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Abstract  

In recent years, polymeric products of micro-/nano dimensions have attracted considerable 

attention, and complex structures have been demonstrated to be generated from solid and 

encapsulated particles/fibres. Although various approaches have been developed to 

make these products, the bioactive agents are poorly controlled and bio-stable due to the 

drawbacks such as high costs of processing and the requirement for non-biocompatible 

solvents and additives. In contrast, electrohydrodynamic atomization (EHDA) and co-axial 

EHDA (CEHDA) processes are simple and has been extensively studied as a popular 

technology for producing and processing micro-/nanostructured materials containing 

bioactive molecules. The simplicity, flexibility of EHDA experimental setup, and efficiency 

of generating particulate materials at the micro-/nanoscale, with controllable size, shape, and 

morphology, make electrospraying to become one of the most fascinating tools to be 

employed in pharmaceutics, food, and healthcare fields. The first objective of this research 

was to see how different physical and mechanical processing parameters affected the 

encapsulated particles manufactured by the EHDA method. The second objective of this 

work was to encapsulate progesterone into polymer matrix using single needle EHDA system, 

and further improving aqueous solubility and sustained release of progesterone by varying 

Poly (D,L lactide-co-glicolide acid) (PLGA) copolymer composition and polymer:drug ratio. 

The third objective of this study was to use a CEHDA system to prepare and investigate the 

release of progesterone from core-shell nanoparticles. The fourth objective was to use an 

CEHDA system incorporating a tri-axial capillary device to fabricate multidrug (saxagliptin 

and dapagliflozin) loaded triple-layered biodegradable nanoparticles for the potential 

treatment of type 2 diabetes. The last objective was to prepare multidrug loaded double-

layered and uniform structured nanoparticles and compare the drug release profiles between 
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different particle configurations. This work reveals a powerful approach for producing micro 

and nano drug-loaded polymeric particles with modified release behaviour and improved 

physiological solubility and bioavailability of poorly water-soluble drugs by fulfilling these 

goals. 
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Impact statement 

Pharmaceutics, as an interdisciplinary applied field, is becoming increasingly reliant on the 

success of adjacent disciplines such as materials science and nanoscience. Novel therapeutic 

carriers and innovative pharmaceutical technologies are required to improve effective drug 

delivery. Medicated nanomaterials manufactured using modern nanotechnologies, especially 

those with complex nanostructures and concrete structure performance correlations, have 

gotten a lot of interest in the nano era. These novel nanomaterials, with their intricate 

component designs, compositions, and spatial distributions, offer an appealing technique for 

modifying their functional performance and achieving the necessary drug delivery effects. 

Particles with diagnostic (e.g., imaging) and therapeutic (controlled or triggered active 

release) activities are particularly useful in addressing a variety of global healthcare concerns, 

with recent work focused on tumor targeting, personalized therapy, and biomedical 

engineering. Such particles allow a single carrier system to give in vivo illness diagnostics in 

real time while also fine-tuning active release at a specific region in a timely manner. 

Cancer is one of the leading causes of death around the world. According to the National 

Cancer Institute, there were 18.1 million new cancer cases and 9.5 million cancer-related 

deaths globally in 2018. However, because of the high toxicity of chemotherapeutics, the 

maximal dose and hence therapeutic impact are limited in many applications. Controlled 

release drug delivery systems offer a way to overcome the difficulties of administering and 

releasing anticancer medications with the best clinical result. Many nanosized vectors for the 

delivery of chemotherapeutics, such as liposomes6 and polymeric particles have emerged in 

recent years as a result of the ongoing search for effective cancer treatments, with the goal of 

reducing premature interaction with the biological environment and improving cellular 
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targeting. Nanovectors' physicochemical qualities, for example, have an impact on their 

efficacy as drug delivery vehicles. As a result of this structure–activity link, nanoparticles can 

be engineered as chemotherapeutic delivery agents with increased antitumor efficacy. 

Furthermore, for patient compliance and advanced therapy, the encapsulation and delivery of 

several medicines from a single-dosage form platform has been deemed critical. 

Nanotechnology is recognized as an emerging method for generating mediated drug delivery 

systems (nanoemulsions, polymeric nanoparticles, liposomes, nanofibers, and so on) with 

demonstrated efficacy in various therapies, which has prompted a new focus on 

electrospraying in the pharmaceutical area. To generate an effective pharmacological effect, 

the drug must be present in aqueous solution at a desired concentration. When taken orally, 

however, many medications have low water solubility and bioavailability and absorption. To 

obtain the desired drug concentration in systemic circulation, oral formulations must also 

avoid enzymatic degradation in the gastrointestinal tract, which can result in considerable 

drug concentration loss during first pass metabolism. The technology described in this thesis 

has a lot of potential for making particles with appropriate sizes for medication delivery and 

diagnostic purposes. Moreover, it was demonstrated that using electrospraying to make drug-

loaded microparticles results in the drug being molecularly dispersed in amorphous form, 

