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This work demonstrates a facile fabrication method to produce high 

throughput biodegradable microparticles (MPs) using a flute-like multi-

pore emitter device in place of conventional single needle electrospraying 

capillaries. By manipulating the configuration of the emitter and the 

processing parameters, uniform microparticles are successfully sprayed 

in a single step for large-scale production. Furthermore, by 

manipulating individual spatial pore location various jet-bending 

interactions, which give rise to particle variations and irregularities, are 

overcome. Finally, findings correlate well with models reported by 

Hartman.  

     Polymeric MPs have well established biomedical applications, in 

particular serving as drug carriers for therapeutics (e.g. pulmonary, 

nasal, oral and transdermal  delivery).1-4 In the vast majority of cases 

an active pharmaceutical ingredient (API) is dispersed throughout 

the MP polymeric matrix which in turn is administrable via enteral 

or parenteral methods conforming to ideal release profiles to treat 

specific disease states and conditions.5 In addition, polymeric MPs 

have shown to improve the stability and bioavailability of APIs. 

Encapsulation of drug within MPs can also extend the desired 

therapeutic effect via sustained delivery6 as well as significantly 

reducing biotoxicity and adverse side-effects.7  

     Both synthetic and naturally occurring (biomacromolecular) 

polymers have been fabricated into MPs, such as chitosan, methyl 

cellulose, polylactic-co-glycolic acid (PLGA), Polylactic acid (PLA) 

and polycaprolactone (PCL).8, 9 Amongst the synthetics, FDA 

approved PCL has been investigated extensively due to its excellent 

biocompatibility and suitability for sustained and prolonged drug 

delivery.10, 11 Based on this, PCL applicability has also been 

explored in numerous emerging therapies such as tissue engineering 

and regenerative medicine.  

   Traditional MP fabrication methods (for polymeric systems) 

include polymerization, microemulsification, self-assembly, solvent 

evaporation and spray drying. Most of these methods require the use 

of surfactants or non-degradable additives which then become 

incorporated into the MP carrier system. Furthermore, process and 

manufacturing conditions can also impact API biofunctionality12-14 

by means of degrading or mechanically disrupting key features of 

both MP matrix material and the API.  

   Electrohydrodynamic atomization (EHDA) is a versatile and 

adaptable technique for generating monodisperse MPs with ambient 

parametric controls for regulated size distribution. The processing 

parameters include solution flow rate, applied voltage and deposition 

distance (orifice to collector) which can be manipulated via mode-

mapping to achieve stable particle synthesis for a range of particle 

sizes.15 Several other distinct advantages include low pressure and 

sheer preparation, one-pot synthesis and comparatively higher active 

(e.g. drug) encapsulation efficiencies when compared to existing MP 

preparation methods.16 Finally, the careful manipulation and 

formulation of polymeric solutions to be utilised (material selection 

and viscoelastic properties) provides MPs with additional desirable 

attributes or functions.17, 18 However, the main obstacle for industrial 

utility of ES generated MPs has been the scalability. 

     Specifically, the process generates MPs from formulated liquid 

(e.g. comprising API, matrix polymer and other excipients) under the 

influence of electrical and gravitational forces which compete with 

the formulated material’s surface tension. The crucial stage is the 

enablement of a Taylor cone which leads to the most uniform MP 

size distribution. The process has attracted significant attention in 

recent years with the main focus on the preparation of nano and 

micron scaled fibres.16, 19, 20 One of the key differences, however, 

between fibre and MP generation is the requirement of a stable cone, 

which is not essential for the generation of the fibrous structure type.   

Although these processes are highly attractive, low throughput of 

conventional ES methods have always been the bottleneck. With 

regards to process parameters, the mean diameter and quantity of 

generated MPs are both directly proportional to solution inflow rate. 

However, low flow rates are essential to produce MP drug carriers in 

the desired (nanometer – micrometers) range. Hence, the quantity of 
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generated particles becomes limited, restricting its large-scale 

potential in many timely biomedical and industrial applications.  

