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Abstract

:

The accurate prediction and manipulation of nanoscale product sizes is a major challenge in material processing. In this investigation, two process characteristics were explored during the modified coaxial electrospinning of zein, with the aim of understanding how this impacts the products formed. The characteristics studied were the spreading angle at the unstable region (θ) and the length of the straight fluid jet (L). An electrospinnable zein core solution was prepared and processed with a sheath comprising ethanolic solutions of LiCl. The width of the zein nanoribbons formed (W) was found to be more closely correlated with the spreading angle and straight fluid jet length than with the experimental parameters (the electrolyte concentrations and conductivity of the shell fluids). Linear equations W = 546.44L − 666.04 and W = 2255.3θ − 22.7 could be developed with correlation coefficients of Rwl2 = 0.9845 and Rwθ2 = 0.9924, respectively. These highly linear relationships reveal that the process characteristics can be very useful tools for both predicting the quality of the electrospun products, and manipulating their sizes for functional applications. This arises because any changes in the experimental parameters would have an influence on both the process characteristics and the solid products’ properties.
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1. Introduction


For polymer processing engineering, a key requirement is to be able to accurately interrelate the experimental conditions and the properties of the final products [1,2,3]. This is particularly challenging when the final products are nanoparticles or nanofibers [4,5,6,7,8,9]. Both of them can be generated by electrohydrodynamic atomization (EHDA) using electrostatic energy [10,11,12,13,14,15,16], and while there are numerous reports of such fabrication processes, it remains the case that it is extremely difficult to predict the outcome of a given experiment.



Figure 1 presents a schematic depicting the experimental parameters that exert a significant influence on the final polymer nanofibers generated in the simplest electrospinning experiment, which involves a single working fluid. In electrospinning, the working fluid and electrostatic energy are brought together at the nozzle of the spinneret [17,18,19,20,21]. After exiting the spinneret, the working fluid is forced to bend and whip, and during this process it is solidified into nanofibers at an extremely rapid speed [22,23,24,25,26,27]. Based on this working procedure, the key experimental parameters can be divided into three categories (see Figure 1). Correspondingly, the resultant nanofiber diameter (D) is a function of the working fluid properties (w), the operational conditions (o), and the environmental parameters (e): i.e., D = f (w,o,e).



Over the past two decades, electrospinning has developed very rapidly, with potential applications of polymer nanofibers having been proposed in a myriad of scientific fields [28,29,30,31]. In addition, the simple single-fluid electrospinning process has advanced to two-fluid coaxial and side-by-side processes, and tri-fluid coaxial and combined coaxial/side-by-side processes. It has proven to be possible to perform the electrospinning process even when one or more of the working fluids cannot on its own be processed: For instance, in modified coaxial electrospinning, a spinnable core solution is partnered with an unspinnable sheath fluid. These novel processes permit the production of nanofibers with increasingly complicated nanostructures [32,33,34,35,36,37]. As a result, in the literature, there are numerous publications that explore the influence of a single parameter on the nanofibers or nanostructures prepared by electrospinning, elucidating relationships for manipulating the products (mainly in terms of diameter, but also for other properties such as morphology, surface smoothness and the details of the nanostructure) [38,39,40,41,42,43]. However, there are a number of experimental parameters that can simultaneously exert an influence on the final products [44,45,46,47]. For example, the properties of working fluid include polymer concentration (C), viscosity (η), surface tension (δ), and conductivity (σ); the operational conditions include the applied voltage (V), the fluid flow rate (F), and the fiber collection distance (L); and the environmental parameters comprise of temperature (T), humidity (H) and the possible vacuum (U) (Figure 1).