considerably enhancing non-water-soluble drug bioavailability. The ability to obtain a better 

loading efficiency, narrow particle-size distribution, and ease of particle synthesis due to 

single-step processing are the key advantages of EHDA over other standard encapsulating 

technologies. Electrospraying would also eliminate the requirement for a surfactant or a 

separate template. The particles generated in this study are extremely monodispersed, 

allowing for precise control of operating conditions. To boost production, the experimental 

setup can be scaled up by paralleling the capillaries. Various techniques may be required to 
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successfully incorporate the target therapeutic agent into electrosprayed particles, taking into 

account the specific requirements of suitable drug-delivery devices for various diseases, as 

well as the wide variety of drug characteristics, such as stability and solubility. 
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Chapter 1: Introduction 

1.1.  Background  

The physical behavior of liquid droplets in electric fields was first noticed and recorded by 

William Gilbert in the 17th century.  In his research, the water droplets were able to be 

deformed using charged amber (Laudenslager & Sigmund, 2011). Later in 1882, a theoretical 

model describing the electrical forces needed to cause droplets to deform and eject liquid was 

published by Rayleigh (Rayleigh, 1882). The phenomena of electrohydrodynamic were 

experimentally studied by John Zeleny as functions of applied voltage and liquid properties 

in the period 1914-1941. The onset of electrospraying and droplet surface instability was 

investigated by changing the liquid flow rate and the applied voltage to the capillary/nozzle 

(Zeleny, 1914, 1917, 1935, 1941). In the 1960s, a more rigorous theoretical description on 

charged liquid droplets was developed by Sir Geoffrey Taylor. He observed how droplets 

behave under an electric field, and how they deform when the electric field is changed. It was 

revealed that when the electrostatic forces overcome the liquid surface tension, a stable cone-

jet can be formed (Hartman et al., 2000; Taylor, 1964). He also discovered that ejected liquid 

can either forming discrete droplets or long strands or liquid (Laudenslager & Sigmund, 

2011). A significant breakthrough in the EHD technique was the incorporation of volatile 

solvent dissolved polymers into the electric field (Xie & Wang, 2007; Yang et al., 2005). 

Polymeric structures varied from nano to micro sizes can be produced after solvent 

evaporation during the migration of liquid from the conductive nozzle to the ground electrode 

(Sill & von Recum, 2008). The EHD process has been extensively used in the field of drug 

delivery and tissue engineering with continuous improvements (Ciach, 2007). 
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In the field of pharmaceutical applications, biodegradable micro- and nanoparticles are 

receiving increasing attention as drug delivery systems whereby the drug is continuously 

released from the particles over a period of time (Bhardwaj et al., 2006; Liechty et al., 2010).  

A sustained and controlled release manner of drug is the goal in designing an ideal drug 

delivery vehicle, which can keep the drug concentration levels constant over a certain period 

of time and maximize the therapeutic agent's efficacy. Encapsulating pharmaceuticals in 

biodegradable polymer particles is one of many approaches for achieving continuous and 

controlled drug release while minimizing drug degradation and loss, avoiding severe side 

effects, and increasing drug bioavailability and concentration in the desired zone (Edlund & 

Albertsson, 2002). Drugs in biodegradable nanoparticle systems are protected from 

gastrointestinal enzymatic degradation, reducing the unfavorable first pass metabolism, 

during which substantial drug concentration loss can occur before entering systemic 

circulation (Bhardwaj et al., 2006). Therefore, different fabrication methods have been 

developed in order to develop drug delivery vehicles that can be customized to meet these 

goals (R. A. Jain, 2000). 

The manufacturing techniques used to fabricate biodegradable polymeric micro- and 

nanoparticles of various sizes for pharmaceutical applications, include single and double 

emulsification (Freitas et al., 2005; R. A. Jain, 2000), solvent evaporation (Rosca et al., 2004), 

spray drying (Mu & Feng, 2001), coacervation (Singh & O’Hagan, 1998), and 

electrohydrodynamic atomization (EHDA) (Cam et al., 2019; Y. Zhang et al., 2018, 2020). 

Each method has its own set of benefits and cons. While emulsification has the potential for 

large-scale production, it is limited by the inactivation or degradation of active ingredients 

caused by organic solvent exposure, high shear stresses, and aqueous organic interfaces 
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evolved during the process, as well as its broad particle diameter distribution and low 

encapsulation efficiency (Rosca et al., 2004). While spray dry allows for pure drug 

nanonization and repeatable drug carrier manufacture, it requires a high temperature, making 

it incompatible with very thermally sensitive materials (Ahlin Grabnar & Kristl, 2011). In 

solvent evaporation approaches, low drug-loading efficiency and the need for particle 

separation from nondegradable surfactants employed can induce unwanted effects (Sharma et 

al., 2016). EHDA as a method for developing drug delivery systems. It's a fascinating 

phenomenon that involves the development and breakup of a jet under the influence of a 