     Numerous devices have been developed to address this issue, 

with most approaches investigating microelectromechanical ES 

systems (MEMS). Here, high precision tools are utilized but come 

with amplified costs.21-23 Lhernould et al. have also pointed out that 

even on hydrophobic surfaces (such as those found within MEMS); 

complicated multiple-source cone-jet generation is not stable. 

Furthermore, the meniscus on the apex of the nozzle may overflow 

and spread onto the surrounding surface, therefore resulting in MPs 

possessing broader diameter size distributions.24 Also, as there are 

no grooves or threads separating individual ES orifices, liquid 

flowing out from these adjacent pores will favour spreading across 

the flat surface; converging into a single unstable micron stream. 

This also impacts on MP diameter (including uniformity) and 

morphology.  

     To address these challenges, a cost-effective flute-like multi-pore 

ES emitter was designed, manufactured and utilised as shown in Fig. 

1. For optimization and stable uniform MP generation; polymer 

solution concentration, orifice properties (number, distance and size) 

and conventional ES processing parameters were investigated. 

Modeling ES behavior from the multi-pore emitter device was 

constructed using COMSOL Multiphysics via the finite element 

method.  

 
   Fig. 1 Schematic illustration of the experimental setup. 

     For conventional (single-needle/orifice) ES processes, the 

polymer solution concentration is a crucial parameter to generate a 

stable jet and fabricate spherical solid MPs. Optical micrographs of 

PCL MPs prepared through the novel ES device using different 

polymer solution concentrations (comprising dichloromethane 

(DCM) and PCL) are shown in S1(a)-(f). The results indicate that 

lower concentrations (e.g. ≤1 wt. %) yield flat PCL particulate debris 

exhibiting irregular micron pores. At higher concentrations (3 wt. %), 

oblate particles are generated. This is attributed to increased 

polymeric chain entanglement thus trending towards solid spherical 

MP formation. Increasing this concentration further from 5 wt. % to 

12 wt. %, clearly demonstrates an increase in more spherical and less 

random particulate morphologies. When a 9 wt. % polymer 

concentration is used near mono-disperse solid spherical particles are 

generated. Exceeding a polymeric concentration of 12 wt. %, results 

in fine beaded fibers which arise due to high intermolecular 

entanglements and rapid evaporation of the reduced solvent 

content.25  In this regard the DCM solution containing 9 wt. % PCL 

was selected to further investigate other aspects of the flute-like 

multi-pore ES emitter. 

    Inter-orifice (pore) distance and resulting fluid/jet behaviour from 

two adjacent pores is also paramount for the generation of stable 

Taylor cones, and subsequently for the mass production of uniform 

MPs. When using the novel device the voltage required to enable 

stable cone-jet formation increased as the inter-pore interval 

decreased. In Figs. 2(a) and 2(b), two multi-pore ES emitters with 

pore intervals of 1.2 mm and 2.4 mm were subjected to the same 

applied voltage (18 kV) and solution flow rate (10 ml/h). 

Visualization of cone-jet and jet-bending dynamics were captured 

using a high-speed camera. As shown in Fig. 2(a), when the pore 

interval is relatively small (≤ 1.2 mm), jets formed from adjacent 

orifices were mutually exclusive and displayed similar angles of 

displacement relative to the central jet. If the inter-pore distance is 

reduced significantly, fluid flow from adjacent orifices exhibit co-

flow behavior leading to repulsion between adjacent jets preventing 

the formation of a stable ES mode. The angle (θ) between jets 

(adjacent and central) is over 14° as shown by the dotted yellow 

lines in Fig 2a. The peripheral jets are repelled and bend outward 

due to columbic interactions applied by the presence of neighboring 

jets.26 In this case, stable jetting is not achievable. Even if these 

flows do remain stable temporarily, resulting MP uniformity is not 

guaranteed. This is because MPs generated from the central upright 

jet have a shorter route compared to those from inclined jets before 

deposition onto the horizontal substrate. When the inter-pore interval 

increases (≥ 2.4 mm), the repulsive forces become weaker and stable 

quasi-parallel cone-jets are readily formed as shown in Fig. 2(b). In 

this instance near monodisperse PCL particles can be generated.  
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Fig. 2 Jet bending via multi-pore ES emitters with pore intervals of 

