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Abstract 

In this paper, a modified coaxial electrospraying process was explored for the 

generation of novel nanoscale composite materials. A solution comprising 5% (w/v) of 

the model drug helicid and 10% (w/v) polyvinylpyrrolidone (PVP) K10 in a mixture of 

N,N-dimethylacetamide and ethanol (4:6, v:v) was employed as the shell working liquid. 

This could not be processed into a solid product when processed by single-fluid 

electrospraying. However, when undertaking co-axial electrospraying with a core shellac 

solution (40% w/v in ethanol) solid particles were obtained. An extremely thin 

nanocoating layer of drug-polymer composite with an estimated thickness of 7 nm was 

deposited on a shellac core. X-ray diffraction and infrared spectroscopy demonstrated 

that the drug was converted into an amorphous nanocomposite with the PVP in the shell 

layer, losing its original crystalline state. In vitro dissolution tests revealed that all the 

helicid loading could be released within one minute, suggesting the particles have 

potential applications to deliver very rapid therapeutic effects. Mechanisms are proposed 

underlying the formation and functional performance of the materials.  

Keywords: Functional nanocoating; Modified coaxial electrospraying; Immediate release; 

Core-shell structures; Poorly water-soluble drug  
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1. Introduction 

In the 21
st
 century, materials at the nanoscale are widely explored in the research and 

development of functional materials in numerous applied fields [1,2]. 

Electrohydrodynamic atomization (EHDA, including electrospraying, electrospinning 

and e-jet printing), is a useful approach to making nanoscale objects using electrical 

energy [3-7]. The extensive and facile interactions which arise between liquids and 

electrical fields means that EHDA can not only generate materials at the micro-/nano 

scale but also create a series of complex nanostructures [8,9]. No matter how complicated 

the desired architectures are, they can be achieved simply in a single step based on the 

nozzle structure of the spray head (or spinneret) [10-12]. This capability of producing 

nanostructures from a macroscale template has allowed the advancement of complex 

nanostructures (particularly core-shell structures) in a wide variety of applied fields, and 

these applications have in turn promoted the development of increasingly sophisticated 

EHDA processes such as side-by-side [13], tri-axial [14,15], modified tri-axial [16-18], 

and quartet-axial [19].    

 

Fig. 1 The fluids that can be treated using EHDA processes. These include polymer-based liquids, and 

also solutions containing small molecules or oligomers. 

A polymer with good filament-forming properties can be processed into nanofibers 

(through electrospinning), beads-on-a-string fibers, or solid particles (through 

electrospraying) (Fig. 1), moving from the former to the latter as the concentration of 

polymer in the working fluids decreases. Hence, the EHDA working fluids can be divided 

into different classes: those which cannot be processed due to clogging of the spinneret 
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(resulting from an extremely higher concentration), electrospinnable (often within a 

suitable concentration range), unspinnable but solidifiable (solid particles), and 

unsolidifiable (no solid product) when extremely dilute solutions are used [20,21]. In the 

simplest monoaxial EHDA process, the active ingredients can be encapsulated directly 

into polymers and also inorganic materials in one step [22,23]. In multiple-liquid EHDA 

processes, which are employed to create complex nanostructures, the possibilities are 

further expanded. On one hand, multi-liquid EHDA has led to the successful preparation 

of numerous complex nanostructures such as core-shell, Janus, and tri-layer systems, as 

well as products which combine core-shell and Janus features [12-19]. On the other hand, 

many new working fluids can be processed in the multi-liquid approach. These includes 

those which are un-spinnable (i.e. cannot be electrospun into nanofibers alone), 

un-solidifiable (cannot be electrosprayed into particles alone) [24-27]. These 

un-spinnable/un-solidifiable fluids often consist of polymers without filament-forming 

properties, oligomers, or small molecules. Their inclusion in the EHDA processes has 

permitted the appearance of a series of new multiple-fluid EHDA processes (such as 

modified coaxial and modified tri-axial electrospinning/electrospraying), and novel 

nanostructures.                      

