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Abstract

:

Electrosprayed poly(caprolactone) (PCL) microparticles were produced using five solvents (ethyl acetate, acetone, anisole, glacial acetic acid and chloroform) under different PCL concentrations and operating parameters. Not only green and appropriate solvent for PCL electrospraying was pointed out, but also the effects of solution properties (surface tension, electrical conductivity, viscosity and vapor pressure) and operating parameters (flow rate, working distance and applied voltage) on the formation of electrosprayed particles were clarified. The formation and shape of Taylor cone during electrospraying was observed by high-speed images captured with a camera, and the size and morphology of electrosprayed particles were characterized by optical and scanning electron microscopies. It can conclude that the cone–jet range of applied voltage mainly depended on electrical conductivity, and an ideal Taylor cone was easier to form under high viscosity and low surface tension. Although high electrical conductivity was a contributor to fabricate tiny particles, it was easier to fabricate mono-dispersed microparticles under low electrical conductivity. The poly-dispersed distribution obtained with a high electrical conductivity converted into mono-dispersed distribution with the increasing of viscosity. Furthermore, the size of electrosprayed particles also correlated with the surface tension and vapor pressure of the solvent used. Ethyl acetate, due to mild electrical conductivity and surface tension, moderate viscosity and vapor pressure, is a green and suitable solvent for PCL electrospraying. Single pore PCL microparticles with smooth cherry-like morphology can be prepared from ethyl acetate. Finally, long working distance not only stabilizes the break-up of charged jet, but also promotes the evaporation of solvent.
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1. Introduction


For the last few decades, electrospraying technique, as a novel electrohydrodynamic atomization process, has been widely used to prepare polymeric microspheres or microcapsules as well as further achieve their functional coatings on materials surface [1,2,3,4,5]. Compared with other common technologies to fabricate particles in the micro- or nanoscale from polymeric solution, including an emulsification method, spray drying, complex coacervation, self-assembly and flashing nanoprecipitation [6,7,8,9,10], electrospraying allows for overcoming the main drawbacks and limits them. For example, the agglomeration of particles, wide particles size distribution and low encapsulation efficiency to active principle as main limitations coming from these technologies can be improved effectively in electrospraying process via the Coulombic repulsion among charged droplets and using coaxial nozzle. The particle size distribution of electrosprayed particles is mono-dispersed under optimal conditions, and the morphological and structural design of electrosprayed microparticles can carry out effectively via changing solution properties and operating parameters. Meanwhile, the use of surfactant and intensive stirring in emulsification method, which may break down the structure and properties of microcapsules, is avoided in the electrospraying process. The complete entrapment of active principle from electrospraying allows for protecting it at maximum based on experimental conditions. In addition, being different from complex coacervation, self-assembly and the emulsification method, the experimental setup and operations of electrospraying are easy to implement (usually being done in one step), and the emission of toxic substance and environmental pollution during electrospraying can be limited to the minimum. Although flashing nanoprecipitation as a solvent displacement technology also obtains polymeric particles easier and rapidly, the high level of requirements in the state of working streams (strong turbulence), special micro-mixers and the lipophilicity of active substances make it less feasible compared with electrospraying. Therefore, electrospraying is regarded as a green, rapid and efficient technology to design polymeric microparticles.



In the electrospraying process, the formation of a Taylor cone is a required step to ensure the preparation of polymeric particles having a tiny size and a narrow size distribution. Meanwhile, the effective control on the structure and morphology of electrosprayed particles can be only carried out under cone–jet mode [11,12,13]. Actually, the formation of Taylor cone is mainly governed by several forces when the solution flows out from the electrified nozzle, i.e., (i) gravity of liquid, (ii) surface tension of droplet, (iii) electrostatic attraction, (iv) viscoelastic force of fluid, (v) Coulomb repulsion among charged liquid, and (vi) friction between droplets and air [14,15]. Once these forces reach a certain level at the tip of the nozzle, charged droplets are stretched into conical shape and then accelerated into the charged jet. Then, it breaks up into tiny and uniform droplets due to the presence of Coulomb repulsion. Finally, solvent evaporation occurs during the flight process to lead to the formation of solid particles. Therefore, electrosprayed particle size characteristics, as well as their morphologies, also depend on the break-up process of charged jet and the evaporation of solvent. The formation of the Taylor cone is significantly affected by the solution properties (surface tension, electrical conductivity, viscosity and vapor pressure) and operating parameters (polymer concentration, flow rate, working distance and applied voltage), like the break-up of charged jet and the evaporation of solvent [16,17,18,19]. For instance, as the resistance of the formation of Taylor cone, low surface tension (lower than 50 mN/m) makes the stable cone–jet mode more accessible. Thus, under high surface tension, intermittent cone–jet is obtained due to the cone relaxation resulted from space charge. According to Stachewicz et al., the electrospraying of high surface tension liquid (i.e., water) will be carried out under stable cone–jet when using single event electrospraying (SEE) to avoid cone relaxation based on pulse-controlled liquid deposition [20]. Meanwhile, the charge transfer in electrified liquid cones as well as related relationships among solution properties, liquid flow rate, emit currents and jet diameter were closely related to the electrical conductivity of working liquid [21]. In addition, Rosell-Llompart et al. found that the formation of a stable cone–jet mode is obtained under the minimum liquid flow rate [22]. The mean diameter, as well as the size distribution of electrosprayed droplets, mainly depends on flow rate of liquid, electrical conductivity of liquid and viscosity of the liquid. Furthermore, the various resulting shapes of Taylor cones under cone–jet mode also lead to different mean diameters and size distributions of the obtained solid microparticles [23].