Thus, although a lot of effort has been expended to predict and manipulate the diameters of electrospun nanofibers, the results are typically far from satisfactory [48,49]. During electrospinning, almost all the experimental parameters can influence the working process, and furthermore, they are not independent variables, and can also influence each other. For example, the flow rate of the working fluid and the applied voltage need to be matched, or droplets of working fluid may fall directly onto the fiber collector. Thus, although many mathematical models have been put forward for a particular working fluid [48], they often fail to be applicable to other situations. Although the experimental parameters have drawn intensive attention, it is strange that the detailed steps in the process of electrospinning have received very limited attention. These include the formation of the Taylor cone, the ejection of a straight fluid jet, and also the bending and whipping region [50,51]. These individual steps are influenced by all the experimental parameters, and thus can be directly controlled by researchers. It is hypothesized that the nature of each of these stages of the spinning process should have a distinct relationship with the final nanofiber properties, particularly their sizes.



Here, for the first time, we design a method to elucidate the interrelated relationships between the working fluids, the electrospinning process characteristics, and the nanoribbons formed during the modified coaxial electrospinning of zein. Zein is one of the best understood plant proteins. Extracted from maize, it has been widely used as a coating for candy, nuts, fruit, and pharmaceuticals. Zein can be processed into resins and other bioplastic polymers, which can be extruded or rolled into a variety of plastic products [52]. Zein has good processability using both these traditional technologies and advanced technologies such as electrospinning and electrospraying [53,54,55]. Here, it was selected as a model system for a detailed exploration of the individual stages in the electrospinning process. A series of modified coaxial electrospinning processes were carried out and several types of zein nanoribbons were fabricated. The working processes were digitally recorded and quantitatively described in terms of length of the straight fluid jet and the spreading angle of the unstable region, and these were interrelated with both the initial conductivity and the final zein nanoribbon widths.




2. Materials and Methods


2.1. Materials


Zein (98% purity) was purchased from Shanghai Hewu Biotechnology Co., Ltd. (Shanghai, China). Anhydrous ethanol and lithium chloride were obtained from the Husheng Reagent Co., Ltd. (Shanghai, China). Water was double distilled just before use.




2.2. Modified Coaxial Electrospraying


The core fluid consisted of 28 g zein in 100 mL of a 75%/25% (v/v) ethanol/water mixture, which showed a yellow color. Four LiCl solutions in ethanol (at 0, 5, 10, and 20 mg/mL) were utilized as the sheath fluids, and the resultant nanoribbons were labeled as Z1, Z2, Z3, and Z4, respectively. The conductivities of the sheath fluids were assessed using a DDS-11 digital conductivity meter (Shanghai Rex Co-perfect Instrument Co., Ltd., Shanghai, China).



A homemade system was employed to conduct all the electrospinning processes. This consisted of two syringe pumps (KDS100 and KDS200, Cole–Parmer, Vernon Hills, IL, USA), a power supply (ZGF200, 60 kV/2 mA, Wuhan Huatian Corp., Wuhan, China), a homemade concentric spinneret, and an aluminum-coated flat piece of cardboard as the collector. The ambient temperature and humidity were 21 ± 4 °C and 53 ± 6%, respectively. All the working processes were recorded using a digital camera (PowerShot A490; Canon, Tokyo, Japan). Following optimization, the collection distance and voltage were fixed at 20 cm and 17 kV, respectively.




2.3. Morphology of the Prepared Nanoparticles


The surface morphologies of the electrospun products were observed by scanning electron microscopy (SEM; Quanta FEG450, FEI Corporation, Hillsboro, OR, USA) at 20 kV acceleration voltage. Before observation, the samples were sputter-coated with gold under vacuum. The images were analyzed using the ImageJ software (National Institutes of Health, Bethesda, MD, USA), with measurements taken at over 100 different places to determine the average ribbon diameter.





3. Results and Discussion


3.1. Implementation of Modified Coaxial Electrospinning


Traditionally, coaxial electrospinning is carried out using an electrospinnable sheath fluid to encapsulate either a core liquid which may be spinnable or unspinnable [18,24]. Some years ago, Yu and co-workers expanded this concept to develop the modified coaxial process, with an unspinnable liquid as the sheath fluid (Figure 2).