Since the first report into coaxial EHDA [28], it has been recognized that if the shell 

working fluid can be converted into nanofibers or particles when treated using a 

monoaxial process (i.e. a solidifiable solution in Fig. 1), solid products can be generated 

from a coaxial method regardless of whether the core fluid is solidifiable or 

un-solidifiable. For example, a recent publication reported core-shell particles with oil 

encapsulated by a solid shell [29]. In this case, the core fluid alone cannot be processed 

into solid particles by EHDA, but when paired with a shell solution which is solidifiable a 

solid product is obtained [29]. If only the un-solidifiable fluid was used for the 

experiment, the resultant product would be a wet film rather than solid particles. This is 

generally undesirable, although such films can sometimes be useful: for instance, Yang et 
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al. have applied EHDA to such an un-solidifiable polyacrylonitrile (PAN) fluid and 

exploited this to generate solid carbon foams [30]. There remains however a lack of 

understanding as to whether solid core-shell particles can be prepared using 

un-solidifiable solutions as the shell working fluid. If this were to be possible, it would 

pave a new way for developing many functional core-shell materials, because it would 

allow functional components to easily be coated on a solid core to take advantage of their 

large surface areas.    

 The core-shell structure, comprising two different sections with an inner-outer 

spatial relationship, is probably the most commonly used starting point for designing 

functional nanomaterials [31-33]. In pharmaceutics, it can provide a series of strategies 

for resolving challenges such as avoiding an initial burst release, protecting 

easily-degraded drugs from the environment, targeting release, and manipulating 

spatiotemporal drug release profiles [34-38]. To the best of our knowledge, there are no 

reports where electrosprayed particles have been prepared using a drug-loaded shell to 

control the drug release profile and where the core section serves as a support. Such a 

formulation could potentially be very beneficial, because a thin shell layer will have a 

very large surface area-to-volume ratio, allowing very rapid release of the drug. Given the 

large number of poorly-soluble class II and IV active ingredients, a number of 

applications can be envisaged in terms of enhancing bioavailability [39-41]. 

    For many poorly soluble drugs, a rapid release is required for optimum therapeutic 

efficacy, for instance in the treatment of conditions such as heart attacks, depression, high 

fever, and extreme pain [42]. As a result, immediate and fast-dissolving drug delivery 

systems have been rapidly developed in the industrial sector (e.g. immediate release 

tablets or capsules and oral fast-dissolving films). Much scientific research has also been 

devoted to this topic, with the exploration of new methods to fabricate high-performance 

formulations (e.g. electrospinning, 3D printing, and combinations with traditional 

pharmaceutical strategies) [43-46].   
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In this work, a modified coaxial electrospraying process was developed to produce 

core-shell nanoparticles in which the shell comprised a thin layer of helicid and 

polyvinylpyrrolidone (PVP). This solution alone could not be solidified using EHDA, but 

core/shell materials could be generated through use of a core fluid containing the natural 

biopolymer shellac. Shellac has been widely utilized as a coating material on food 

products [47,48], and also in the pharmaceutical industry to give sustained and 

colon-targeting release [49]. It is easily processed by EHDA, and both electrospun 

nanofibers and electrosprayed particles can be fabricated [50,51].  

Helicid, 4-formylphenyl-O-β-d-allopyranoside, is an active ingredient extracted from 

seeds of the Chinese herb Helicia nilagirica. It has been clinically utilized to treat 

diseases such as vascular headaches, neurasthenia, and trigeminal neuralgia [52-54]. At 

ambient temperature, helicid is insoluble in water and in many organic solvents such as 

ethanol, acetone, chloroform, and methanol [53]. It thus suffers from poor bioavailability 

in vivo. Helicid is also challenging to process by EHDA: although it is soluble in 

N,N-dimethylacetamide (DMAc), the high boiling point of this solvent (166 
o
C) makes it 

very difficult to process helicid solutions using EHDA. In this work, we were able to use 

the presence of the solidifiable core solution to both process a helicid solution and also 

generate a fast-dissolving drug-loaded nanocomposite for the rapid relief of symptoms.      

 

2. Materials and methods 

2.1. Materials 

Shellac (98%, wax free) was provided by the Sheng-Hui Agricultural Sci & Tech 

Co., Ltd. (Yun-Nan, China). Polyvinylpyrrolidone (PVP) K10 (molecular weight 10,00 

Da) was obtained from the Shanghai Sigma-Aldrich Co., Ltd. (Shanghai, China). Helicid 

was bought from Winherb Medical Science and Technology Co., Ltd. (Shanghai, China). 

