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A B S T R A C T   

Pulmonary drug delivery does not only provide non-invasive therapy for local lung diseases but also remarkably 
enhances systemic absorption of therapeutics owing to the tremendous surface area of the lung and fast transport 
of active molecules across the respiratory epithelia. In comparison to traditional delivery systems, electro
hydrodynamic atomisation (EHDA) is superior in terms of size and production rate control but the high surface 
charges of resulting particles prohibit its use in drug delivery. To overcome this challenge, we developed an in- 
flight electro-neutralisation electrospray (IFENE) method which enables the generation of mists of particles in 
respirable size range with little to no charge. Our approach uses low-frequency alternating current (AC) to 
produce charge-neutralised sprays with initial velocity due to oppositely charged droplets combination. Exper
iments and simulations with pure liquid as the working solution were conducted to reveal the underlying 
mechanism. The applied frequency is found to be the main factor that influences spray stability and formation. 
Poly (vinylidene fluoride) (PVDF) and PVDF with curcumin solution were electrosprayed via IFENE, producing 
sprays of organic particles with controlled sizes and neutralised charges. The capability of coupling particle 
generation in the respirable size range (below 5 μm) and charge reduction (under 400 femtoamperes), along with 
its simple setup makes IFENE a promising platform technology in inhalation drug delivery.   

Introduction 

Advances in particle engineering technology have led to the rapid 
development of the design, synthesis, and application of inhalable 
micro/nanoparticles encapsulating therapeutics [1]. Micro/
nanoparticles were developed to improve the bioavailability of poorly 
water-soluble therapeutic(s), enhance cellular internalization, and 
facilitate sustained/targeted release of the loaded therapeutic(s) [2]. 
Inhalation of particulate therapeutics through oral or nasal adminis
tration routes represents a non-invasive delivery approach resulting in 
local or systemic application. Compared to oral and parenteral drug 
delivery, pulmonary drug delivery via inhalation offers significant ad
vantages: (i) high drug absorption efficiency due to the large absorptive 
surface area of lungs (70–140 m2) and thin epithelial layers 
(0.7–1.2 mm); (ii) avoidance of first-pass hepatic metabolism and 

acidic/enzymatic degradation in gastrointestinal tracts, thus allowing 
for high efficacy-to-safety ratio of therapeutic doses; and (iii) high blood 
flow in lungs facilitating systemic delivery [3]. Therefore, the develop
ment of pulmonary drug delivery has been directed toward the pre
vention or treatment of respiratory-based bacterial infections (e.g., 
tuberculosis, pneumonia, cystic fibrosis), viral infections (e.g., influ
enza, anthrax, respiratory syncytial virus), and non-infectious diseases 
(e.g., lung cancer, asthma), as well as for the systemic delivery of insulin 
or glucagon against diabetes [4]. 

In general, the development of micro/nanoparticles for pulmonary 
drug delivery involves two consecutive steps: (i) the production of 
particles loaded with therapeutics, and (ii) the aerosolisation of the 
particulate therapeutics. The deposition of particulate therapeutics in 
respiratory systems is determined by their aerodynamic diameters. 
Particles with aerodynamic diameters of above 5 µm accumulate 
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preferentially in the upper respiratory tract (mouth, nose) [5–7]. Par
ticles with aerodynamic diameters under 5 µm undergo deposition 
through three mechanisms: impaction, sedimentation, and diffusion. 
Impaction and gravitational sedimentation play crucial roles in depo
sition on the airway surface and within the smaller bronchi, respec
tively. Diffusion is the primary mechanism for particles of < 0.5 µm to be 
deposited in smaller airways and alveoli. [8–11]. Another factor that 
greatly influences the delivery ability of inhaled drug particles is their 
surface charge [12]. Particles with negative or neutral charges have 
more chance to go through the pulmonary air-blood barrier since the 
mucus has negative charges, which entraps positively charged particles 
[13,14]. Therefore, a technology that is simple but capable of control
ling particle size and charge is ultimately desired, as it allows precise 
deposition of the particles in specific regions within the lung, thereby 
improving delivery efficiency, reducing drug exposure to non-targeted 
regions of the airway, and alleviating any harmful side effects [15]. 

