ± 86.1 for uniaxial and coaxial modes of operation, respectively, in samples without jussara. Smaller diameters of core-shell NFs results in higher surface area of the structure, thus maximizing bioavailability of the jussara pulp, which may then increase the antioxidant capacity of the final material.



FTIR spectra of sample 5 (PEO 6%) (6a), of the jussara pulp alone (6b), of a sample composed by PEO 6% and jussara (uniaxial electrospinning) (6c), and of a sample comprised by PEO 6% and jussara (coaxial electrospinning) (6d), at room temperature, are shown (Figure 6a–d). Characteristic bands of the structure of the anthocyanins can be observed in the FTIR spectrum of natural jussara pulp (Figure 6b). The anthocyanins exhibited absorption bands situated at 2923 cm−1, which belong to the saturated hydrocarbon groups (corresponding to a methyl group (CH3)); at 1749 cm−1, fitting the stretching vibration of C–O; and at 1072 cm−1, corresponding to bending vibration of C–O–C groups (indicating the presence of carbohydrates) [57]. Bands corresponding to the skeletal stretching vibration of the aromatic rings and =C–O–C group of flavonoids (1072, 1506, and 1271 cm−1) were also visible [58]. The bands situated between 1400 and 1450 cm−1 are assigned to C–N vibration [58]. Besides, symmetrical and asymmetrical stretching vibration for the carboxyl ion (COO–) indicating the existence of carboxylic acid, ester or carbonyl groups can also be observed at 1618 cm−1 [59,60].



FTIR spectra of core-shell NFs composed by PEO 6% and jussara (uniaxial electrospinning) (6c) and of a sample comprised of PEO 6% and jussara (coaxial electrospinning) (6d), are shown. Atomic interactions related to chemical bonding are considered an indication of compatibility between the polymer and the encapsulated bioactive product to produce a stable core-shell NF [61,62,63,64].



For both conditions, small displacements of the bands referring to the PEO were observed and can be interpreted as a result of the interaction between PEO and jussara pulp [5]. The distinct absorbance peak at the 3370 cm−1 regions can reflect water absorbance [56]. For the sample of PEO 6% and jussara 10% (uniaxial mode) (Figure 6c), the anthocyanin characteristic bands were not observed. This result could suggest that the jussara pulp may not be incorporated into the NFs; however other assays and additional analytical methods are necessary for confirmation.



Analyzing the spectrum (Figure 6d) for NFs composed by PEO 6% and jussara 10% (coaxial), an increase in intensity and resolution of the bands are observed, and, furthermore, the appearance of new bands is noted. Such features are suggestive of more substantial interactions between jussara and PEO by this method. New bands corresponding to anthocyanins situated at 1413 cm−1 (assigned to C–N vibration), at 1066 and 1091 cm−1 (corresponding to the skeletal stretching vibration of the aromatic rings and =C–O–C group of flavonoids), at 1655 cm−1 (symmetrical and asymmetrical stretching vibration for the carboxyl ion (COO–)) and at 1780 cm−1 (stretching vibration of C–O) are visible.



Given the above considerations, it can be inferred that jussara pulp was successfully incorporated to the PEO NFs by the coaxial method. Still, more assessments should be made to complement the results generated in this study. Furthemore, it can also be concluded that the electrospinning method employed has a direct influence on the NFs containing jussara pulp.



The electrospinning close working system permits faster, safer and efficient production of NFs to be used in food stuff. Above all, dismissing specific solutions and used under ambient temperature. The two main configurations, uniaxial and coaxial, for use of the equipment were evaluated. Herein, the coaxial approach allowed the physical contact between jussara and PEO to occur more rapidly, preventing a possible intermolecular change and, thus maintaining the integrity of the structure of the anthocyanins. Coating material covers the encapsulated part, while the valuable compound is placed in the core portion. Indeed, control in the release step is best obtained by coaxial electrospinning procedure, even though the uniaxial electrospinning is considered a simpler process. Moreover, it is not possible to work with every polymer under uniaxial electrospinning [5,6].



The coaxial electrospinning procedure excludes the damaging results due to direct contact of the target compound with organic solvents or severe conditions during emulsification. The shell layer functions as a barrier to avoid the precipitate liberation of the water-soluble core contents. By changing the arrangement of the nanostructures, it is possible to modulate the release of the incorporated compounds accurately [48]. Therefore, our results agree with the consulted literature.



Jussara pulp incorporation into polymeric NFs enables the evaluations of likely uses of such material in food products, both as ingredients and as food coating, in which their beneficial properties could fully achieve their potential. Therefore, the results obtained represent a crucial step for the application of anthocyanins in food systems as natural pigments. Follow-up studies carried out in our research groups will use this data as a first step in the incorporation of nanostructures containing jussara pulp into foodstuff.





4. Conclusions


The development of structures from PEO solutions was obtained in a nanosized scale in some of the conditions evaluated. Our results seem to confirm our hypothesis since the obtained results present incontestable differences depending on the combination of the parameters applied in each assay tested. The nanostructures containing jussara pulp, a rich matrix for anthocyanins and other phenolics, using electrospinning technology, as well as characterization their properties, were also attained. Still, although electrospun nanostructures incorporated with jussara pulp was achieved, improvement of the applied variables is required to optimize the process as a whole, especially regarding the uniaxial mode. Mainly, a decreased size in the NFs produced must be a requirement for bioactive compounds encapsulation. Further attempts at this matter must be conducted, allowing for enhanced incorporation of this natural pigment into food systems.