Poly(caprolactone) (PCL) as a non-toxic, biodegradable and biocompatible polyester is widely applied in the fields of drug control release and delivery, tissue engineering and functionalization of textile surface [24,25,26,27]. PCL microspheres or microcapsules prepared from the electrospraying processs have various advantages and application values in these fields. The requirements concerning controlled release behavior of active substance or degradation rate of the polymer matrix can be adjusted via designing the size and morphology of electrosprayed microcapsules according to the targeted application [28,29]. Meanwhile, for drug delivery efficiency, electrosprayed microcapsules with fine size and narrow size distribution have an enhanced ability to reach their target [30]. The existence of a fine core–shell structure allows avoiding the initial burst effect of the active principle, which extends its shelf-life [31]. In addition, the porous morphology obtained from the electrospraying process also improves the specific contact area and interfacial interactions between PCL microparticles and cells for drug control and tissue engineering [32].



Until now, dichloromethane and chloroform have been the main selected solvents to prepare PCL microparticles by electrospraying, but their inherent toxicity and carcinogenicity are harmful to the human body, and limit their further applications in the biomedical field [1,33,34]. Searching for appropriate substitutions of these solvents to carry out PCL electrospraying is imperative for satisfying the requirement of technological development [35]. Non-toxic, green and environment-friendly, but also suitable physico-chemical properties for PCL electrospraying process as well as outcome are important for the choice of the solvent [36,37]. There have been some papers publishing some simple relationships among structure as well as the morphology of electrosprayed particles, solution properties and operating parameters [1,12,38]. However, these conditions to determine the formation and shape of Taylor cones are still superficial and unclear. Meanwhile, the suitable operating parameters for achieving cone–jet also strictly depend on the solution properties. Furthermore, as a multi-physical process, the effects coming from operating parameters and solution properties on electrospraying are complex and interactional. The relationships among solution properties, operating parameters and structural characteristics of electrosprayed particles are also different based on different solvent systems. Therefore, the suitable solvent properties as well as operating parameters to develop electrosprayed particles with satisfied size, as well as morphology, also need further investigation. In addition, although some green solvents (i.e., anisole and acetone) have been introduced to prepare PCL microspheres, their applications in PCL electrospraying is still unreported [35,39].



In order to clarify the effects of solvent properties on electrospraying and obtain appropriate green solvent used for PCL electrospraying, the study aimed to prepare PCL microparticles using four green solvents (ethyl acetate, acetone, anisole and glacial acetic acid) according to the direction of REACH (Registration, Evaluation, and Authorization of Chemicals) and the regulation of European Pharmacopoeia (belonging to the Class 3), in order to find the best possible alternative to the chlorinated solvents commonly used in this process [35,40]. The influences of the solution properties and operating parameters during the electrospraying process on the formation and shape of Taylor cone, and microparticles characteristics, i.e., mean diameter, particle size distribution and morphology were studied to determine the most suitable solvents (solution properties) and compare to the use of chloroform. High-speed images captured by a camera were used to analyse the formation and shape of Taylor cones under different solvents and operating parameters. The size and morphology of PCL microparticles prepared from different solvents and operating parameters were characterized by optical and scanning electron microscopies. The purpose of this research is to find some relevant relationships among the solvent properties, the operating parameters, the formation and shape of Taylor cones, and the size and morphology of PCL microparticles in order to determine the optimal electrosprayed conditions and obtain the substitution of chloroform.




2. Materials and Methods


2.1. Materials


Polycaprolactone (PCL) (CapaTM 6400, mean molecular weight: 37,000 g/mol) was purchased from Perstorp (Skåne County, Sweden). Chloroform (analytical reagent), ethyl acetate (analytical reagent), anisole (analytical reagent), acetone (analytical reagent) and glacial acetic acid (analytical reagent) were purchased from Sigma Aldrich (Dorset, UK). All reagents were used as received without any further treatment.




2.2. Preparation of PCL Electrospraying Solutions


PCL electrospraying solutions were prepared by dissolving appropriate quantities of PCL pellets in each of five solvents (chloroform, ethyl acetate, anisole, acetone, and acetic acid) at 40 °C with stirring for 1 h to allow complete dissolution. For each solvent, five PCL concentration (1 wt %, 3 wt %, 5 wt %, 7 wt % and 10 wt %) were prepared. Before electrospraying, each solution was cooled to room temperature (25 °C).




2.3. Fabrication of PCL Microparticles via Electrospraying


The experimental set-up of electrospraying (CAT000002, Electrospraying Instrument Kit Instruction Manual, Spraybase®, AVECATS, Kildare, Ireland) used to produce PCL microparticles. During electrospraying, temperature and relative humidity were maintained at 25 °C and 45%, respectively. Firstly, PCL solutions were added into an electrospraying pressure vessel, and a plastic tube was used to link a stainless steel nozzle (28 gauge, outer diameter: 360 µm, internal diameter: 180 µm) and pressure vessel. Then, the liquid was pumped from vessel to nozzle by air pressure. In this paper, the flow rate of PCL solutions was characterized by the dripping time for one single droplet from nozzle. The same dripping time for one single droplet from the nozzle indicates that the flow rate of PCL solutions is consistent. In most cases, for PCL/chloroform, PCL/glacial acetic acid, PCL/ethyl acetate and PCL/acetone, the dripping time for one single droplet was fixed at 5 s; for PCL/anisole, the dripping time for one single droplet was fixed at 93 s. Different dripping times for one single droplet can be obtained via adjusting the air pressure. The working distance from nozzle to collector was set to 9, 13, 17, 21 or 25 cm. After setting dripping time and working distance, high voltage generated from a high-voltage generator was applied between the nozzle and collector ranging from 2 to 7 kV. The electrosprayed microparticles were collected onto glass slides for optical microscopy observation and aluminum foil for scanning electron microscopy analysis, with a collecting time of 3 and 10 min, respectively.