(a) 1.2 mm, (b) 2.4 mm. (c) and (d) are jet bending simulations 

(modeling) when the pore interval is 1.2 mm and 2.4 mm, 

respectively. The color of the bar indicates the velocity of charged 

particles/droplets. The unit of the indicator strip is m/s. (e) is the 

simulation results of the distribution of the flow field in the flute-like 

ES emitter when the solution is infused into the emitter from the left 

side, the curves indicate the trajectory of the solution. (f) The 

distribution of the velocity magnitude inside the flute-like emitter, 

the unit of the indicator strip is m/s. The units of the xyz three-

dimensional coordinates of (e) and (f) are both in mm.     

    Fig. 2(c) and Fig. 2(d) are the predicted results (simulation) of jet 

bending phenomena during the ES process via a tri-pore flute-like 

emitter subjected to the same applied voltage (18 kV) with inter-pore 

intervals set at 1.2 mm and 2.4 mm, respectively. Simulation and 

experimental findings are consistent. Fig. 2(c) indicates that adjacent 

jets tend to repel each other and form a clearly evident displacement 

angle between them which can lead to the instability of the generated 

jets and the subsequent reduction in monodisperse MPs. Fig. 2(d) 

shows that theoretically jet-bending phenomena can be effectively 

suppressed when the pore interval is increased to (and beyond) a 

critical value (e.g. ≥ 2.4 mm). 

     Fig. 2(e) and Fig. 2(f) are simulations of flow field distribution 

and velocity magnitude within the flute-like ES emitter. The 

simulation also takes into account solution infusion rate (10 ml/h) 

and direction (left to right) within the ES emitter with no electric 

field applied. The configuration and dimensions of the simulated 

multi-pore emitter model were identical to those found on the device. 

Fig. 2(e) illustrates predictive fluid flow in the tri-pore emitter (pores: 

A, B, and C) where there is a tendency of the medium to be 

distributed at the base of the emitter. Fig. 2(f) indicates high velocity 

magnitude near the pores which is almost identical for all orifices 

(ESI†) ensuring similar flow rates and thus resulting in uniform 

particle size regardless of orifice origin. Furthermore, the magnitude 

of velocity spatially within the device is typically close to zero 

which ensures the multi-pore system remains at a quasi-stable state 

during the ES process. When comparing the multi-pore emitter to 

single pore/nozzle ES devices, several advantages are evident. 

Firstly, the production rate is appreciably increased due to greater ES 

capacity, converting polymeric solutions into solid MPs. Secondly, 

several processes utilize downstream applications (additional cost 

and time) to achieve the desired MP size (e.g. centrifugation). By 

optimizing the multi-pore processing system the MP size range can 

be controlled. Thirdly, using a pore system, when compared to a 

nozzle system, overcomes issues related to current discharge which 

is a common safety concern with lab based ES systems. Finally, 

while much lab based research has demonstrated potential proof-of-

concept applications of ES generated MPs, the multi-pore 

developmental route provides an efficient approach to engineer a 

desired number of pores within a device (correlating with required 

MP output), which needs to be optimized for electric-field 

distribution and jet/spray charge interaction.  However, the multi-

pore emitter is still prone to other existing ES limitations as uniform 

particles can only be achieved under stable cone-jets. In addition 

solvent selection is crucial, which needs to be based on the desired 

end application (e.g. drug used for MP based drug delivery) 

requiring pre-synthesis evaluation. 