The homemade concentric spinneret and the electrospinning apparatus used in this work are shown in Figure 3. The spinneret (Figure 3a) consists of a narrow metal capillary (inner diameter 0.3 mm, wall thickness 0.1 mm) nested into an outer capillary (inner diameter of 1.2 mm, wall thickness 0.2 mm). Two syringe pumps were employed to drive the core and shell liquids to the spinneret (Figure 3b). The yellow zein solution was directly guided to the inner needle of the spinneret through a plastic syringe, whereas the sheath LiCl solution was pumped to the spinneret through elastic silicon tubing. An alligator clip connects the spinneret to the power supply and carries electrostatic energy to the working fluid (Figure 3c).




3.2. The Working Processes and the Resultant Zein Nanoribbons


The electrospinning process consists of three successive stages: The formation of a Taylor cone, the straight fluid jet emitted from the Taylor cone, and the unstable region, which is composed of numerous bending and whipping loops. The formation of the Taylor cone is a balance between the electrical force exerted on the droplets exiting the spinneret, and the surface tension of the working fluids. When the conductivity of the working fluid increases, the electrical forces should increase correspondingly. Thus, an increase in the LiCl concentration in the sheath fluid is expected to result in a stronger electrical force being applied to the working fluids. Under the same applied voltage and spinneret-to-collector distance, this force will greatly change the behaviors of the working fluids. Digital photographs of these are given in Figure 4. As the LiCl concentration increased from 0 to 5, and from 10 to 20 mg/mL, the length of the straight fluid jet decreased from 3.3 ± 0.4, to 2.9 ± 0.3, and from 2.4 ± 0.3 to 2.2 ± 0.2 mm, respectively. Meanwhile, the spreading angles of the unstable region increased from 51 ± 4° to 59 ± 5°, and from 68 ± 4° to 77 ± 6°.



SEM images of the resultant nanoribbons and their diameter distributions are shown in Figure 5. All the ribbons have a linear morphology. No beads or spindles are found in the ribbons, suggesting the core zein solution has good electrospinnability. Nanoribbons Z1, Z2, Z3, and Z4 have an estimated width of 1.12 ± 0.14, 0.91 ± 0.12, 0.58 ± 0.09, and 0.52 ± 0.07 μm, respectively.




3.3. The Influence of Conductivity on the Behavior of the Working Fluids


Although a single-step and straightforward process for creating nanoribbons, the electrospinning process is in fact very complicated. This complexity is reflected in two ways. First, the process involves the overlap of multiple disciplines such as hydrodynamic science, polymer science and rheology, and electric dynamics. Second, a small change in the working fluid properties can greatly influence the process and its products.



As the concentration of LiCl increased, the conductivity of the sheath solution also rose (Figure 6a). This increase in conductivity will make the solution subject to stronger electrical forces, which in turn alter the behavior of both the sheath and core working fluids. The length of the straight fluid jets gradually decreased with conductivity in a linear fashion, as shown in Figure 6b: L = 3.38 − 5.25 × 104σ, with a correlation coefficient of RLσ2 = 0.9761. Similarly, the spreading angle of the unstable region gradually increased with conductivity (Figure 6c). A linear equation θ = 48.775 + 0.011 σ can be fitted to the data, giving a correlation coefficient of Rθσ2 = 0.9296. The clearly linear nature of the plots in Figure 6b, c and the high R2 values obtained show there are clear causal relationships here.



In literature, numerous publications have investigated the electrospinnability of a certain working fluid, which is mainly determined by the type of filament-forming polymer, its concentrations in the working fluid, and the applied voltage. After the past two decades’ effort, near 200 polymers can be processed into fibers using electrospinning. However, few efforts have been focused on the behaviors of working fluids within their electrospinnable windows. Knowledge about the adaptability of working fluids under the high electrical field should be useful for manipulating the fluid processing process in a more intentional manner.