2.4. Measurements and Characterizations


During electrospraying, the formation and shape of Taylor cone was observed and analysed via high-speed images captured by camera (Chameleon CMLN-13S2M-CS USB camera, FLIR Integrated Imaging Solutions GmbH, Ludwigsburg, Germany).



The size and distribution of electrosprayed PCL microparticles were observed via optical microscopy (Motic BA410, Barcelona, Spain) linking with a Moticam 5 Digital Camera (Barcelona, Spain). The software Motic image plus 3.0 was used to capture the images, and the image analysis software (Image J, version 1.52j) was used to determine the mean diameter and sizes distribution. In order to obtain accurate results, 100–500 random PCL electrosprayed microparticles were selected to be measured and analyzed. The obtained data were statistically analyzed in a spreadsheet (Microsoft Excel 2011, Microsoft Company, Redmond, WA, USA) to calculate the mean diameter as well as the particle size distribution.



Scanning electron microscopy (SEM) (JEOL Model JSM-5900, Tokyo, Japan) was used to observe the surface morphology of eletrosprayed PCL microparticles. The accelerated voltage was 20 KV. The surfaces of PCL microparticles were coated with gold before analysis.



The surface tension (γ, mN/m) of PCL solutions were measured by Standard Wilhelmy’s plate method based on a tensiometer from GBX Instruments (Romans sur Isere, France). The temperature and humidity of measurement were maintained at 25 °C and 45%, respectively. The vessel was washed with detergent, placed in chromosulfuric acid overnight, washed with distilled water, and briefly flamed with a Bunsen burner prior to use. The platinum plate was rinsed in acetone and distilled water, and flamed before use. The accuracy of measurement was ±0.1 mN/m. All sample surface tension measurements were repeated 5 times per samples and each sample was prepared in triplicate. The average values and standard deviations were calculated.



The electrical conductivities (K, unit: µS/cm) of PCL electrospraying solutions were measured with a conductimeter type CDRV 62 (Tacussel electronique Instruments, Lyon, France). For each PCL solution, all sample surface tension measurements were repeated 5 times per sample and each sample was prepared in triplicate. The average values and standard deviations were calculated. The temperature and humidity of measurement were maintained at 25 °C and 45%, respectively.



The kinematic viscosity (ν, unit: mm2/s) of PCL electrospraying solutions were measured by Ubbelohde viscometer (SI Analytics, Mainz, Germany). For each sample, the flow time (t) in seconds was recorded, and kinematic viscosity was calculated from Equation (1):


ν=α×t,



(1)




where t is the time in s, and α the instrument constant related with the type of capillary. Two Ubbelohde viscometers with different capillaries were used according to the viscosity range of the solutions. For 0.84 mm capillary, α is 0.03; for 0.47 mm capillary, α is 0.003. For each PCL solution, all sample surface tension measurements were repeated 5 times per sample and each sample was prepared in triplicate. The average values and standard deviations were calculated. The temperature of measurement was controlled at 25 °C by a super thermostat.





3. Results and Discussion


3.1. Physico-Chemical Properties of PCL Electrospraying Solutions


In Table 1, the Hansen solubility parameters of different solvents as well as their solubility to PCL were given. The Hansen solubility parameters of all solvents used in our experiment are close to that of PCL (δD, δH and δP of PCL is 17.0, 8.3 and 4.8, respectively). Meanwhile, for most of them, their distances (Ds) to PCL in “Hansen space” were smaller than the radius of solubility sphere of PCL (Rs ranges from 5.0 to 7.1) [35]. It indicates that all of them are suitable for dissolving PCL during electrospraying. For glacial acetic acid, anisole, and chloroform, the complete dissolution of PCL in these solvents can be held for a long time, even if at high PCL concentration. For ethyl acetate and acetone, at relatively high concentrations (7 wt % and 10 wt %), there are some PCL solids precipitated from PCL solution after one week and four days, respectively. Therefore, glacial acetic acid, chloroform, and anisole are regarded as good solvents for dissolving PCL; and acetone and ethyl acetate are regarded as partial solvents for dissolving PCL.



During electrospraying, the formation and shape of Taylor cone, the break-up of charged droplets and the evaporation of solvent were governed by the physico-chemical properties of electrospraying (mainly including, surface tension, electrical conductivity, viscosity, and vapor pressure) and operating parameters. Table 1 also presents the effects of different solvents and different PCL concentrations on the physico-chemical properties of electrospraying solutions. In the cases of PCL/ethyl acetate, PCL/glacial acetic acid and PCL/acetone, the surface tension of solutions do not change significantly with the increasing of PCL concentration. For the couples of PCL/anisole and PCL/chloroform, the surface tension of solutions increases with the increasing of PCL concentration. Furthermore, PCL/anisole solutions have the higher surface tension compared with other solutions. The surface tensions of PCL/glacial acetic acid solutions are slightly higher than those of PCL/ethyl acetate, PCL/chloroform, and PCL/acetone solutions, which are close to each other.



Among five solvents, chloroform, anisole and ethyl acetate belong to low electrical conductivity solvents. Therefore, the electrical conductivities of PCL/chloroform, PCL/anisole, and PCL/ethyl acetate solutions are low (Table 1). In cases of PCL/glacial acetic acid and PCL/acetone solutions, their electrical conductivities are relatively higher because of the high electrical conductivity of the pure solvents. In addition, it decreases with the increasing of PCL concentration. With the increasing of PCL concentration, the kinematic viscosity of PCL solutions increases gradually for each solvent and also depends on the kind of solvent used for the solubilization. Thus, kinematic viscosity of the solutions follows the order: PCL/glacial acetic acid > PCL/chloroform > PCL/anisole > PCL/ethyl acetate > PCL/acetone.