    Fig. 3(a) shows the effect of solution flow rate on mean MP 

diameter which increased from 18.5 µm at 9 ml/h to 22.5 µm at 10.5 

ml/h. Furthermore, Fig. 3(b) shows the mean size of the MPs is 

approximately proportional to the square root of the average flow 

rate of each orifice, which is in good agreement with the relationship 

reported by Hartman27, 28 as shown in Eq. (3), derived by Eqs. (1) 

and (2). The mean diameter of the MPs increases with the solution 

flow rate of each ES source. Herein, d stands for the diameter of the 

droplet (m), Q is the solution flow rate (m3s-1), ρ stands for the 

density of the solution, and ɛ0 stands for the permittivity of vacuum, 

I stands for the current, γ is the surface tension of the solution in 

ambient air, c is a constant, and K is the conductivity of the solution. 

The increase in average MP size can be attributed to more solute 

being ejected from multiple-pores (compared to a single pore) within 

same amount of time. When the flow rate is over 10.5 ml/h, solvent 

evaporation within ES structures is not achievable before reaching 

the collecting substrate. Hence, many oblate particles are formed 

along with the spherical particles, and a broader MP size distribution 

is observed. 
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Fig. 3(a) Effects of solution flow rate on mean particle size. (b) 

Linear fitting of the particle size and the square root of 1/3 of the 

total flow rate. (c) Effects of applied voltage on particle size. (d) 

Effects of emitter to collector distance on particle size. 

    Fig. 3(c) highlights the effect of applied voltage on the mean MP 

diameter. A reduction in mean MP particle diameter is observed 

when the applied voltage was increased (~43 µm at 15.5 kV to ~21 

µm at 18 kV). The steepest change was observed when the applied 

voltage was increased from 15.5 kV to 16.5 kV. However, 

incremental changes to the MP diameter were observed between an 

applied voltage range of 16.5-18 kV. Fig. 3(d) shows the effect of 

the collecting distance on the mean MP diameter which decreased 

from ~45 µm at 8 cm to ~17 µm at 18 cm. The mean diameter of 

MPs decreased significantly when the collecting distance increased 

from 8 to 14 cm. Over this deposition range a variation of solvent 

Page 3 of 6 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

evaporation (DCM) from generated MP droplets is expressed as 

changes to the solidifying MPs. A deposition distance of 14 cm 

appears to be the minimum distance at which the vast majority of 

solvent evaporates from the ejected droplets, which ultimately yields 

solid spherical MPs.  Therefore, when the collecting distance 

exceeds this value (~14 cm), no further significant solvent 

evaporation or droplet drying (including shrinkage) is achievable. rom 8 cm to 14 cm. In contrast, when the collecting distance increased further from 14 cm to 18 cm, the mean MP diameter did 

Fig. 4 shows optical (a-d) and SEM (e-h) images of MPs generated 

at flow rates of 9, 9.5, 10, 10.5 ml/h, respectively. Near 

monodisperse solid spherical particles are observed suggesting that 

the new ES emitter has potential to produce uniform polymeric 

particles as efficiently as single-needle systems, but with greater 

output. The insets are high magnification micrographs of single MPs. 

Fig. 4 Optical and SEM images of the particles generated by a multi-

pore emitter at flow rate of (a) and (e) 9 ml/h, (b) and (f) 9.5 ml/h, (c) 

and (g) 10 ml/h, (d) and (h) 10.5 ml/h. The scale bar of the insets of 

(e)-(h) stands for 10 µm. 

The effect of the number of orifices (or pores) on stable jetting was 

also investigated. Stable jetting modes using flute based; single-pore 

and tri-pore ES emitters (at a flow rate of 10 ml/h) are shown in Fig. 