Electro-hydrodynamic atomisation (EHDA) or electrospray is a 
preferred approach to generate micro/nanoscale particles for inhalable 
drug delivery as it is configurable to even encapsulate complex thera
peutic molecules within a single droplet. Some noteworthy structures 
that can be fabricated via electrospray are core-shell [16–18], 
multi-layer core-shell [19], Janus particles [20], and multilobe particles 
[21]. This technique has been emerging as a powerful approach for drug 
discovery research [22–24] and is currently attracting research into the 
development of respiratory treatments including the generation and 
delivery of micro/nanoparticles as carriers for nano-medicine [25–27]. 
One fundamental drawback preventing EHDA itself from becoming a 
reliable dosing delivery system is that the generated droplets carry 
substantial surface charges. This is a significant factor that influences 
pulmonary drug delivery, as it promotes the adhesion of particles to 
unwanted areas along the delivery route [12]. The current technique 
using EHDA for drug delivery is (i) particle generation first then fol
lowed by (ii) particle delivery via inhalation devices such as nebulisers, 
dry powder inhalers, pressurised metered dose inhalers, or soft-mist 
inhalers (Fig. 1 A). To combine particle generation and delivery via 
inhalation in a single device for inhalable drug delivery or health care 
applications, the residual charge of particles must be reduced to weaken 
the electrostatic force in the inter-electrode space so that the particles 
can be conveyed out of the effect of reference electrode [28,29]. This 
process has attracted extensive research; for instance, by mixing the 
sprayed particle with oppositely charged droplets or oppositely charged 

gaseous ions [30–33], by using high-frequency alternating EHDA to 
stimulate a resonating meniscus at the orifice [34–36], by using 
low-frequency EHDA to self-neutralise droplet by matching their mo
mentum with the alternating reversed electric field [37], or by using 
propelling ionic wind [38,39]. Nevertheless, most research efforts 
remained at the conceptual stage, neglecting in-depth investigation of 
the possibility to atomise biomaterials to serve as drug delivery carrier 
systems. 

Here, we introduce the in-flight electro-neutralisation electrospray 
(IFENE) method, a novel platform that facilitates the generation of 
airborne particles with minimal to no charge, creating possibilities for 
one-step drug delivery (Fig. 1B). In this study, we (i) discussed the 
conceptual design and fundamental principles that underlie IFENE, (ii) 
examined the aerosolising ability of IFENE including spray stability and 
spray development, (iii) demonstrated IFENE’s capacity to serve as a 
delivery platform for polymeric and drug-loaded particles into open 
space. 

Results and discussion 

Conceptual design 

The AC electrospray configuration was first introduced in our pre
vious work [37] without in-depth physics investigation and demon
stration for potential application. In IFENE, solutions are atomised and 
delivered forward by an electrospray configuration shown in Fig. 2A 
(the detailed setup with electrical connection is shown in Figure. S1). By 
putting the counter electrode i.e., the metal ring, at a distance behind the 
tip of the nozzle, the electric field at the meniscus is warped back into 
the ring, subjecting the emitted charged droplets to decelerate and 
eventually moving back to the ring as shown in the electric vector field 
and experimental images in Fig. 2B. In IFENE, to create a neutralisation 
effect, alternating current (AC) at sub-kilohertz is applied to the system 
to create periodic sprays of oppositely charged droplets. When the 
charged droplets from an AC half-cycle are still in close proximity to the 
nozzle and being slowed down by the backward electric field, they 
accelerate the droplets of the next AC half-cycle (with opposite charge) 
through electrostatic force. Consequently, the succeeding droplets can 
catch up, allowing for mixing. This mixing process instantaneously 
neutralises or substantially reduces the charges carried by the droplets. 
The electro-neutralised droplets continue their forward movement due 
to the retained momentum, while the electric field has no effect on them. 
The plume of charge-reduced aerosol generated by IFENE can be 
observed in Fig. 2A. 