3.2. The Cone–Jet Range of Applied Voltage


Carrying out electrospraying under cone–jet mode is the prerequisite for preparing PCL electrosprayed particles with low mean diameter and narrow size distribution. The active control and design on the size, as well as the morphology of electrosprayed microparticles, may be achieved only under cone–jet mode. The main factor for determining the spraying mode during electrospraying is the applied voltage. With increasing it, the spraying mode changes from dripping mode to rapid dripping mode, then to unstable cone–jet mode, next to cone–jet mode, finally to multi-jet mode [41]. Therefore, a range of applied voltage exists for achieving cone–jet during electrospraying. In general, the cone–jet range of applied voltage is influenced by solution properties as well as operating parameters. In Table 2, the relationships among the cone–jet range of applied voltage, various solvents, different PCL concentration and different operating parameters are given. The electrical conductivity of the PCL solutions is the main parameters affecting the cone–jet ranges of the applied voltage. For low electrical conductive solutions, like PCL/chloroform, PCL/ethyl acetate, and PCL/anisole, their cone–jet ranges of the applied voltage are similar (approximately from 3.25 to 4.5 kV), while for PCL/glacial acetic acid and PCL/acetone, their cone–jet ranges of the applied voltage are higher than that of the other three solvents. It indicates that higher electrical conductivity of the solutions leads to a higher cone–jet range of applied voltage.



Furthermore, this range also correlates with the surface tension and the kinematic viscosity of the PCL solutions. Thus, for the solutions having the higher surface tension (PCL/glacial acetic acid), the cone–jet range of applied voltage is higher too. In Table 2, for PCL/chloroform, PCL/glacial acetic acid and PCL/anisole solutions, the lower limit as well as upper limit of the applied voltage increase with the increasing of PCL concentration, due to higher electrostatic forces required to overcome the viscoelastic one or high surface tension to guarantee the formation of Taylor cone. However, for PCL/ethyl acetate solutions, the upper limit of applied voltage decreases slightly with the increasing of PCL concentration. For high concentrations, cone–jet mode tends to change into asymmetrical and slanted with increasing the applied voltage. For PCL/acetone solutions, due to their too high electrical conductivities and too low viscosities, the lower limit and upper limit of the applied voltage decrease with the increasing of PCL concentration. The moderate viscosity is the prerequisite to maintain cone–jet. Due to too low viscosity, keeping cone–jet mode stable at low PCL concentration requires higher applied voltage. Meanwhile, the charge density in electrosprayed jet increases with the increase of applied voltage. At high PCL concentration, due to the thin charged jet and the accumulation of charges, the charge density in jet becomes too high, and then cone–jet changes into the multi-jet mode (unstable jet mode) under strong Coulomb repulsion.



Apart from solution properties, the cone–jet range of applied voltage also depends on the operating parameters. In Table 2, the lower and upper limits of cone–jet applied voltage increase with augmenting the working distance. Thus, it results in a decrease of the electric field strength, and needs to be adjusted to guarantee the formation of Taylor cone. The increasing trend of applied voltage in PCL/acetone and PCL/glacial acetic acid solutions are more significant compared with low electrical conductivity liquids, such as PCL/chloroform, PCL/ethyl acetate, and PCL/anisole. For high electrical conductivity liquids, they are more sensitive to the change in the strength of the electric field. The relationships between cone–jet applied voltage and flow rate of electrospraying liquid are also given in Table 2. Apart from PCL/acetone and PCL/anisole solutions, the lower limit and upper limit of applied voltage both increase with the accelerating of dripping time. It is due to the liquid gravity that will result in dripping mode being stronger under a higher flow rate of the liquid. Therefore, stronger applied voltage and electrostatic force are required to overcome stronger gravity and guarantee the formation of a Taylor cone. For PCL/acetone solutions, due to the accumulation of excessive charges and drastic coulomb repulsion, the cone–jet mode becomes unstable under higher flow rate. Therefore, their upper limits of applied voltage decrease gradually with the accelerating of dripping time.




3.3. The Shape of Taylor Cone


Under cone–jet mode, the shape of the Taylor cone affects the size as well as the distribution of electrosprayed microparticles. In this paper, the diameter of the charged jet and the distance between the nozzle and tip of the Taylor cone characterize the shape of the Taylor cone. The size as well as the size distribution of electrosprayed microparticles are smaller and more homogeneous when electrospraying is carried out under the thinner charged jet [42,43]. Meanwhile, the jet diameter also decreases with the decreasing of the distance between the nozzle and the tip of the Taylor cone [44,45]. Different shapes of the Taylor cone obtained from different solvents and different PCL concentrations are shown in Figure 1. For PCL/chloroform and PCL/ethyl acetate, the ideal Taylor cone with the small distance from nozzle to the tip of Taylor cone and thin jet diameter is easy to form under various PCL concentrations. For PCL/glacial acetic acid, the shape of Taylor cone is non-ideal at 1 wt % PCL (long distance between the nozzle and the tip of the Taylor cone and thick charged jet). It might be related to the relatively higher surface tension and insufficient viscosity. With the increasing of PCL concentration, the distance from the nozzle to the tip of the Taylor cone decreases gradually, and the shape of the Taylor cone becomes suitable for electrospraying. For PCL/acetone, at 1 wt % PCL, a rapid dripping mode with thick charged jet and long distance between the nozzle and the tip of Taylor cone is obtained due to too low viscosity of the solution. With the increasing of PCL concentration, the distance and the diameter of charged jet both decrease, and spray mode changes from rapid dripping mode to ideal cone–jet mode. For PCL/anisole, due to a too high surface tension and a low vapor pressure, their Taylor cone shapes are always non-ideal under various PCL concentrations. Furthermore, the diameter of charged jet in PCL/anisole decreases gradually with the increasing of PCL concentration.