The required solvents (analytical grade) including acetone, DMAc, and anhydrous 
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ethanol, were purchased from the Shiyi Chemical Reagent Co., Ltd. (Shanghai, China). 

Water was double-distilled before use.      

2.2. Co-axial electrospraying 

All the electrospraying processes were carried out using a self-made 

electrospraying system, which consisted of two pumps (KDS100, Cole-Parmer, Vernon 

Hills, IL, USA), a power supply (ZGF2000, Wuhan Hua-Tian Co., Ltd., Wuhan, China), a 

collector and a coaxial spray head. A diagram about the homemade spray head is shown 

in Fig. S1 in Supplementary Information. Experiments were performed at a temperature 

of 21 ± 4 °C and a humidity of 54 ± 7%.      

The core fluid was prepared by dissolving 40 g shellac into 100 mL ethanol. The 

shell fluid was composed of 5 g helicid and 10 g PVP K10 in 100 mL of DMAc and 

ethanol (40:60, v/v). After some preliminary experiments, the applied voltage and the 

particle collection distance were fixed at 20 kV and 15 cm, respectively. Two sets of 

particles were prepared, one from monoaxial electrospraying of the core fluid at a flow 

rate of 1.0 mL/h (denoted P1), and one using the modified coaxial process (P2). For the 

latter, the shell and core fluid rates were 0.2 and 0.8 mL/h, respectively.     

2.3. Morphology and internal structure  

The morphology of P1 and P2 were assessed using a Quanta FEG450 scanning 

electron microscope (SEM, FEI Corporation, Hillsboro’, OR, USA). The particles were 

spread on a conductive adhesive, and then were platinum sputter-coated for 60s under a 

N2 atmosphere. The ImageJ software (NIH, Bethesda, USA) was used to estimate the 

average diameters of the particles through over 100 measurements in SEM images. The 

inner structure of P2 was investigated using a transmission electron microscope (TEM, 

JEM2100F, Tokyo, Japan). Particles were collected directly on a lacy carbon-coated 

copper grid during the modified coaxial electrospraying process.      

2.4. Physical form and component compatibility 

    A D/Max-BR diffractometer (Rigaku, Tokyo, Japan) was utilized to obtain X-ray 

diffraction (XRD) patterns over the 2θ range 5 to 60
o
. The X-ray was supplied with Cu 

Kα radiation at 40 mV and 30 mA. A Spectrum 100 spectrometer (PerkinElmer, Billerica, 

MA, USA) was employed to collect Fourier transform infrared (FTIR) spectra, which 

were recorded between 500 to 4000 cm
-1

 at a resolution of 2 cm
-1

 .  
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2.5.  Functional performance 

2.5.1. Drug loading and encapsulation efficiency  

   0.2 g of the P2 particles was fully dissolved into 100 mL of phosphate buffered saline 

(pH=8.0, PBS, 0.1M) under heating at a temperature of 80
 o
C. After appropriate dilution, 

the helicid concentration was measured at λmax=270 nm using a ultraviolet-visible 

spectrophotometer (UV-2100, Shanghai Unico Instrument Co., Ltd., Shanghai, China).  

The drug loading (DL) and encapsulation efficiency (EE) were calculated according 

to the following equations: 

DL=Whm/Wpm×100%                 (Equation 1) 

where Whm and Wpm are the measured weight of helicid and the drug-loaded particles, 

respectively. 

EE=Whm/Whc×100%                  (Equation 2) 

where Whc is the theoretically calculated weight of helicid in the particles. 

2.5.2. In vitro dissolution tests  

Following the Chinese Pharmacopoeia (2015 Ed.), in vitro dissolution tests were 

carried out using the paddle method on an apparatus with 6 vessels (RCZ-8A, Tian-Jin 

University Radio Factory, Tian-Jin, China). 900 mL of PBS (pH 7.0, 0.1M) was added to 

each vessel and heated at 37 ± 1 
o
C with a rotation rate of 50 rpm. After the temperature 

was allowed to stabilize for 10 minutes, equal to 0.1g helicid of particles P2 (i.e. 3.5g P2) 

or 0.1g raw helicid powders were added. At predetermined time points, 5 mL of the 

dissolution medium was withdrawn and filtrated through a 0.22 µm membrane (Merck 

Millipore, Burlington, MA, USA). 5 mL of fresh preheated PBS was added into each 

vessel to maintain a constant volume. All measurements were conducted in triplicate, and 

are reported as mean ± S.D. 