The key physical mechanisms to neutralise charged aerosol of IFENE 
are droplet catch-up and oppositely charged droplet mixing. A numeri
cal model with simulation employing both fluid flow and electrostatic 
physics is utilised to confirm the mechanism. The model uses Taylor- 
Melcher’s leaky-dielectric model [40], commencing with the continuity 
and the momentum equations for the fluidic fields: 

∂ρ
∂t

+∇⋅(ρu) = 0 (1)  

ρ
[

∂u
∂t

+ (u⋅∇)u
]

= − ∇p + η∇2u + f σ + f e + ρg (2) 

where ρ is the fluid density, t is the time, u is the fluid velocity, p is 
the pressure, η is the fluid viscosity, and g is the gravitational acceler
ation. The surface tension force f σ and electrostatic force f e arise to 
consider multiphase behaviours and electrostatic involvement. The 
surface tension force is calculated per unit volume by the continuum 
surface force (CSF) model [41]: 

f σ = σκ∇γliq = − σ∇⋅

(
∇γliq⃒
⃒∇γliq

⃒
⃒

)

∇γliq (3) Fig. 1. (A) Traditional technique utilising electrohydrodynamic atomization 
(EHDA) in a multi-step drug delivery process. (B) In-flight electro-neutralisation 
electrospray (IFENE) provides one-step particle generation and delivery. 
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with σ as the surface tension coefficient and κ as the mean curva
ture of the free surface. The phase fraction of liquid γliq is solved by the 
VOF method to capture the interface in the inhomogeneous fluid field 
[42] with an artificial compression term for higher interface resolution 
[43]. Fluid density and viscosity are defined via arithmetic averaging 
with the phase fraction. 

Electrostatic governing equations are solved neglecting the magnetic 
induction estimate of the electrostatic force f e, which initially involves 
Gauss’s law ∇⋅(εE) = ρe together with the relation E = − ∇ϕ(t), 
formulate Poisson’s equation for electrostatics. Subsequently, the con
servation of charge equation is considered. The electrical conductivity 
and the electrical permittivity are defined by harmonic averages 
throughout the computational domain [44]. Finally, the electrostatic 
force is the summation of the Coulombic force and polarisation force 
[45]: 

f e = ρeE −
1
2
|E|2∇ε (4) 

Details of numerical simulation are shown in Section S1 including 
full governing equations and simulation domains. 

Fig. 2C depicts the outcomes of the simulation running under an 
applied AC voltage and the same operating conditions as the compared 
experiment, with a focus on the Taylor cone. The simulation is well- 
validated with experimental results concerning Taylor cone geomet
rical parameters (the cone half-angle and the jet diameter) and its 
transient state behaviour (detailed comparison is illustrated in Figure. 
S3). With a focus on the trajectory of the ejected droplets at a substan
tially large distance from the tip of the nozzle, Fig. 2D demonstrates the 
catch-up and combination process of two oppositely charged droplets. 
The resulting droplet’s charge is neutralised, as the charge density is 
significantly reduced. With the momentum from the preceding droplet, 
the combined droplet keeps moving forward as the process repeats. The 
duration of the neutralisation process is larger than the period of a half- 
AC cycle, i.e., the time for one spray of charged droplets, thus leading to 
an incomplete neutralisation of all electrosprayed droplets. While the 
simulation confirms the neutralisation process through a simple colli
sion model, it falls short in incorporating all physical phenomena 
happening in the mixing zone. These include evaporation [46], coales
cence and breakup of oppositely charged droplets [47,48], corona 
discharge [49] and collective behaviour of charged droplets. 