Based on these images, medium viscosity and low surface tension values are prerequisites for the formation of Taylor cone with an adequate shape. With the increase of the viscosity, the distance from the nozzle to the tip of the Taylor cone and the jet diameter both decrease gradually, to promote the formation of a suitable cone–jet.



The shape of the Taylor cone also correlates with the operating parameters. In Figure 2, with the increase of working distance, the distance from the nozzle to the tip of the Taylor cone and jet diameter both increase gradually, particularly in PCL/acetone solutions, due to the reduction in the electric field and the electrostatic forces, and the shape as well as the stability are difficult to obtain. High viscosity is a main factor to keep the shape of Taylor cone stable; therefore, the changes in the shape of Taylor cone with the increasing of working distance among PCL/anisole, PCL/glacial acetic acid, PCL/ethyl acetate and PCL/chloroform solutions are lower than those of PCL/acetone solution ones.



The flow rate of electrosprayed liquid also influences the shape of the Taylor cone. In Figure 3, with the accelerating of dripping time for one single droplet, the distance from the nozzle to the tip of the Taylor cone as well as jet diameter both increase. It was closely related to the shortening of polarization time of droplets and the enhancing of droplet gravity during the formation of Taylor cone. Due to lower viscosity in PCL/acetone solutions, their Taylor cone stabilities are reduced. Therefore, the change in shape of the Taylor cone with the accelerating of dripping time is more significant for the PCL/acetone solution.




3.4. The Size and Distribution of PCL Microparticles


Preparing micro- or nanoscale particles with narrow distribution is one of the main advantages of the electrospraying method. The size of electrosprayed microparticles mainly depends on solution properties and operating parameters. Furthermore, the shape of the Taylor cone influences the mean diameter and the particle size distribution of electrosprayed microparticles. Different mean diameters and different size distributions of PCL microparticles depend on the solvent choice as well as PCL concentration (Figure 4). For PCL/chloroform and PCL/ethyl acetate solutions, small (mean diameter: 7–8 µm) and mono-dispersed distribution microparticles are obtained at 1 wt % PCL concentration, related to the moderate viscosities, ability of solvent evaporation, low surface tensions and electrical conductivities. Thus, for the solutions having low surface tension and moderate viscosity, adequate cone–jet is easy to form, and jet diameter is narrow. The break-up process of a thin charged jet is stable and uniform based on low electrical conductivity, when the solvents have a relatively high vapor pressure for complete evaporation, to lead to the formation of tiny microparticles. With the increasing of PCL concentration in these solvents, the mean diameter of microparticles increases gradually from 8 to 28 µm and their size distributions broaden. It is related to the increasing of solid content in droplets and the enhancing entanglements among PCL chains under high PCL concentration. In this case, combined with their low electrical conductivities, the fine break-up of the charged jet will be suppressed. For PCL/glacial acetic acid and PCL/acetone solutions, the size distribution of PCL microparticles is poly-dispersed at low PCL concentration. Because of their higher electrical conductivities and thicker charged jet, the break-up process of the charged jet is drastic and unstable. The subsequent break-up of charged droplets also occurs during their flight to the collector. Therefore, the size distribution under this situation is inhomogeneous and indeed poly-dispersed. With the increasing of PCL concentration in glacial acetic acid, the mean diameter of small microparticles increases (from 4.58 to 7.63 µm), while that of large microparticles decreases (from 24.17 to 19.19 µm). Finally, bimodal-dispersed distribution turns into mono-dispersed distribution at 10 wt % PCL, and the mean diameter of PCL microparticles is about 15 µm. The situation in PCL/acetone solutions is similar to PCL/glacial acetic acid solutions, related to the stability of the break-up process of the charged jet. In addition, some PCL microparticles with too large size (diameter: 97 µm) were prepared from 3 wt % PCL/acetone, due to unstable break-up of charged jet and quickness of the acetone evaporation. There is not enough time for PCL chains to condense together completely before the solidification of PCL/acetone droplets.



On the one hand, with the increasing of PCL concentration in glacial acetic acid or acetone, the electrical conductivities of solutions decrease, while their viscosities increase significantly. Then, the break-up process of the charged jet becomes stable and homogeneous. On the other hand, with the increasing of PCL concentration, the thickness of the charged jet obtained for solutions prepared from acetone or glacial acetic acid decreases, to promote the formation of electrosprayed particles with tiny size and mono-dispersed distribution. For PCL/anisole solutions, the mean diameter of microparticles is higher than those obtained from the other solvents. It is closely related with the diameter of charged jet and the slow evaporation of solvent. Due to too high surface tension and low vapor pressure, the diameter of the charged jet is large. Combined with low electrical conductivity, the fine break-up process of the charged jet is challenging to carry out. Meanwhile, due to residual solvent, microparticles tend to swell or aggregate together at the collector, which leads to large size and poly-dispersed distribution. The increase of the PCL concentration in the solutions allows the mean diameter to decrease significantly, which is related to the thinned charged jet and the reduction of solvent in droplets.



The mean diameter and size distribution of PCL electrosprayed microparticles prepared from different working distances with different solvents are presented in Figure 5. There are two opposite effects influencing on the mean diameter of electrosprayed particles introduced by the working distance [46]. The strength of the electric field between nozzle and collector weakens gradually with the increase of working distance. In this configuration, the formation of Taylor cone and the charged droplets break-up process are both suppressed, and then larger PCL microparticles are obtained under longer working distance. However, with the increasing of working distance, there will be longer time to carry out the complete evaporation of solvent during the flight of droplets to the collector. With the evaporation of solvent, PCL chains tend to condense and the size of electrosprayed microparticles decreases gradually [47]. In addition, due to the reduction of electric field, the break-up process also becomes more uniform and stable under longer working distance. Combined with the stimulated solvent evaporation, the size distributions of electrosprayed particles obtained from all solvents narrow gradually with the increasing of working distance, and mono-dispersed distributions are finally obtained.