Supplementary Materials
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Figure 1. FE-SEM images of effective electrospun samples obtained from fractional factorial design samples: (a) sample 2, (b) sample 5, (c) sample 7, (d) sample 8, (e) samples 9, (f) sample 11, (g) sample 12, (h) samples 13, (i) sample 14, and (j) sample 15. 
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Figure 2. FTIR spectra from the conditions of experimental design resulting in the obtention of samples (a) 5 and (b) 12, at room temperature. 
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Figure 3. Contact angle values (Mean ± SD) and images from the conditions of experimental design resulting in the obtention of samples 2, 5, 12, and 14. 
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Figure 4. EDX map from the conditions of experimental design resulting in samples (a) 5 and (b) 12. 
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Figure 5. SEM images electrospun core-shell NFs samples collected from jussara pulp incorporation using the electrospinning technique applying both operation modes: (a) coaxial and (b) uniaxial. 
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Figure 6. FTIR spectra: (a) sample 5 (PEO 6%), (b) jussara pulp, (c) sample composed by PEO 6% and jussara (uniaxial electrospinning), and (d) sample composed by PEO 6% and jussara (coaxial electrospinning), at room temperature. 
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Table 1. Parameters (feeding rate, PEO concentration, NaCl concentration, tip-to-collector distance (TCD), and applied voltage) used to evaluate the production of electrospinning nanostructures in the fractional factorial design.
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	Samples
	PEO (%) (w/v)
	NaCl (%)

(w/v)
	TCD (cm)
	Voltage (kV)
	Feeding Rate (μ·h−1)
	pH
	Conductivity

(μS·cm−1)
	Zeta Potential (mV)





	1
	6.0
	0.0
	10.0
	10.0
	3000
	8.76
	171.8
	−0.3



	2
	8.0
	0.0
	10.0
	10.0
	150
	8.64
	128.8
	−0.3



	3
	6.0
	2.5
	10.0
	10.0
	150
	8.26
	27,500.0
	−0.9



	4
	8.0
	2.5
	10.0
	10.0
	3000
	8.37
	23,900.0
	−0.9



	5
	6.0
	0.0
	15.0
	10.0
	150
	8.76
	171.8
	−0.3



	6
	8.0
	0.0
	15.0
	10.0
	3000
	8.64
	128.8
	−0.3



	7
	6.0
	2.5
	15.0
	10.0
	3000
	8.26
	27,500.0
	−0.9



	8
	8.0
	2.5
	15.0
	10.0
	150
	8.37
	23,900.0
	−0.9



	9
	6.0
	0.0
	10.0
	24.0
	150
	8.76
	171.8
	−0.3



	10
	8.0
	0.0
	10.0
	24.0
	3000
	8.64
	128.8
	−0.3



	11
	6.0
	2.5
	10.0
	24.0
	3000
	8.26
	27,500.0
	−0.9



	12
	8.0
	2.5
	10.0
	24.0
	150
	8.37
	23,900.0
	−0.9



	13
	6.0
	0.0
	15.0
	24.0
	3000
	8.76
	171.8
	−0.3



	14
	8.0
	0.0
	15.0
	24.0
	150
	8.64
	128.8
	−0.3



	15
	6.0
	2.5
	15.0
	24.0
	150
	8.26
	27,500.0
	−0.9



	16
	8.0
	2.5
	15.0
	24.0
	3000
	8.37
	23,900.0
	−0.9



	17
	7.0
	1.25
	12.5
	17.0
	1575
	8.39
	16,680.0
	−0.4



	18
	7.0
	1.25
	12.5
	17.0
	1575
	8.39
	16,680.0
	−0.4



	19
	7.0
	1.25
	12.5
	17.0
	1575
	8.39
	16,680.0
	−0.4



	20
	7.0
	1.25
	12.5
	17.0
	1575
	8.39
	16,680.0
	−0.4







All materials were generated using uniaxial electrospinning.
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Table 2. Diameter values (Mean ± SD) (nm) from the resulting materials produced in samples 2, 5, 7, 8, 9, 11, 12, 13, 14, and 15 conditions of experimental design
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	Measurements (Samples)
	Mean Diameter (nm)
	Minimum Diameter (nm)
	Maximum Diameter (nm)





	2
	525.16ab ± 120
	119.7
	1333.62



	5
	126.00a ± 50
	52.22
	199.50



	7
	5589.37d ± 659
	3108.60
	9442.59



	8
	2408.09c ± 980
	1533.12
	3871.30



	9
	2643.67c ± 666
	1870.25
	8195.25



	11
	29,957.27e ± 6032
	3710.90
	50,939.74



	12
	94.02a ± 32
	51.50
	177.94



	13
	906.35b ± 132
	249.08
	1618.59



	14
	484.88ab ± 98
	72.46
	1549.17



	15
	2577.16c ± 765
	1381.50
	4918.4







Different letters in the same column represent significantly different values (p < 0.05).
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Table 3. Wavenumbers and assignments of IR bands exhibited by samples 5 and 12. Where, ν = stretch, δ = scissor/deformation, ω = wag, ρ = rock, τ = twist. The subscripts s and as refer to symmetric and asymmetric vibrational modes, respectively.
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	Wavenumber (cm−1)
	Assignment





	850
	ρ (CH2) + δ (C-O-C)



	960
	ρas (CH2) + ν (CH2)



	1052
	ν (C-C) + ρ (CH2)



	1150
	νs (C-O-C)



	1238, 1278
	τs (CH2), τas (CH2)



	1338, 1358
	A doublet ω (CH2)



	1445, 1471
	δs (CH2), δas (CH2)



	1722
	ν (C=O)



	2950–2700
	νs (CH2), νas (CH2)
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