 

3. Results and discussion 

3.1. The modified coaxial electrospraying     

A schematic diagram of the coaxial electrospraying process is shown in Fig. 2. As 

for all EHDA process, it comprises four key components. The most important element is 
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the spray head, which determines the architecture of the product to be generated (e.g. an 

uniaxial metal capillary for a monoaxial electrospraying, a concentric spray head for 

coaxial electrospraying, a side-by-side spray head to produce Janus particles, or a 

tri-layer spray head for tri-axial electrospraying). One, two or more syringe pumps are 

used to supply the working fluids to the spray head, from which the fluids are guided into 

the electrical field in an organized manner. The third component is a high voltage 

generator, required to produce an electrical field. Finally, a grounded collector is 

positioned opposite the spray head.  

In modified coaxial electrospraying, the core fluid is solidifiable. Thus, when the 

un-solidifiable shell solution flow was set to zero, monolithic solid particles can be 

generated solely from monoaxial spraying of the inner working fluid. When the shell 

fluid is switched on (i.e. Fs˃0), a modified coaxial electrospraying experiment is 

conducted. If there were no solutes in the shell fluid, monolithic particles comprising 

solute(s) from the core fluids would be produced. Although it is not carried through into 

the products, the shell solvent can nevertheless aid the EHDA process (e.g. helping to 

prevent any clogging at the spinneret), and has an influence on the resultant particles in 

terms of their size and shape [20, 21, 24]. When there are solutes in the shell fluids, the 

resulted particles will comprise solid core-shell systems, with e.g. a nanocoating of 

functional ingredients at the surface.    

 

Fig. 2 The modified coaxial electrospraying system and the products that can be produced . 
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Fig. 3A shows the arrangements of the apparatus used in this work. A digital 

photograph of the home-made coaxial spray head is shown in Fig. 3B. This is composed 

of two capillaries. The smaller stainless steel capillary (having outer and inner diameters 

of 0.42 mm and 0.21 mm, respectively) projects out from the larger one (outer and inner 

diameters of 1.25 mm and 0.84 mm, respectively) to give a coaxial outlet. The projection 

length was 0.5 mm, which should be help to prevent mixing of the core and shell liquids. 

A crocodile clip was employed to connect the electrostatic energy from the power supply 

to the working fluids (Fig. 3C). 

    One-fluid electrospraying of the shell drug-PVP solution did not result in any solid 

particles, but only wet films. This is because of the low volatility of DMAc, whose 

boiling point was 166 
o
C. The Taylor cone observed during monoaxial electrospraying of 

the core fluid only is given in Fig. 3D. When the shell fluid was switched on, a typical 

coaxial process was recorded as depicted in Fig. 3E. The compound Taylor cone is 

exhibited in Fig. 3F: the brown-colored shellac core fluid and the transparent shell fluid 

can be clearly discerned.         

 

 

Fig. 3 The electrospraying apparatus and observations of the working processes: (A) the components 

of the coaxial electrospraying apparatus, (B) the concentric spraying head, (C) the connection of the 

high voltage to the spray head, (D) the single-fluid electrospraying process conduced with the core 
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shellac solution, (E) the double-fluid coaxial electrospraying process resulting from turning the shell 

solution flow on, and (F) the compound Taylor cone from (E). 

 

3.2. Particle morphology and internal structure 

    For a given polymer, both electrospun fibers and electrosprayed particles can be 

achieved with an appropriate selection of solvent and working conditions (Fig. 1). Many 

polymers have both an electrospinnable concentration window in each solvent (where 

fibers can be generated), and should also have a solidifiable window within which solid 

particles can be fabricated. With ethanol as the solvent, at concentrations (w/v) between 

70 to 90% shellac fibers are produced [55]. Concentrations between 20 to 35% w/v result 

in particles, and at intermediate concentrations between 35 to 70% the products often 

have a beads/spindles-on-a-sting morphology.  

In this work, the core shellac had a concentration of 40% (w/v), which was 

intentionally selected to be slightly higher than the usual particle-forming concentration. 

