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ABSTRACT

Electrospray is a novel and versatile approach to the synthesis of nanosized particles. In this paper, the effects
of electrospray process parameters such as gauge size (18 G-25 G) and flow rate (0.9-1.5 ml hr?) on droplet
surface tension and electrospray particle size were evaluated. 25 mg Poly Lactic-co-Glycolic Acid (PLGA)
were dissolved in 100 ml acetone before being subjected to electrospray. Tate’s Law was used to calculate
the surface tension while the Malvern nanosizer was used to measure the particle size. Based on Tate’s Law
calculation, when the gauze size increased from 18 G-25 G, the droplet surface tension increased from 10.07
Nm to 18.17 Nm™ showing a direct pattern. At the same time, the flowrate is inversely proportional to
droplet surface tension. When the flow rate increased from 0.9-1.5 ml hr, the droplet surface tension was
reduced. This is due to the increasing ratio of vicious force and surface tension. For particle size, as surface
tension increased from 10.07 Nm- to 18.17 Nm!, particle size increased from 205.57 nm to 612 nm owing to
the corona discharge producing larger progeny droplets that chain into smaller particles through coulomb
fission as more charge is required to overcome the surface tension. In conclusion, flow rate and gauge size
influenced the surface tension thus affecting the nanosized particles.
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1. Introduction

PLGA stands out as an incredibly versatile polymer due to its excellent biocompatibility and
biodegradability [1]. It has been approved by the U.S. Food and Drug Administration (FDA) for
numerous clinical uses, especially in drug delivery, offering sustained release properties. Moreover,
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leveraging PLGA as a nanocarrier has demonstrated significant enhancements in the bioavailability
of therapeutic agents across various biomedical applications [2]. Nanoparticle synthesis with
uniformly controlled particle size can be used in various applications including industrial; sensors
and catalysts [3,4], medical and nutraceutical. Hence, several methods such as emulsification,
nanoprecipitation, spray drying and many more have been implemented to obtain desirable
nanosized particles. However, conventional methods such as emulsification and nanoprecipitation
require extreme conditions, large amounts and harmful chemicals as solvents, making them costly
and inefficient [5,6]. On the other hand, electrospray provides a viable alternative to said conventional
methods which is simpler and more versatile for the synthesis of nanoparticles. In addition, the
electrospray method has been shown to synthesise uniform, stable [7] and better controlled particle
sizes [8]. Generally, solution and process parameters play important roles in optimizing the best
output and desirable nanoparticles [9,10]. Similar to other methods, electrospray is highly dependent
on its process parameters such as nozzle size, flowrate, molecular weight and choice of solvent to
produce smaller nanosized particles [11]. Electrosprays employ the use of electrical charge to a liquid
through a nozzle, leading to the formation of a small droplet of different sizes ranging from
micrometres (U) to nanosized (nm) particles. High voltage power is supplied to the nozzle, and the
liquid that passes through the nozzle is highly electrified and distorted into a conical shape commonly
known as a Taylor cone (Figure 1).
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Fig. 1. Schematic diagram of the Electrospray process to form a stable
Taylor cone jet formation

Flowrate (), potential difference (AU) and working distance (D).
Adapted from Morais et al., [12]

The mechanism occurs when the electrostatic forces overcome the surface tension of the droplets
indicating that surface tension significantly influences the production of particles [13]. The surface
tension of the droplet is one of the major forces of the mechanism of the electrospray synthesis as the
droplet surface tension acts against the electrostatic force before it begins to form a Taylor-cone jet to
emit droplets [14]. The surface tension of the droplet can be determined using Tate’s law. Tate’s law
suggests that if the liquid is allowed to be dripped from the tip and form a droplet, the droplet’s
weight is equal to the force exerted by surface tension [15].
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Typically, surface tension is manipulated by changing the concentration of the mixture subjected
to the electrospray, by increasing the concentration and viscosity of the liquid, the surface tension
decreases, resulting in larger particles [14]. However, the surface tension of the liquid can also be
changed with the manipulation of the process parameters (eg; flow rates and needle gauze size) of
the electrospray set-up. Moreover, previous studies showed the direct relationship of process
parameters with the formed nanoparticle size which limited knowledge of its relation to the droplet
surface tension. Therefore, varying mixture concentration to achieve higher surface tension can be
limited under the process parameters which resulted in inconsistency of particle size formed in the
past. Hence, in this study, varying needle gauge sizes and flowrates of electrospray will be used to
synthesize the nanoparticle to understand the overlying mechanism of the droplet surface tension to
the formation of electrospray particle size. The performance of the electrospray can be evaluated by
the effects of the flowrate and needle gauge size to achieve smaller particle sizes. Tate’s Law
Procedure was employed to evaluate the surface tension of the different parameters of 18- 25 G needle
gauge size and 0.9-1.5 ml hr! flowrate. An electrospray was then set up for the analysis of the particle
size effect on surface tension with similar parameters at a constant voltage of 7.5 kV.