5(a) and Fig. 5(b), respectively. The tri-pore emitter can form 

smaller cone-jets and thinner electrojets at the same flow rate 

compared with the single-pore emitter, which also enables the 

precondition for the generation of near uniform particles in large 

quantities. However, the stable jetting region for PCL MP generation 

using single- and tri-pore emitters is demonstrated in Fig. 5(c) and 

Fig. 5(d), respectively. The stable jetting region of the tri-pore 

emitter is significantly reduced when compared to that of the single-

pore version. For instance, the jetting stability zone of the applied 

voltage for a single-pore emitter is ~two times greater than that for 

the tri-pore version at fixed flow rate of 10.5 ml/h (12 kV~16 kV for 

a single-pore but 11 kV~13 kV for tri-pore). This is due to repulsion 

between adjacent jets within the tri-pore emitter when high voltage is 

applied. This indicates that the stable jetting region is relatively 

reduced when a multi-pore emitter is utilized for this up-scaled ES 

process. Hence, finding the optimized ES parameters for a multi-

pore ES emitters is relatively economical but the operating window 

is narrower when compared to the single-pore system. Fig. 5(e) and 

Fig. 5(f) are SEM images of MPs produced by single-pore and tri-

pore ES at stable cone-jet modes (fixed deposition time and substrate 

location) which shows improved yield of MPs from the multi-pore 

system. 

 
Fig. 5 (a) and (b) are images of stable jets from single-pore and tri-

pore ES device, respectively. (c) and (d) are stable jetting regions 

(applied voltage vs. flow rate map) of single-pore and tri-pore 

processes, respectively. (e) and (f) are SEM images of generated 

MPs using single-pore and tri-pore systems at stable cone-jet modes, 

respectively. 

In this article, the design and utilization of a flute-like multi-pore    

ES emitter was successfully demonstrated to produce monodisperse 

PCL particles. Simulation results of the novel ES system were in 

strong agreement with the experimental findings. By tailoring the 

processing parameters, controlled up-scaled PCL MP production is 

feasible. The ES emitter provides a highly valuable approach for the 

design and prediction of emerging active encapsulated MPs with 

high throughput and low cost for a wide range of therapies.  

ES methods have been deployed to generate particles ranging 

from the nano- to micro-meter scale for various size dependent 

applications. In many instances the orifice or needle geometry has 

been maintained (fixed) and the particle size has been manipulated 

using media flow rate, applied voltage and deposition distance. The 

impact of these parameters is well documented.16 In this regard the 

multi-pore system can be adjusted using these variables (based on 

desired application). Ding et. al., have successfully generated PCL 

MPs (10 to ~30µm using single needle ES for drug delivery 

applications;15 similar in size to what is reported in this study. The 

utility of MPs for biomedical applications (e.g. drug delivery, 

regenerative medicine, medical device coatings) are not limited to 

sizes below 10 µm, which is the case for intravenous (I.V.) drug 

delivery. For other drug delivery routes (e.g. oral and pulmonary 

delivery29) the size range demonstrated in this study is fit for purpose 

and is also applicable for advanced tissue engineering where cell 

encapsulation using ES methods need to accommodate living 

biological systems (>15 µm).30  

ml/h:      9                               9.5                               10                               10.5 
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Although differences in MP size (based on jet-angle) seem 

minute, these become substantial for MP packing/loading (e.g. into a 

medical device or engineered scaffold which comprise layers of 

MPs). Here, even small size disparities impact MP ordering thus 

minimizing achievable loading content. In addition, for drug 

delivery applications, the closer the particle size distribution, the 

more reliable the release kinetics.  

     The utilization of ES to generate MPs has received significant 

attention within biomedical remits (e.g. drug delivery and tissue 

engineering). The bottleneck for these methods have largely centered 

on scalability and cost of device development. In this study a facile, 

cost-effective and scalable multi-pore emitter was developed 

demonstrating potential to address key issues aforementioned. 

Further explorations will now focus on exploiting this new approach 

to fabricate homogeneous, multi-functional and composite particles 

for drug delivery on a large-scale. 
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Graphical abstract: 

 

 

 

A novel flute-like multi-pore electrospray emitter was designed and manufactured to 

enable economical scale-up smooth spherical microparticles. The effect of processing 

parameters and device configuration on particle sizes is described.  
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