For PCL/ethyl acetate solution, when working distance increases from 9 to 13 cm, the mean diameter of PCL microparticles decreases from 19.08 to 11.64 µm. Thus, there is more solvent evaporating from droplets with longer flight distance. However, when working distance further increases, the mean diameter of microparticles does not change significantly. Thus, there is a trade-off between the two opposite effects on electrosprayed particles size introduced by the increasing of working distance. For PCL/chloroform solution, due to higher vapor pressure compared with PCL/ethyl acetate solution, the effect of solvent evaporation on particle size is stronger than that of the changing of electric field on particle size. Therefore, the mean diameter of microparticles decreases gradually with the increasing of working distance. For PCL/anisole solution, due to the low vapor pressure of anisole, the evaporation of solvent is difficult to carry out even under long working distance. Therefore, the effect of the changing of electric field on particle size is more important than that of solvent evaporation on particle size [48]. The mean diameter of electrosprayed particles increases gradually with the increasing of working distance.



For PCL/acetone solution, due to too stronger vapor pressure of acetone, the hardening of electrosprayed droplets during their flight to collector is very quick. Therefore, there is not enough time for the condensation of PCL chains during the solidification of electrosprayed particles. Under strong electric field at short working distance (9 cm), due to unstable break-up process of charged and quick hardening of electrosprayed droplets, tiny (mean diameter ~6.05 µm) and large particles (mean diameter 118.86 µm) can be obtained. With the increasing of working distance, due to the reduction of electric field, the mean size of electrosprayed droplets increases gradually. Then, after quick solidification, the mean diameter of solid particles also increases with the increasing of working distance. For PCL/anisole and PCL acetone, the increasing of mean diameter of electrosprayed particles with the increasing of working distance also correlates with the increasing of charged jet diameter. For PCL/glacial acetic acid solution, the mean diameter of electrosprayed particles does not change significantly with the increasing of working distance. Thus, the effect of the changing of electric field on particle size is offset by the effect of solvent evaporation on particle size. In addition, based on the stable break-up process, sufficient solvent evaporation and condensation of PCL chains at 25 cm, mono-dispersed and small microparticles can be prepared from glacial acetic acid.



The flow rate of the PCL solutions, related to the dripping time in this work, influences the granulometry of the obtained microparticles (Figure 6). For PCL/chloroform and PCL/ethyl acetate solutions with low electrical conductivity, the mean diameter, as well as the size distribution of PCL microparticles, is small and mono-dispersed under slow dripping time for one single droplet. With accelerating this dripping time, the mean diameter of PCL microparticles increases gradually, and the size distribution of PCL microparticles broadens [49], due to the obtention of the thicker charged jet under quicker dripping time. For PCL/acetone and PCL/glacial acetic acid solutions with high electrical conductivity, small and mono-dispersed PCL microparticles are obtained under slow dripping time due to thinner charged jet and a fine mist with the break-up of droplets. With accelerating dripping time, the diameter of charged jet increases gradually, and the break-up of charged droplets becomes unstable. Thus, the mean diameter of PCL microparticles increases and size distribution changes into bimodal-dispersed distribution. For PCL/anisole solutions, the mean diameter of PCL microparticles also increases with accelerating the dripping time.



Under cone–jet mode, the spray mode of electrospraying solutions changes from non-ideal cone–jet mode to ideal cone–jet mode with the increasing of the applied voltage [50]. Moreover, it influences the granulometry of the resulted microparticles (Figure 7). With the increasing of applied voltage, the mean diameter of PCL microparticles decreases and its distribution becomes narrow, due to the presence of stronger electrostatic forces and Coulomb repulsions among charged droplets, as observed in the cases of PCL/ethyl acetate and PCL/chloroform solutions. Therefore, mono-dispersed PCL microparticles with a mean diameter of about 11–15 µm are obtained at higher applied voltage. For PCL/anisole solution, with the increasing of applied voltage from 3.75 to 4.0 kV, there is an abnormal phenomenon occurring that the mean diameter of microparticles increases from 69.03 to 97.44 µm. It might correlate with the aggregation among PCL microparticles resulting from the residual solvent (anisole) in PCL microparticles. In the cases of PCL/glacial acetic acid and PCL/acetone solutions, the increase of the applied voltage allows for decreasing the particle size distribution, from poly-dispersed to bimodal or mono-dispersed distribution, in addition to the mean diameters.




3.5. The Morphology of PCL Microparticles


The morphology of electrosprayed PCL microparticles mainly depends on the phase separation between solvent and PCL as well as the solvent evaporation [51,52,53,54], and therefore is affected by the solvent choice and the operating parameters. In general, for low vapor pressure solvents, their evaporations during electrospraying are slow. Then, there is enough time for the condensation of polymer chains and phase separation between solvent and PCL matrix before the solidification of electrosprayed droplets. Therefore, nonporous and smooth microparticles (Figure 8(d1–d3)) can be obtained from glacial acetic acid (2.09 kPa at 25 °C). However, some residual solvent in microparticles after reaching the collector is also caused by the slowness of solvent evaporation. Due to the residual solvent, microparticles tend to swell and further aggregate together to form blocks or films. Under short working distance, quick dripping time and high PCL concentration, due to further depression of solvent evaporation, this phenomenon is more obvious (Figure 8(d2,d3)). For PCL/anisole (0.47 kPa at 25 °C), due to lower vapor pressure, the evaporation rate of solvent during electrospraying is slower. Therefore, there is more solvent remaining in collected microparticles. After the swelling and aggregation among them, only PCL films can be obtained (Figure 8e).