An SEM image of the resultant P1 particles is shown in Fig. 4A. They have a 

morphology in which there are clear tails on the particles. The diameters of the latter are 

1.21 ± 0.25 µm. When the modified coaxial process was carried out to yield P2, the 

particles generated had a spherical morphology with smooth surfaces (Fig. 4B). These 

particles had a diameter of 710 ± 80 nm (Fig. 4C), smaller than the pure shellac particles. 

A TEM image of P2 is exhibited in Fig. 4D. It is clear that a thin shell layer is coated on 

the core shellac. The thickness of this layer varied between 2 and 15 nm.  

The polymer solutions often have a concentration range for solidification under a 

certain electrospraying condition. An intentional selection of a higher concentration of the 

core shellac fluid than its upper limitation (40%>35%, w/v) could remedy the 

un-solidifiable property of shell working fluid, ensuring a successful preparation of the 

core-shell nanostructures. Certainly, the shell-to-core fluid flow rate ratio became a very 

important parameter during the modified coaxial electrospraying processes. An enlarged 

shell-to-core ratio of 0.3/0.7 mL/h resulted in apparent aggregation of the electrosprayed 
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particles (Fig. S2 in Supplementary Information). Thus, on one hand, only one fluid must 

be solidifiable during the coaxial process. Loscertales and his co-workers demonstrated 

that the unsolidifiable oil could be encapsulated by a solidifiable polymer solution using a 

traditional coaxial process early in 2002 [28]. Here, a modified coaxial process shows 

that an un-solidifiable liquid could be explored as a shell fluid with a core solidifiable 

solution for creating a solid thin functional layer. On the other hand, the additional 

un-solidifiable shell solution should modify the electrospraying process in a favorable 

manner when a suitable fluid rate was selected. It is well known that electrons always 

aggregate on the surface of droplets [56]. As the applied voltage increases to create a 

larger surface electrostatic repelling force than the surface tension of the shell liquid, the 

electrospraying process should initiate the Columbic splitting for atomization of the 

working fluids. An un-solidifiable shell solution means smaller surface tension and more 

solvent at the air-liquid dynamic interfaces, which in turn means an easy splitting of the 

droplets and long time period atomization. Thus, the nanoparticles P2 not only had no 

tails of shellac particles P1, but also had an apparently smaller average diameter.  

 

Fig. 4 Electron microscopy images of the electrosprayed particles: (A) SEM of the shellac P1 particles, 

(B) SEM of P2 particles generated by the modified coaxial processes, (C) the size distribution of P2, 

(D) a TEM image of P2 showing its core/shell structure. 

3.3. Physical forms and component compatibility 
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XRD patterns and optical microscopy images of the raw materials and XRD data for 

the electrosprayed particles are presented in Fig. 5. As expected for a crystalline drug, the 

helicid pattern contains many sharp Bragg reflections, and a bright colorful image is seen 

under polarized light in optical microscopy. In sharp contrast, PVP K10 is transparent 

under the polarized light, while pure shellac can be seen to comprise brown flakes by the 

naked eye. These polymers are amorphous materials, as indicated by the presence of only 

broad haloes and a lack of Bragg reflections in their XRD patterns. The electrosprayed P2 

nanoparticles (NPs) have an XRD pattern closely resembling those of the polymer raw 

materials. There are no sharp peaks visible, suggesting that helicid formed amorphous 

composites with the shell drug carrier PVP K10. These results were similarly verified by 

differential scanning calorimetry analyses (Fig. S3 in Supplementary Information).              

 

Fig. 5 XRD patterns of the raw materials and electrosprayed P2 nanoparticles (NPs), with optical 

images of the raw materials. 

The compatibility between the components in the formulation will be important for 

their long-term stability. FTIR spectra of the raw materials and the P2 particles are 

depicted in Fig. 6A and 6B. The molecular structures of PVP, helicid and shellac are 

included in Fig. 6C.   
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Fig. 6 FTIR spectra of the raw materials and P2 (A and B), and the molecular structures of PVP, 

helicid and shellac (C). 

    From Fig. 6A, it is clear that many sharp peaks in the spectra of raw helicid have 

disappeared in the spectra of particles. This indicates that PVP and helicid were converted 

into a molecular composite. This is sensible based on their chemical structures: there are 

five -OH groups in each helicid molecule and numerous -C=O groups within the PVP 

molecules. Thus, there are many opportunities for hydrogen bonds to form between 

helicid and PVP molecules, which is favorable for their compatibility.   