2. Materials and Methods

2.1 Materials

The biodegradable polymer PLGA (65/35 DL-lactide/glycolide copolymer) with a molecular
weight between Mw 40,000-75,000 g mol ! was purchased from Sigma Aldrich, USA. Acetone with a
purity of 98% was purchased from R&M Chemicals, Malaysia. Both materials used were taken
directly without any further purification or treatment. Tween 80 with a purity of 98% was purchased
from Merck, Darmstadt, Germany and a stock solution of 0.2% Tween 80 was prepared with
deionised water prior used.

2.2 Drop Weight Method

The effects of the needle gauge size and flowrate on the droplet surface tension were evaluated
using a modified Tate’s law procedure adopted from Giagino et al., [10]. Briefly, 25 mg PLGA polymer
was prepared using 100 ml of acetone as a solvent and stirred (MS-MP, Daihan Scientific, Singapore)
at 350 rpm for 30 minutes to obtain yellowish coloured solution. The PLGA solution was filled into a
5 mL syringe attached to a tubing and blunt end needle. The liquid was dripped at a deposition
distance of 5 cm from the experimental set-up in Figure 2. The surface tension was calculated using
Eq. (1) [16] where T is the surface tension (Nm), mg is the mass of the droplet and d is the outer
diameter of the needle. Eq. (2) is derived from Eq. (1) as the average mass of a single drop will be
equal to m = (Me+Mi)/N where Mf is the mass of the petri dish with drops (g), Mi is the empty petri
dish (g) and N is the number of drops produced. Experiments were conducted with varying flow
rates (0.9, 1.2 and 1.5 ml hr?) and gauge sizes (18, 21, 23 and 25 G) as listed in Table 1.
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Table 1. Formulation parameters that was used to determine surface tension and to prepare
PLGA nanoparticles

Flowrate, ml hr' Needle Gauge Size, G Internal diameter (ID), mm  Outer diameter (OD),mm

0.90 18 0.84 1.27
1.20 21 0.51 0.82
1.50 23 0.34 0.64

25 0.26 0.50

PLGA solution

Syringe pump

Blunt end needle

Petri dish

Stage

Fig. 2. Schematic diagram for surface tension measurements
using Tate’s Law procedure

2.3 Preparation of PLGA Nanoparticles

PLGA nanoparticles were prepared by the electrospray method and the schematic diagram of
the electrospray setup was illustrated in Figure 3. Electrospray setup consists of several components;
the syringe to hold the PLGA solution, the syringe pump, the particles collector and the voltage
supply to the system. The constant conditions of the electrospray setup are as follows; Starting
solution of 5 mL, a tubing (TYGOPRENE™ TYGON XL-60, Darwin Microfluids, France) with a length
of 10 cm connecting the syringe (Terumo Europe N.V, Belgium) and the needle (Darwin Microfluids,
France), a 5 cm needle tip to petri dish (100 mm x 15 mm able to hold approximately 20 mL liquid)
distance and voltage supplied (PS35-PV, Nanolab Instruments, Malaysia) of 7.5 kV to the electrospray
based on preliminary study that showed stable Taylor Cone Jet formation at particular voltage. The
tubing was specifically chosen from Saint-Goban performance plastics that are compatible with most
chemicals especially one that has good compatibility with acetone that was used in this study.
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Fig. 3. Schematic diagram of electrospray setup to synthesis PLGA
nanoparticles

Briefly, PLGA polymer was prepared similarly to the drop weight method. The PLGA solution
was filled into a 5 mL syringe attached to a tubing and blunt end needle at different gauge sizes as
listed in Table 1. Then, the syringe was positioned on top of the syringe pump (NSL-20, Nanolab
Instrument, Malaysia) and the tip of the needle was connected to the high voltage power supply while
a grounded electrode was connected to the aluminium collector (20 mm x 10 mm) immersed in the
glass a petri dish containing a collection medium of 20 ml of 0.2 % Tween 80. The PLGA solution was
sprayed over at different flow rates as listed in Table 1 inside a chamber (200 cm x 100 cm) at room
temperature of 25 °C and a relative humidity of 66 %. A digital camera (X4, Shenzen Haiweixun
Electronics Co. Ltd, China) was used to ensure the Taylor cone jet formation. Finally, the PLGA
nanoparticles were collected in the glass petri dish and were kept in a 15 ml centrifuge tube at 4 °C
prior to use.