Fig. 2. Proposed concept. (A) Schematic and concept of in-flight electro-neutralisation electrospray (IFENE) with experimental images showing the spray formation 
(left: near field; right: far field). (B) The configuration working in DC mode: spray mode, numerical simulation, and experimental images of the spray in single-jet 
mode. (C) Simulation of the Taylor cone in AC mode compared with experimental captures. (D) Time sequence of the neutralising process in simulation. 
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Improvement on the numerical model would include considering more 
models that could capture the physical processes and optimising to 
achieve synchronisation between the combination rate and charged 
particle production frequency. 

Spray stability and formation 

The investigation into spray stability uses isopropyl alcohol (IPA) as 
the working liquid, a pure fluid of low surface tension, instead of sur
factant solutions, with the intent to exclude surface tension gradients 
due to non-uniform distribution of surfactant molecules under a focused 
electric field. The Taylor cone of IPA liquid, which was recorded with a 
high-speed camera, reveals its transient behaviour. This behaviour 
which includes the emission of a jet and meniscus oscillation without 
liquid ejection is synchronised with the AC voltage signal, observed in 
both single-jet mode and multi-jet mode (Fig. 3B-C). Through high- 
speed capture, the stable state of the Taylor cone is deemed as the un
changed shape of the cone jet at every AC half-cycle. Investigation in 

operating parameters results in Fig. 3A, in which, IFENE with small 
interelectrode distance require lower voltage to activate steady single- 
jet mode. Fig. 3A also reveals the frequency effects on the required 
applied voltage. The bounded voltage for single-jet mode is lower as the 
frequency increases. However, at 1 kHz and higher, the system fails to 
generate a stable spray. The optimal range of frequency for power 
consumption is from 100 to 500 Hz. 

Fig. 3D illustrates the dependence of the direction of the sprayed jet 
stream on the applied frequency. The direction of the spray is quantified 
by the spray angle θ, which is defined by the trajectory of the outermost 
particle observed in experiments. The applied voltage is adjusted to 
achieve the steady single-jet spray mode. At 10 Hz and lower, the 
sprayed particles travel back towards the ring, similar to the behaviour 
observed in DC mode. At increased frequency, θ drops quickly and at the 
frequency above 100 Hz, the jet stream shifts to a forward direction, 
maintaining a stable θ at approximately 10◦. 

Unlike the DC-driven mode, ions generated by AC driven regime tend 
to localise with the increase of the applied voltage frequency due to a 

Fig. 3. Spray regime with Taylor cone capture. (A) The spray mode depends on applied voltage and frequency. (B) Taylor cone capture sequences of single-jet mode 
and (C) multi-jet mode in one AC cycle. Quantified spray direction and spray length. (D) Spray angle (θ) plotted versus the frequency ranging up to 1000 Hz for 
different interelectrode distances 1.5 mm, 3.5 mm, and 7 mm respectively. (E) Spray visible length in an enclosed environment at different frequencies. 
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recombination of ions occurring at the region close to the electrodes. For 
the IPA solution, the charge relaxation time βϵ0/K is estimated to be in 
the order of tens of microseconds which is much shorter than the 
switching time of the applied electric field. The optimal frequency is 
estimated from experimental Taylor cone dimensions (from high-speed 
camera capture in Figure. S3) to be in the range of several hundred 
hertz which agrees well with the experiment results of spray angle in 
Fig. 3D. In this range, the effect from space charged, and forwarding 
momentum of the sprayed droplets are dominant and the droplets do not 
reach the ring electrode. Instead, the droplets join in mixing with the 
oppositely charged ones. This mixing zone can be observed in Fig. 3E. 
From the mixing zone, the charged droplets not participating in neu
tralising process fly toward the ground electrode while the neutral 

aerosols travel in the forward direction. The wider spread-out of the 
mixing zone at 100 Hz indicates lower rate of combination, whereas at 
500 Hz, the mixing zone is narrowed down, indicating a higher rate. 
These results agree with the spray angle results, making θ one of the 
reliable quantities to evaluate the effectiveness of IFENE. 