Fig. 6B is an enlargement image of the 1800-1000 cm
-1

 region of Fig. 6A. The 

stretching vibration of -C=O lead to absorbance at 1661 and 1718 cm
-1

 for raw PVP and 

shellac, respectively. In contrast, the P2 particles exhibit a broad peak in this region with 

maximum absorbance at 1697 cm
-1

. This is expected to be a composite of the C=O 

vibration from PVP and shellac. Other peaks present in the spectra of PVP (1423 and 

1289 cm
-1

) and shellac (1466, 1378 and 1251 cm
-1

) are seen in the spectrum of P2, 

however. These observations suggest that the shellac (although its molecules have many 

-OH groups) and PVP present in the particles exist in a separate manner with minimum 

interactions between them: that is, the P2 system comprises a shellac core with a 

drug-PVP shell.     
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3.4. Functional performance 

The measured contents of helicid in 0.2 g of the core-shell P2 particles was 5.648 ± 

0.513 mg. Thus, the DL is about 2.824 ± 0.257 %. The drug loading is relatively low, 

suggesting that the particles will be potent only for poorly water-soluble drugs with low 

doses and high efficacy.       

The theoretical mass of helicid in the particles can be calculated according to the 

concentrations of solutes in the working fluids and their flow rates: {(0.2 

mL/h×5%)/[0.2×(5%+10%) + 0.8×40%]}×100%=2.857%. The EE is thereofre 

5.648/5.714×100%=98.84%. This is as expected: EHDA methods comprise very fast 

drying processes, during which the solvents are evaporated and the solutes are converted 

into solid fibers or particles. Unless there is precipitation during the process, or 

significant absorption to the syringe used to dispense the spinning fluid, there should be 

minimal loss of drug during electrospraying. This is a significant advantage of EHDA 

over many bottom-up methods.        

To demonstrate the release of drug from the P2 shell, a drop of water was deposited 

on the particles. After drying in air, the samples were Pt-coated and imaged by SEM (Fig. 

7A and 7B). It is evident that the addition of a very small amount of water can dissolve 

the shell, and the helicid in the system then seems to re-crystallize into nanoparticles, as 

indicated by small dots at the surface of the particles in Fig. 7B.    
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Fig. 7 The hydrophilicity of the P2 particles and the results of in vitro dissolution tests: (A) and (B) 

SEM images taken at different magnifications after a drop of water was applied to the particles, (C) 

the in vitro helicid release profiles from P2 and the raw drug powders (n=3). 

   The in vitro drug release profiles are given in Fig. 7C. The helicid in the P2 particles 

was released very rapidly, within one minute. In contrast, the raw helicid particles freed 

only 11.4 ± 4.2% of their drug content into the dissolution medium after 30 min, 

suggesting that the nanocoating led to a 263-fold (30×100/11.4) increase in the release 

rate over the raw drug powder.   

3.5. Structure-performance relationship 

In the single-fluid electrospraying process explored in this work, is clear that the 

droplets ejected from the syringe were deformed into a Taylor cone, which then breaks up 

into near-monodisperse droplets during the Coulombic explosion. The droplets quickly 

shrink as they travel toward the collector because of rapid solvent evaporation. The 

interactions of the electric field with the solvent accelerate the evaporation. This ensures 

the solvent is exhausted and completely solidified into the final products. When the 

un-solidifiable shell fluid is added to the system, atomization will mainly be controlled by 

the properties of this solution [18], and this will split evenly across the particles as the 

atomization and drying process proceeds. This will continue until there is an even coating 

on the dried shellac particles (Fig. 8).  

In traditional coaxial electrospraying, the core fluid may or may not be solidifiable, 

but the shell fluid must be solidifiable. The latter dominates the drying process. In the 

modified coaxial processes, the shell fluid can be an un-solidifable liquid. This can be 

expected to keep the dispersed droplets in a fluid state for a relatively longer time period 

than when the shell is solidifiable. As a result, the droplets will continue to divide for a 

longer period of time, thus resulting in them dividing more times and ultimately yielding 

smaller particles. In this study, the un-solidifiable helicid-PVP shell solution leads to the 

core-shell particles being more spherical and having a smaller diameter than the shellac 

particles from monoaxial electrospraying.        
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Fig. 8 The mechanism for generating the nanocoating and its fast dissolution properties. 