2.4 Particle Size Measurements

The particle size of all the PLGA nanoparticles synthesis using different flow rates and needle
gauge sizes were measured with a particle size analyzer (Nano-Z2590, Malvern Instruments Co. LTD,
UK) at a scattering angle of 90° and at room temperature. PLGA nanoparticles were prepared at a
dilution factor of 1:1000 with deionised water. 1 mL of prepared PLGA nanoparticles was added to
the clean cuvette and small bubbles were eliminated using pipette tips to ensure uniform dispersion
of nanoparticles.

3. Results and Discussion

3.1 Effect of Flow Rate and Gauge Size on Droplet Surface Tension

Three concentrations of flowrates (0.9, 1.2, and 1.5 ml hr') and four different gauge sizes (18, 21,
23 and 25) were used to evaluate the surface tension. The effects of the flowrates and gauge size on
the surface tension were plotted in Figure 4. Figure 4 (a) shows as the flowrates increased from 0.9 —
1.5 ml hr, the surface tension was reduced in all gauge sizes indicating an inversely proportional
trend between flowrate to surface tension. In 25 G, with the smallest internal diameter size of 0.26
mm, the biggest surface tension drops of approximately 3.63 were observed from 18.17 ' to 14.54 Nm-
!while at 18 G, with the biggest internal diameter of 0.84 mm, showed the smallest surface tension
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dropped from 11.30 to 10.07 Nm-. As higher flow rates will result in higher surface tension, higher
voltage is needed to overcome the surface tension [17] but, in this situation, the voltage was
maintained constant at 7.5 kV. The flowrates act directly on the liquid to overcome the surface tension
to produce the droplet and may cause a change in the dynamic viscosity and characteristic velocity
of the fluid in the needle, where the flowrate affects the ratio of viscous forces and surface tension
forces in which an increment of flowrate, in turn, reduces the surface tension of the droplet [18]. Thus,
at constant voltage, a higher flow rate will cause a reduction in surface tension because of the dynamic
changes in the liquid characteristics.

Figure 4 (b) shows the directly proportional trend between gauge size and surface tension. As
needle gauge size increases from 18 G to 23 G (the internal diameter becomes smaller; 0.84-0.26 mm),
the surface tension increases and peaks at 15.64 and 15.2 Nm-! but declines past 23 G at flowrate 1.2
and 1.5 ml hr! while at 0.9 ml hr, the surface tension shows steady increase up to 25 G. This indicates
that, at 25 G gauge size (smallest diameter of 0.26 mm), the reduction of surface tension only
happened at 1.2 and 1.5 ml hr! flow rates. Based on Tate’s Law, prior to the droplet breakage, the
weight of the droplet is equal to the opposing force of the surface tension. The surface tension is
inversely proportional to the square root of the needle’s radius indicating that smaller needle size
corresponds to large surface tension [15].

The drop in surface tension past 23 G for the 1.2 and 1.5 hr'! flowrate can be attributed to the
critical size of the needle. At 25 G, the formation of the droplets does not even lead to a drop in the
surface tension. But when the critical size is passed, the droplet maintains its shape resulting in higher
meniscus stability, which can increase the capacity of the droplet to retain and accumulate mass [18]
that relates to the basis of Tate’s Law which indicates higher mass correlates to an increased in surface
tension.
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Fig. 4. a) The effects of flowrates on the surface tension, and b) the effects
of different gauge sizes on surface tension

3.2 Effect of Flow Rate and Gauge Size on Particle Size

Figure 5 (a) depicts that with the increase of flowrates from 0.9 to 1.5 ml hr, the particle size was
reduced. Usually, higher flowrates will result in higher particle sizes due to the higher volume of
solvent that did not fully evaporate during the electrospray process [19]. However, other factors such
as solution concentrations and the deposition distance can also cause the evaporation process [20].
The reduction of the particle size with increasing flowrates can be attributed to the reduction of
viscous forces in the droplet.