Generating airborne organic particles via IFENE 

Through in-flight neutralisation of droplet charges, IFENE facilitates 
generating sprays of particles made of multiple materials with low 
charges and initial velocity in one step, which makes it a potential device 
for pulmonary drug delivery. To validate this innovative approach, a 
polymeric solution i.e., polyvinylidene fluoride (PVDF) solution was 

Fig. 4. Polymeric particles generation and characterisation. (A) – (G): PVDF particles. (A) Optical Particle Sizer (OPS) data of particle diameter for the operating 
frequency of 100 Hz. (B) SEM image of collected particles at the same operating conditions. (C) OPS data of particles mean diameter and percentage of particles in 
respirable range at different frequencies. (D) SEM images at three different frequencies: 100 Hz, 350 Hz, and 500 Hz. (E) Electrometer current of the spray. (F) 
Camera capture of the sprayed PVDF plume. (G) Average electrometer current of the spray at different frequencies. (H) SEM images of different types of polymer 
particles generated by IFENE. 
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employed in the IFENE system and the generated polymeric particles 
were characterised in aerosol form and particle-on-substrate form. The 
optical particle sizer (OPS) data in Fig. 4A shows aerodynamic diameters 
of in-flight particles with relatively small size distribution and a mean 
diameter of 2.87 μm. This size distribution also agrees with the SEM 
image analysis in Fig. 4B. In the SEM image, most of the PVDF particles 
are in spherical shape with uneven surfaces. In Fig. 4C, a substantial 
proportion of particles (70 – 95%) falls within the respirable range 
across different applied frequencies [50]. The particles mean diameter 
increases with the frequency surpassing 400 Hz while the percentage of 
particles in respirable size range decreases sharply. This trend is further 
shown in Figure S4 where a noticeable shift to higher diameters as fre
quency increases beyond 400 Hz can be observed in the size distribu
tion. The increase in frequency also shows an increase in the number of 
particle clusters in the SEM images (Fig. 4D). This is due to the incom
plete coalescence of smaller charged particles in the neutralisation 
process. A possible explanation for this observation is that with 
increased AC frequency, the rate of collision of oppositely charged 
droplets increases, leading to a greater number of droplets coalescing 
mid-air. When the solvent evaporates, the collected remains are clusters 
of PVDF particles. Nevertheless, the electrospray plume charge is proved 
to be substantially reduced as the particles collected into the electrom
eter have a current in the order of several hundred femtoamperes, as 
showcased in Fig. 4E. Fig. 4G presents the average charge level of the 
spray across various applied frequencies. At frequencies below 300 Hz, 
the charge level remains below 1 pA. With an increasing applied fre
quency, a surge in charge level can be observed, peaking around 2 pA. 
Beyond 700 Hz, the charge level stabilises at around 1.1 pA. The 
changes in charge level can also be explained by the different rates of 
collision of charged particles, as they are influenced by the applied 
frequency. From these values, IFENE could be considered to generate 
electro-neutral particles when compared to conventional inhalation 
drug delivery devices[51–55]. Detailed comparisons can be found in 
Section S2. While the respirable size and neutralized charge of IFENE 
particles imply a potentially high inhalation efficiency, additional 
studies of median mass aerodynamic diameter and aerosol outputs are 
necessary to address this observation quantitatively. Fig. 4F shows 
IFENE in operating with the plume of airborne PVDF particles flies 
forwards and can travel more than 10 cm. Video capture of the opera
tion of IFENE in generating PVDF particles can be found in the movie S1. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nantod.2024.102217. 

In support of the potential of IFENE as a drug delivery platform, two 
alternative polymeric solutions, polyvinyl alcohol (PVA) and poly (lac
tic-co-glycolic acid) (PLGA), were investigated. Fig. 4H presents the SEM 
images of the particles generated by these polymeric solutions in com
parison to PVDF solutions. While distinctive morphologies and size 
distributions can be observed within each type of polymeric particle, the 
spray process consistently achieves the desired properties in terms of 
size distribution and charge level for pulmonary drug delivery. These 
observations provide further validation for the potential applications of 
IFENE, though comprehensive investigations are required in the future 
to gain a better understanding of the electro-neutralisation process and 
the effects of solution parameters on the aerosols. 