From the sphere volume, V=4/3πr
3
, the volume of the shell section can be estimated 

based on the particle diameter and shell thickness. The radius of the P2 particles is 355 

nm (r=710/2 nm), and the average thickness of the shell T=7 nm. The volume of a single 

particle is 4/3π×355
3
, and the volume of the coating at the particle’s surface is 

4/3π×(355
3
-348

3
). The ratio of the overall particle volume to the shell volume is 17.3 

times.  

The dissolution rate (dQ/dt) of materials can be estimated through the 

Noyes-Whitney equation [57] :  

dQ/dt=(A×D)/h×(Cs-Ct)      (Equation 3)  

Where Q denotes the amount of drug in the dissolving media, t the time, and A, D, h, Cs 

and Ct denote the effective surface area, the drug diffusion coefficient, the distance of the 

effective diffusion boundary layer, the saturation solubility of drug, and the drug 

concentration in the dissolution medium at time t, respectively. Based on this equation, it 

is clear that the drug dissolution rate is directly proportional to the surface area (A) but 

inversely proportional to the thickness of the diffusion boundary layer (h). In this study, 

change in h can be estimated as 7/355. The surface area increased 17.3 times. Thus, the 

theoretical dQ/dt increase is 17.3×355/7=877-fold.   
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3.6. Perspectives     

Building on recent advances in traditional and modified coaxial electrospinning, 

here modified coaxial electrospraying is explored as a novel concept for EHDA processes. 

Several previous publications have demonstrated that, with a solvent as the shell fluid, 

modified coaxial electrospraying can manipulate the resultant particles’ shape and size, 

and prevent spray head clogging during working processes [20,21,24]. However, they did 

not result in any novel architectures or structural characteristics. Here, we expand the 

capability of electrospraying to generate new nanostructures.    

 

 

Fig. 9 A diagram depicting the potential applications of coaxial and modified coaxial electrospraying. 

A diagram comparing the potential applications of coaxial and modified coaxial 

electrospraying is exhibited in Fig. 9. In traditional coaxial electrospraying, the shell 

working fluid must be solidifiable to yield solid particles. The products are particles with 

solid shells and a variable core. In modified coaxial electrospraying, the core fluid is 

solidifiable, but the shell fluid cannot be converted into solid particles in a one-fluid 

electrospraying process. There are numberous un-solidifiable fluids, as compared to a 

smaller number of solidifiable solutions. Accordingly, the modified process lends itself to 

more possibilities than the traditional variant. In addition to the solid core-shell particles, 

the modified process can also exploited to give particles with very thin nanocoatings, as 

in this work. In future, it is possible that the technology could be developed such that the 

coating is composed of a single layer of molecules. In addition, other unsolidifiable 
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liquids such as nanosuspensions and emulsions could also be explored as the shell fluid, 

resulting in a range of surface modifications. If the shell fluid is a plain solvent, the 

modified process can generate higher quality monolithic particles, in terms of their 

diameter and size distribution, and surface smoothness [20,21,24].        

4. Conclusions 

A new strategy to prepare high-performance nanomaterials is demonstrated in this 

work. Core/shell nanoscale particles were prepared in which a very thin shell layer was 

employed to give very rapid dissolution of a poorly water soluble drug. A new modified 

coaxial electrospraying process was developed to this end. This employed a PVP-helicid 

solution as the shell, and shellac as the core. Electrospraying resulted in a thin solid 

nanocoating (estimated thickness 7 nm) on the shellac particles. The drug was 

amorphously dispersed in the PVP matrix thanks to favorable hydrogen bonding between 

the molecules, as demonstrated by FTIR results. In vitro dissolution experiments showed 

that all the helicid content can be released into solution within 1 min, a speed two orders 

of magnitude faster than pure helicid. Modified coaxial electrospraying can hence greatly 

extend the ability of electrospraying to produce novel nanostructures, exploiting 

numerous working fluids that cannot be processed using a one-fluid process, and 

providing new strategies for fabricating novel functional materials. 
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Highlights 

 

● A strategy was shown for enhancing the dissolution of poorly water-soluble drug  

● A modified coaxial electrospraying was developed   

● Unsolidifiable solution was explored as shell working fluid 

● Extremely thin composite functional shell was built on a blank core 

● Immediate release of helicid due to nanoeffects provided by a thin surface layer  

  

 

 

 

 

 

 