Based on the study of Alberini et al., 2017, Reynold numbers can be evaluated using the equation
of

ud
Re = £2<#2
e

where Qcis the density of continuous phase (kgm?), u is the velocity of the water flow, d is the
diameter of needle drop and . is the viscosity of the fluid. Higher flowrates correspond to higher
Reynolds numbers [18] which reduces the viscosity forces. So, when the flow rates increase, the
Reynold numbers increase which lowers the viscosity which could affect the reduction in particle size
[7]. In addition, low viscosity corresponds to a low concentration of particles in a solution. A study
by Tanaka et al., demonstrates the effects of PLGA concentration on the formed PLGA nanoparticles.
In this study, low concentration equals to the ratio between 0.5 to 2 while high concentration is more
than the ratio of 4 from the initial concentration of PLGA used [21]. Furthermore, there is the
possibility of a transition phase of electrospray (particle) to electrospinning (fibre) at a higher
concentration of 5 mg w/w that contributes to denser and bigger particle size [22]. Figure 6 illustrates
the possible mechanism of the PLGA nanoparticle formation based on the solution viscosity.

Figure 5 (b) presents the effects of different gauge sizes on particle size. As the gauge size
increased, the particle size also increased indicating a directly proportional trend regardless of any
flowrates. At 25 G, where the internal diameter of the needle is the smallest at 0.26 mm, the particle
size was reduced indicating that the particle size will be influenced by a particular needle diameter.
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Needle size has a direct relationship with the particles produced. Similarly, the finding by Anani et
al., [23] illustrated that 27 G needle size is better performance compared to 21 G. As in this study, 25
G was used instead of 27 G, and as a comparison 25 G is better than 23 G which produced 459.40 nm
than 521. 06 nm.
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Fig. 5. a) The effects of flowrates on the particle size, and b) the effects of different
gauge size on particle size
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Fig. 6. Schematic illustration of the mechanism of PLGA nanoparticle
formation

3.3 Relationship of Surface Tension and Particle Size

Figure 7 illustrates the relationship between the surface tension and particle size. Based on Figure
7, it can be observed that the particle size showed a linear trend with slight fluctuations when surface
tension is increased due to the electrohydrodynamic forces acting upon the Taylor Cone-jet. This
occurrence involves two primary forces on the droplet; the electric current acting as a driving force
and the opposing surface tension. A Taylor Cone jet is formed when the electric current supplied
surpasses the surface tension. Ionization leads to the production of larger progeny droplets when
there is less current available for diffusion. As a result, higher surface tension tends to generate a
corona discharge that forms larger sized droplets [24,25]. However, at the highest surface tension of
18.17 Nm!, the fluctuation happened showing a decrease in the particle size from 612.0 nm to 592.2
nm and at 15.61 Nm™ that caused particle size to reduce from 521.06 nm to 463.80 nm. Both



Journal of Research in Nanoscience and Nanotechnology
Volume 9, Issue 1 (2023) 1-12

fluctuations happened at different gauge size in which suggest a few possibilities such as a
momentary perturbation in spindle spraying modes observed at 25G (smallest diameter), that may
have been caused by repulsive action. Spindle spraying modes are known to yield smaller particle
sizes due to its shearing characteristics which may reduce the resisting interfacial forces (surface
tension). Additionally, a Taylor Cone Jet can shift partly due to a varicose instability from the
increased surface tension that may have affected the droplet size [26]. Moreover, a complex jetting
behaviour with a shorter meniscus could have also contributed to the smaller particles, resulting in
unpredictable particle size [27].
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Fig. 7. Relationship between surface tension and particle size

4. Conclusions

In conclusion, the process parameters especially flowrates needle size influence the droplet
surface tension and the particle size of PLGA nanoparticles. Higher flowrates will reduce the surface
tension at constant voltage supplied due to dynamic changes in liquid characteristics while the gauge
sizes only reduce the surface tension at particular sizes of 25 G with the smallest diameter and at
certain flowrates of 1.2 and 1.5 ml hr'. As for particle size, both flowrates and gauge sizes do influence
the particle size produced as higher flowrates will produce bigger particle sizes regardless of gauge
size due to the possibility of the increase in Reynold numbers. While at particular sizes of 25 G with
the smallest size diameter, smaller particle size was produced. Based on this research, a relationship
between surface tension and particle size can be deduced as the higher the surface tension, the bigger
the particle size formed.
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