The ability to generate polymeric particles has particular relevance 
for drug delivery because polymers have been proven to be an effective 
carrier for drugs as they are easy to modify to achieve well-defined 
properties [56]. Building upon the findings obtained from atomising 
PVDF solutions, we investigated whether IFENE can be applied to 
incorporate curcumin into PVDF particles. Curcumin, a yellow pigment 
sourced from turmeric, has an extensive history of uses in culinary and 
medicinal practices spanning centuries. Beyond its traditional uses, 
curcumin finds diverse applications in biotechnology and health [57]. In 
the field of pulmonary diseases, curcumin has shown its potential in the 
treatment of asthma, pulmonary fibrosis, cystic fibrosis, lung injury, and 
lung cancer [58,59]. Prior research has highlighted the potential of 

curcumin-loaded micro/nanoparticles generated through the electro
spray method. Electrospray serves to overcome limitations associated 
with curcumin delivery such as low solubility and poor bioavailability 
[60,61]. 

Upon delivery by IFENE, the PVDF-Curcumin aerosols show differ
ences in size distribution measured by OPS in Fig. 5A as curcumin- 
incorporated particles diameter is mostly under 1 μm. SEM image in 
Fig. 5B gives a similar size distribution of the collected particles. Clusters 
of particles which are the results of incomplete combinations of particles 
were observed to have a high frequency of occurrence in the collected 
samples. To examine the ability of PVDF particles to carry the cargo, 
SEM-EDS (Energy Dispersive Spectroscopy) analysis was conducted to 
detect curcumin. In PVDF EDS mapping shown in Fig. 5C, the particles 
mostly carry traces of carbon and fluorine, which are the main elements 
in its chemical composition (-(C2H2F2)n-), while the PVDF particles 
loaded with curcumin have substantial traces of oxygen, which is in 
curcumin chemical composition (C21H20O6). Focusing on specific par
ticle points, the PVDF particles loaded with curcumin also show a higher 
intensity of oxygen spectrum peak. The electrosprayed PVDF-curcumin 
plume was analysed with the electrometer, showing an extremely low 
level of charge (Fig. 5D). In addition to particle size and surface charge, 
the assessment of loading capacity (LC) and encapsulation efficiency 
(EE) are important in evaluation of IFENE as a potential drug delivery 
platform. EE for PVDF-curcumin particles was found to be 89.5 ± 2.1% 
and LC to be 32.4 ± 5.0%. Notably, high encapsulation efficiency was 
also reported in other drug delivery applications utilising electrospray 
technique [62–64]. The release kinetics of curcumin from 
PVDF-curcumin particles was studied for 72 hours (Fig. 5E) in PBS so
lution and continuous curcumin release was observed throughout this 
time. The first 12 h exhibited a rapid and approximately linear drug 
release profile, reaching 40.26%. Subsequently, a sustained release 
phase with reduced release rates was observed. After 72 h, 68.69% of 
the encapsulated curcumin was released. Finally, the visible spray in 
Fig. 5F can be observed to have a yellow colour contributed by curcumin 
(The video capture of the operation of IFENE in generating 
curcumin-incorporated particles could be found in the movie S2). These 
collective observations serve as compelling evidence, underscoring the 
successful incorporation of curcumin within the electrosprayed airborne 
particles and promising potential of the particles in sustained drug 
release. 

Supplementary material related to this article can be found online at 
doi:10.1016/j.nantod.2024.102217. 