3.4. The Effect of Sheath Working Fluid Properties on the Width of Zein Nanoribbons


A wide variety of experimental parameters have been investigated in terms of their effect on the properties of electrospun fibers, and the solution conductivity of working fluid is recognized as being of major importance [56]. In this study, the electrolyte LiCl was added only into the sheath working fluid, because charges are always concentrated on the surface of the Taylor cone. The width of the zein ribbons produced is clearly correlated with the LiCl concentration in the sheath fluid, with a good fit to the data obtained with the linear equation W = 1033.2C − 26.9 (R12 = 0.9297; Figure 7a). A similar linear equation is observed when plotting ribbon width as a function of sheath solution conductivity (W = 11177.86 − 0.29σ; R22 = 0.9639). These linear equations suggested that the LiCl concentration and conductivity of sheath working fluid directly influenced the width of the zein nanoribbons fabricated. These equations can hence be exploited to predict the size of the products from this electrospinning process, and provide useful information for optimizing the working processes.



It is a common strategy to optimize the experimental conditions through simultaneous investigations on several levels of an experimental parameter, just as here with the LiCl concentration. However, only a small part of the related publications has taken a further step to disclose the inherent relationship between the vital properties of the working fluid with the final product’s quality. Here, the conductivity of sheath LiCl solution showed a better linear relationship with the width of zein ribbons than the LiCl concentration. Thus, among many other solution properties such as surface tension, viscosity, and rheological properties, conductivity is the most important property of LiCl solution that exerted influences on both the working processes, and also the resultant ribbons’ quality.




3.5. Correlations between the Width of Electrospun Zein Nanoribbons and the Detailed Steps of Electrospinning


The detailed observations of the electrospinning process discussed in Section 3.2 have a very close relationship with the size of the zein ribbons produced (Figure 8). A linear equation relates the width of the ribbons to the length of the straight fluid jet (W = 546.44L − 666.04; Rwl2 = 0.9845). Similarly, a linear equation W = 2255.3θ − 22.7 connects the width of the ribbons with the spreading angle (Rwθ2 = 0.9924). These relationships show that these parameters can be very useful tools for predicting the properties of the ribbons fabricated.



Right from the rebirth of electrospinning, a wide variety of experimental parameters have been studied to disclose their potential roles during the electrospinning processes. These parameters can all be manipulated by the researchers directly and changed within a certain range, which are concluded in Figure 1. However, these parameters often result in interrelated influences. For example, an increase of LiCl concentration resulted in a larger conductivity, but also changed the working fluid’s surface tension, viscosity, and exerted on the effect of applied voltage. Thus, although many publications have reported the relationships between a certain experimental parameter and the final nanoproducts’ size. It is difficult to disclose their relationship in an accurate manner. In contrast, the process characteristics, similarly as the final product to be influenced systematically from all the experimental parameters, have the essential advantages over the processing parameters in predicting the final nanoproducts’ size, and in providing useful information for accurate and robust manipulation of the processing process.




3.6. The Role of Process Characteristics


A schematic diagram of the modified coaxial electrospinning process is presented in Figure 9. Initially, the sheath LiCl solution surrounds the core zein solution to form a compound Taylor cone. The two fluids come through the straight fluid jet and enter the unstable region together. During the early stages of the unstable region, the sheath solution will be evaporated, and then later, the core zein solution will be gradually dried during the drawing processes. A series of different forces will be exerted on the working fluids, such as the force between the two electrodes (F1) and gravity (G, which can often be neglected). Within the bending and looping fluid jets, repulsive forces will include those between different loops (F2) and those within the different parts of a single loop (F3). It is the F3 forces that draw and narrow the working fluids. The spreading angle will be a parameter that reflects the combined actions of F1, F2, and F3. An increase in sheath solution conductivity will increase all three forces. An increase in F1 would act to decrease the spreading angle. However, an increase in F2 would make the fluid travel time increase during the drawing process, and thus provide a trend of enlarging the spreading angle. In addition, an increase in F3 would make the loops larger, and correspondingly increase the spreading angle. Thus, the combined effects of F2 and F3 appear to have a more marked influence on the electrospinning process than F1, and as a result, the greater the conductivity of the sheath fluid, the larger the spreading angle observed. Similarly, another process characteristic, i.e., the length of straight fluid jet, has received the influences of LiCl concentration directly and comprehensively.