For high vapor pressure solvents, their evaporations during electrospraying are quick. Before complete phase separation between solvent and PCL as well as sufficient condensation among PCL chains, solvent had volatilized quickly from electrosprayed droplets and left some pores, gaps and collapses on solid particles. Therefore, porous PCL microparticles can be prepared from chloroform (26.2 kPa at 25 °C) and ethyl acetate (12.4 kPa at 25 °C). Due to the differences between their vapour pressures, cherry-like PCL microparticles with a single pore are observed from a 5 wt % PCL/ethyl acetate solution (Figure 8(a1)). At the same concentration range in chloroform, wrinkle and porous structures are obtained (Figure 8(c1)). With the increasing of PCL concentration, due to the reduction of vapor pressure and the increasing of solid content in electrosprayed droplets, porous morphology tends to convert into nonporous morphology (Figure 8(a2,c2)). With the decreasing of working distance, the evaporation of chloroform or ethyl acetate becomes incomplete. Therefore, PCL microparticles tend to aggregate together due to residual solvent in microparticles, and some PCL blocks or films with irregular shape and pores can be prepared eventually (Figure 8(a3,c3)). Meanwhile, with the accelerating of dripping time, the porous structure on PCL microparticles obtained from ethyl acetate or chloroform becomes more obvious (Figure 8(a4,c4)).



For PCL/acetone solution, although it has higher vapor pressure (30.7 kPa at 25 °C), nonporous and smooth particle surface can be fabricated (Figure 8(b1)). Thus, partial solubility of PCL in acetone leads to complete phase separation before the evaporation of acetone. Meanwhile, combining complete phase separation with quicker solvent evaporation, the morphology of PCL microparticles prepared from acetone keeps unchanged with the evolution of PCL concentration, working distance or dripping time. In addition, due to too high vapor pressure, some microparticles with irregular shape can be fabricated from acetone.





4. Conclusions


The effects of solution properties and operating parameters on the formation of electrosprayed PCL microparticles has been clarified. The applied voltage range for cone–jet mainly depends on the electrical conductivity of electrospraying solution. Solution with higher electrical conductivity needs higher applied voltage to achieve cone–jet during electrospraying. Meanwhile, ideal cone–jet mode is easier to obtain under high viscosity and low surface tension. With the increasing of viscosity, the stability of ideal Taylor cone also improved gradually. Furthermore, the shape of Taylor cone also influences the size and distribution of PCL electrosprayed microparticles. In general, under a short distance from nozzle to the tip of Taylor cone and thin charged jet, small and homogeneous microparticles can be prepared.



For electrospraying liquids with mild electrical conductivity, mono-dispersed microparticles can be fabricated. Their sizes closely correlate to their surface tensions and viscosities. For chloroform and ethyl acetate, small mean diameter of about several microns can be obtained from 1 wt % PCL concentration, and particle size increases with the increasing of PCL concentration. For anisole, large mean diameter of about hundreds of microns can be obtained from 1 wt % PCL concentration, and particle size decreases with the increasing of PCL concentration. For electrospraying liquid with high electrical conductivity, microparticles with poly-dispersed distribution can be obtained at low PCL concentration. With the increasing of PCL concentration, size distribution of microparticles narrows gradually. At 10 wt % PCL, mono-dispersed microparticles with about 15 µm mean diameter can be prepared from glacial acetic acid or acetone. Furthermore, for all electrospraying liquids, mono-dispersed microparticles are easier to fabricate under long working distance. During the solidification of electrosprayed droplets, insufficient condensation of polymer chains or remaining solvent in collected particles both introduce large mean diameter. Only with the sufficient condensation of polymer chains and the complete evaporation of solvent carried out simultaneously can tiny electrosprayed particles be prepared. In addition, the mean diameter of all PCL microparticles decreases with the increasing of applied voltage or dripping time. Meanwhile, their size distributions also narrow gradually. For the morphology of electrosprayed PCL microparticles, the slowness of solvent evaporation or complete phase separation between solvent and PCL is good for obtaining nonporous and smooth morphology. When the evaporation rate of solvent is faster than the rate of phase separation, particles with porous and wrinkle morphology can be obtained. Finally, among four green solvents, ethyl acetate is a better substitution of chloroform for preparing PCL microparticles via electrospraying.
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Figure 1. Images of Taylor cone obtained with anisole, ethyl acetate, chloroform, acetic acid and acetone at three PCL concentrations (1 wt %, 5 wt % and 10 wt %) (working parameters: working distance 17 cm, dripping time: 5 s (except for anisole: 93 s)). 
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Figure 2. Images of Taylor cone obtained with anisole, ethyl acetate, chloroform, acetic acid and acetone at three working distances (9, 17 and 23 cm) at 5 wt % PCL concentrations for a dripping time of 5 s except for anisole (93 s). 
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Figure 3. Images of Taylor cone obtained with anisole, ethyl acetate, chloroform, acetic acid and acetone at three dripping times (129, 93, and 45 s) at 5 wt % PCL concentrations and a fixed working distance of 17 cm. 
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Figure 4. Mean diameter and size distribution of PCL electrosprayed microparticles obtained from ethyl acetate (a); chloroform (b); anisole (c); acetic acid (d); and acetone (e) for a working distance of 17 cm, an applied voltage of 3.75 kV (except for acetone: 4.75 kV, and glacial acetic acid: 5.25 kV, and a dripping time of 5 s (except for anisole, 93 s)). 
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Figure 5. Mean diameter and size distribution of PCL electrosprayed microparticles obtained from ethyl acetate (a); chloroform (b); anisole (c); acetic acid (d); and acetone (e) for various working distances (9, 13, 17, 21 and 25 cm, at 5 wt % PCL concentration for an applied voltage of 3.75 kV (except for acetone: 4.75 kV, and glacial acetic acid: 5.25 kV), and a dripping time of 5 s (except for anisole, 93 s). 
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Figure 6. Mean diameter and size distribution of PCL electrosprayed microparticles obtained from ethyl acetate (a); chloroform (b); anisole (c); acetic acid (d); and acetone (e) for various dripping times, at 5 wt % PCL concentration for an applied voltage of 3.75 kV (except for acetone: 4.75 kV, and glacial acetic acid: 5.25 kV), and a working distance of 17 cm. 
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[image: Coatings 09 00084 g006]