Conclusions 

Here, we presented IFENE, a method for generating extremely low- 
charged particles, which formation could be controlled by both spray 
mode and plume formation. IFENE is built upon the concept of low- 
frequency electrospray and in-flight oppositely charged particles mix
ing. This initial concept [37] and its underlying mechanism were 
confirmed by experiments and numerical simulation. The generation of 
low-charged plumes of micro/nanodroplets with a forward momentum 
by electrospray omits the need for a separate delivery device and sim
plifies the drug delivery process. Operating parameters tuning show that 
the spray mode and spray angle, which determine the formation of the 
plume of particles, are mainly influenced by the applied frequency. 
However, intensive experiments and numerical modelling are needed to 
further understand the physical phenomena behind the concepts. 

IFENE was demonstrated to enable the production of multiple types 
of polymeric and organic-incorporated micro/nanoparticles. These 
particles generated via IFENE showed characteristics that could over
come physicochemical barriers of inhalable nanomaterials such as size 
and surface charges [12]. The diameters of particles are in the range of 
under 10 μm, with the majority in the respirable range below 5 μm, and 
can be controlled by tuning the combination rate through applied fre
quency. Remarkably, the particles possess an extremely minimal charge 
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level (pico- to femto-ampere level). The results suggest a high inhalation 
efficiency for the platform. Nevertheless, further studies, including mass 
median aerodynamic diameter and aerosol outputs are planned in the 
future to quantitatively confirm this observation. Investigation into the 
curcumin incorporated particles revealed high encapsulation efficiency 

and reasonable loading capacity. The drug release kinetics profile of the 
generated particles indicated promising potential for sustained release. 
Finally, IFENE presents the ability to produce a plume of particles with 
forward momentum without any assisting propelling. 

In future development, advanced techniques such as magneto- 

Fig. 5. Curcumin loaded PVDF particle generation and characterisation. (A) OPS comparison data of PVDF and PVDF-curcumin particles. (B) SEM images of PVDF- 
curcumin particles (C) SEM-EDS analysis (map and point) of the electrosprayed PVDF and PVDF-curcumin particles. (D) Electrometer current profile of PVDF- 
curcumin aerosol spray generated by IFENE system (E) Curcumin release profile of PVDF-curcumin particles (with comparison to curcumin and PVDF particles) 
(F) Visible plume of the electrosprayed PVDF-curcumin solution. 
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electrospray or coaxial electrospray could be integrated into the IFENE 
system to facilitate generation of functional complex structure particles. 
This potential opens possibilities for IFENE to become a platform tech
nology, not only in drug delivery applications but also in other fields 
such as environmental science and agriculture. 

Materials and methods 

Device preparation and spray investigations 

The electrospray setup used a 30-gauge nozzle (Musashi Engineer
ing) with outer and inner diameters are 0.312 mm and 0.159 mm, 
respectively. A metal ring with an inner diameter of 3.8 mm was located 
upward of the capillary tip and kept concentrically with the nozzle by a 
3D-printed holder. The distance between the tip of the nozzle and the 
ring in the horizontal plane is called the interelectrode distance (d). The 
AC voltage was generated by a voltage amplifier (hivolt.de GmbH & Co. 
KG) connected to a signal generator (RIGOL). The high-voltage signal 
was connected to the nozzle and the ground wire was connected to the 
metal ring. To control the flow rate, a syringe pump (New Era pump 
systems Inc) and plastic syringe (1 ml) (Terumo) were used. The dy
namics of the Taylor cone during the operation were continuously 
monitored and recorded with a high-speed camera (Mega Speed) with a 
speed up to 4000 fps and a microscopic lens (INFINITY). The plume was 
recorded with a digital microscope (Dino-lite EDGE™) and a normal 
camera. Experiments were conducted at room conditions (temperature 
20 − 21◦C). The experiment schematic is shown in Figure. S1. 

The working liquid is isopropyl alcohol 99.5% (IPA) (Sigma- 
Aldrich), with surface tension of 20.8 mN/m, density of 0.785 g/ml, 
viscosity of 1.66 mPas, and relative permittivity 17.9. The reason for 
utilising pure fluids of low surface tension instead of surfactant solutions 
is to exclude surface tension gradients due to the non-uniform distri
bution of surfactant molecules under a focused electric. The liquid is 
injected at a constant flow rate of 1 ml/h in all experiments. 