In the biomedical applications of electrospun nanofibers, whether for tissue engineering or advanced drug delivery systems, the accurate manipulation of nanofiber diameter is very important for the fibers’ functional performances [57,58,59]. This work reveals that the process characteristics (the length of straight fluid jet and the spreading angle of unstable region) have a close linear relationship with the final nanoribbon width, and can provide useful information for manipulating the working processes, and developing products with the desired physical properties.





4. Conclusions and Perspectives


Using an electrospinnable zein solution as the core fluid and LiCl solutions as the sheath working liquids, a series of modified coaxial electrospinning processes were performed, and a number of zein nanoribbons successfully prepared. The nanoribbon width (W) was found to be directly correlated with the concentration of LiCl (C) and the conductivity of the sheath fluid (σ), with linear relationships of the form W = 1033.2C − 26.9 (R12 = 0.9297), and W = 11177.86 − 0.29σ (R22 = 0.9639) determined. Further, the width of the zein nanoribbons (W) were found to have still closer linear relationships with the spreading angle in the unstable region (θ), and the length of the straight fluid jet (L) (W = 546.44L − 666.04 and W = 2255.3θ − 22.7; Rwl2 = 0.9845 and Rwθ2 = 0.9924, respectively).



Today, electrospun nanofibers are rapidly approaching commercial applications in several fields such as drug delivery, food packaging, water treatment, and air filtration [60,61], and the production of electrospun nanofibers on a large scale is now possible [62]. Two important issues will require attention for accelerating nanofiber-based commodities to the market. One is the accurate and robust control of the processing process during electrospinning. The second is the prediction and maintenance of the nanofiber quality. For resolving these two issues, the characteristics of the working process itself offer a powerful source of information, and have advantages over the processing parameters (i.e., those that can be manipulated directly by the operator). This is because these working process characteristics manifest the simultaneous influence of all the processing parameters, as do the fibers produced. Thus, it is anticipated that they can act as a useful tool for stabilizing the working process, for systematic manipulation of the processing parameters, and for accurately predicting the resultant nanofiber size. Similar observations have been noted for electrospraying, an alternative electrohydrodynamic atomization process [63].
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Figure 1. A diagram showing the single-fluid electrospinning process and the experimental parameters exerting influence on the diameters of the polymer nanofibers generated. 
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Figure 2. The modified coaxial electrospinning process, which permits a range of novel structures to be obtained through the unspinnable sheath fluid. 
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Figure 3. The apparatus used for modified coaxial electrospinning: (a) The home-made concentration spinneret; (b) the arrangement of apparatus; and (c) the connection of the power supply and working fluids with the spinneret. 
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Figure 4. The changes of spreading angle and the length of straight fluid jet with the increase of LiCl in the sheath solution (mg/mL): (a) 0; (b) 5; (c) 10; (d) 20. 
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Figure 5. SEM images of resultant zein nanoribbons, with their width distributions. (a) Z1; (b) Z2; (c) Z3; (d) Z4. 
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Figure 6. The influence of the sheath fluid conductivity on the behavior of the working fluids: (a) The relationship between LiCl concentration and solution conductivity; (b) the decrease in the length of the straight fluid jet with an increase of conductivity; (c) the increase of spreading angle with rising conductivity. 
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Figure 7. Correlations between the width of electrospun zein nanoribbons with: (a) The LiCl concentration; and (b) the conductivity of the sheath fluid. 
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Figure 8. The correlations between the width of electrospun zein nanoribbons and: (a) The length of the straight fluid jet; and (b) the spreading angle of the unstable zone. 
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Figure 9. A diagram showing the formation mechanism of electrospun nanoribbons through the modified coaxial electrospinning. 
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