[image: Coatings 09 00084 g007 550]





Figure 7. Mean diameter and size distribution of PCL electrosprayed microparticles obtained from ethyl acetate (a); chloroform (b); anisole (c); acetic acid (d); and acetone (e) for a dripping time of 5 s (except for anisole, 93 s), at various applied voltages, and a working distance of 17 cm. 
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Figure 8. SEM images of PCL microparticles obtained from different solvent and different operating parameters (the caption in each figure presents the experimental conditions. For example, ethyl acetate-5 wt %-17 cm-5 s presents that the solvent system is ethyl acetate; PCL concentration is 5 wt %; working distance is 17cm; dripping time for one droplet is 5s. For figures (a1–a4, c1–c4 and e), the applied voltage is 3.75 kV. For figure (b1–b4), the applied voltage is 4.75 kV. For figure (d1–d3), the applied voltage is 5.25 kV. Scale bar: 100 µm). 
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Table 1. Hansen solubility parameters of different solvents and physico-chemical properties of electrospraying solutions obtained from different solvents as well as PCL concentrations.
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Property

	
PCL Concentration

	
Chloroform

	
Ethyl Acetate

	
Acetic Acid

	
Acetone

	
Anisole






	
δDa

	
–

	
18.2

	
15.8

	
14.5

	
15.7

	
17.8




	
δHa

	
–

	
6.2

	
7.2

	
13.5

	
11.7

	
6.7




	
δPa

	
–

	
6.3

	
5.3

	
8.0

	
5.3

	
4.1




	
DSb

	
–

	
1.9

	
4.0

	
8.4

	
5.7

	
2.4




	
PCL solubility

	
–

	
good

	
partial

	
good

	
partial

	
good




	
Vapor pressure at 25 °C (kPa)

	
–

	
26.2

	
12.4

	
2.09

	
30.7

	
0.47




	
Surface tension (mN/m)

	
1 wt %

	
20.8 ± 0.6

	
22.8 ± 0.5

	
23.7 ± 0.8

	
21.6 ± 0.3

	
31.1 ± 1.4




	
3 wt %

	
22.4 ± 0.2

	
21.8 ± 0.4

	
24.5 ± 0.5

	
21.0 ± 0.6

	
32.9 ± 0.3




	
5 wt %

	
21.5 ± 0.5

	
22.4 ± 0.6

	
24.7 ± 1.1

	
21.5 ± 0.3

	
33.9 ± 0.5




	
7 wt %

	
22.6 ± 0.9

	
22.1 ± 0.6

	
24.3 ± 0.2

	
20.9 ± 0.3

	
32.4 ± 0.7




	
10 wt %

	
24.1 ± 0.9

	
21.5 ± 0.5

	
24.3 ± 0.7

	
20.2 ± 1.0

	
34.7 ± 0.5




	
Electrical conductivity (μS/cm)

	
1 wt %

	
<0.037

	
<0.037

	
0.251 ± 0.032

	
0.576 ± 0.006

	
<0.037




	
3 wt %

	
<0.039

	
<0.038

	
0.245 ± 0.028

	
0.481 ± 0.058

	
<0.039




	
5 wt %

	
<0.038

	
<0.039

	
0.235 ± 0.026

	
0.428 ± 0.005

	
<0.038




	
7 wt %

	
<0.040

	
<0.037

	
0.218 ± 0.019

	
0.323 ± 0.001

	
<0.040




	
10 wt %

	
<0.039

	
<0.039

	
0.202 ± 0.016

	
0.302 ± 0.014

	
<0.039




	
Viscosity (mm2/s)

	
1 wt %

	
1.09 ± 0.06

	
0.73 ± 0.05

	
1.85 ± 0.13

	
0.53 ± 0.03

	
1.65 ± 0.10




	
3 wt %

	
4.00 ± 0.07

	
1.56 ± 0.01

	
4.28 ± 0.001

	
0.95 ± 0.05

	
3.77 ± 0.01




	
5 wt %

	
8.40 ± 0.14

	
3.21 ± 0.01

	
8.34 ± 0.03

	
2.06 ± 0.12

	
7.68 ± 0.06




	
7 wt %

	
17.00 ± 0.14

	
6.13 ± 0.01

	
16.67 ± 0.05

	
3.47 ± 0.01

	
14.77 ± 0.01




	
10 wt %

	
38.78 ± 0.47

	
16.61 ± 0.02

	
41.30 ± 1.40

	
11.15 ± 0.05

	
30.99 ± 0.68








a: δD, δH and δP are disperse part of Hansen solubility parameter, hydrogen part of Hansen solubility parameter and polar part of Hansen solubility parameter, respectively (unit: (MPa)1/2). b: Ds is a distance between solvent (S) and solute (PCL) in the “solubility space”.
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