Polymeric and curcumin-incorporated particles generation 

Polyvinylidene Fluoride (PVDF) (Sigma-Aldrich) with a molecular 
weight of 534000, received in the form of powder, was used to prepare 
the polymeric electrospray solution. The solution was mixed by dis
solving PVDF in a mixture of Dimethylformamide (DMF) (Sigma- 
Aldrich) and Acetone (Sigma-Aldrich) in a weight ratio of 7–3 to create a 
5% weight ratio PVDF solution. The solution was then electrosprayed 
directly inside an enclosed chamber to prevent any external airflow, 
using the same configuration as above. Aluminium foil for particle 
collection was prepared by rinsing with cleaning IPA to remove any 
unwanted particles. The collecting substrate was then placed inside the 
chamber at a distance of 8 cm from the nozzle to collect particles in 
3 minutes. The substrate was then examined under the scanning elec
tron microscope (SEM) (Thermo Fisher Scientific) with built-in energy 
dispersive spectroscopy (EDS) for particle imaging and elemental anal
ysis. After collecting particles, the generated plume of particles was 
analysed with the optical particle sizer (TSI) and the electrometer (TSI) 
for size distribution and charge data. The experiment schematic for 
polymeric particle generation is shown in Figure. S1. 

Polyvinyl alcohol (PVA) (Sigma-Aldrich) mixed with de-ionised 
water to prepare the 1% weight ratio PVA solution. Poly (lactic-co- 
glycolic acid) (PLGA) (Sigma-Aldrich) powder was mixed with acetone 
(Sigma-Aldrich) to create the 5% weight ratio PLGA solution. The two 
solutions are electrosprayed via IFENE and collected on Nylon6 filters 
(PALL corporation) and coated with gold before imaging with SEM. 

Experiment with curcumin-incorporated particles using curcumin 
(Sigma-Aldrich) in powder form for solution mixing. The solution is 
mixed by dissolving PVDF (5% weight ratio) and curcumin (5% weight 
ratio) in DMF and acetone. The solution was then electrosprayed and the 
resulting particles were analysed with the same procedure. 

Encapsulation efficiency and loading capacity 

Encapsulation efficiency (EE) and loading capacity (LC) were 
determined by suspending the PVDF and PVDF plus curcumin particles 
separately in 55 ml ethanol at 25◦C, 120 rpm for 1 h, thrice. The con
centration of the curcumin in the supernatant was determined using 
BioTek Synergy H1 Hybrid Microplate reader (Bio-Tek Instruments Inc.) 
and a standard curve of known curcumin concentrations in ethanol by 
measuring absorbance at a wavelength of 425 nm [65,66]. The EE and 
LC percentage were calculated using the formula as follows: 

EE =
Weight of curcumin in particles

Weight of curcumin in preparation solution
× 100%  

LC =
Weight of curcumin in particles

Weight of (PVDF − curcumin) particles
× 100%  

In vitro release 

PVDF particles and PVDF-curcumin particles and free curcumin were 
suspended or dissolved separately in the release media (1% v/v of 
Tween 80 in phosphate buffer solution (PBS, pH 7.4)) [65] at 37◦C and 
60 rpm in an orbital shaker [66]. At predetermined time intervals of 
30 min, 1, 2, 4, 6, 8, 12, 24, 36, 48 and 72 h, 1 ml of sample from PVDF 
and PVDF plus curcumin and 500 µl from free curcumin was withdrawn 
and replaced with fresh release media. The concentration of the released 
curcumin was determined using BioTek Synergy H1 Hybrid Microplate 
reader (Bio-Tek Instruments Inc.) and a standard curve of known cur
cumin concentrations in the release media by measuring absorbance at a 
wavelength 425 nm. 
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