strong electric field. In the literature, the procedure involved in this technique is referred to 

by several terms. EHDA processing and electrospraying will be used in this thesis. Using this 

technique, the drawbacks associated with conventional particle fabrication methods might be 

overcome. For instance, it can encapsulate both hydrophilic and hydrophobic constituents in 

a single step with high encapsulation efficiency, it can be scaled up easily for mass 

production with multi-needle equipment and it is capable of producing near monodisperse 

smaller particles (<1µm) and much less or no agglomeration and coagulation due to self-

dispersing properties which have the advantage of processing more regular and predictable 

drug release behavior (compared to other conventional methods) (Deng et al., 2006). This 

method is also known for its technical simplicity, as drug can be directly encapsulated inside 

a polymeric carrier in a single step without need for additives other than volatile solvents, 

thus overcoming the problems associated with defuctionalisation of active ingredients under 

harsh processing conditions (Nguyen et al., 2016). For the applications where a single needle 

is used, pharmaceutics can be mixed with polymeric liquid before spraying. A coaxial needle 

can also be used to produce multifunctional and multicomponent particles consisting of layer 

of different materials (Reardon et al., 2017). During the process, a liquid with appropriate 
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electrical conductivity is fed into a capillary and charged by a high voltage supply to obtain a 

sufficiently high potential in relation to a ground electrode, resulting in a spray of 

monodisperse droplets (Peltonen et al., 2010). During the movement of the droplets toward a 

grounded collector, the solvent evaporates, resulting in near-monodisperse particles in a 

single step process. Particle aggregation can be avoided due to Coulombic repulsion and self-

dispersal (Cam et al., 2019). The drugs and other materials can be either loosely embedded 

on to the polymer surface or entrapped into the polymer matrix and even be encapsulated in 

the polymer shell in order to prevent it from degradation (Cui et al., 2006; Reardon et al., 

2017). 

Copolymers are often excellent excipients as controlled drug delivery vehicles among the 

various materials available for producing solid polymer particle drug carriers because their 

physicochemical properties can be easily changed by modifying their molecular weight, 

functional chemical groups, and monomer ratios, offering desired drug release behaviour 

(Danhier et al., 2012; Liechty et al., 2010). To design an effective particulate delivery system, 

it's critical to choose the appropriate biodegradable polymeric materials. The poly(lactide-co-

glycolide) (PLGA) copolymer was chosen as the model polymer drug carrier in this 

investigation for this reason. Because of its tailorable biodegradability, biocompatibility, and 

physicochemical adjustability, as well as FDA approval and ready commercial availability 

across a wide variety of molecular weights and copolymer compositions, PLGA has been 

widely used as a drug carrier in pharmaceutical applications (Anderson & Shive, 2012). The 

capacity to modify the lactide:glicolide ratio, molecular weight, and type of terminal groups 

allows for precise drug release profile adjustment (Reed & Gilding, 1981).  
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1.2.  Research problem 

The motivation behind this work is to combined the relevant properties of PLGAs with 

EHDA, a simple one-step process, to prepare micro- and nanoscaled particles that can be 

used as drug carriers to serve three purposes: 1) to improve the dissolution rate of poorly 

water-soluble drugs thereby increasing the bioavailability when orally administrated, 2) to 

provide a sustained and controllable drug release while preserving nonreleased drugs from 

rapid degradation, and 3) to encapsulate multi-therapeutic agents and release them in a 

controlled manner. 

1.3. Aim and objectives 

The aim of this research was to investigate, demonstrate, and improve the potential of EHDA 

technique to prepare particles with pharmaceutical applications. 

1.3.1. Polymer concentration and copolymer composition study 

The first objective of this work was to get familiar with the fundamentals of EHDA 

processing techniques and demonstrate whether single- and multi-axial electrohydrodynamic 

processing could successfully produce polymeric nano and micrometer scale particles via a 

single step process. The effect of operating parameters (liquid flow rate, applied voltage, 

working distance and polymer concentration) on particle size and morphology was 

systematically investigated by changing only one parameter during operation. In order to 

achieve this objective, a systematic investigation on the effect of the electrospraying 

technique, polymer concentration and copolymer ratio on the resulting particle properties 

were carried out. Poly (D, L-lactic-co-glycolic acid) with different copolymer ratios (lactide 

to glycolide ratio of 50:50 and 75:25) were used to produce nano- and micrometre scaled 
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particles using single and coaxial electrospraying systems. It was shown how changes in 

polymer concentration and PLA/PGA ratio affects the particle size and shape.  

1.3.2. Improvement of dissolution rate of hydrophobic drug (progesterone) 

The second objective was to improve the dissolution rate of hydrophobic drug by 

encapsulating it into polymeric matrix. In this part of work, progesterone was used as a model 

drug and single and coaxial needle EHDA setups were employed to produce progesterone 

loaded PLGA particles. In this situation, drugs are dispersed into small droplets ranging from 

micro to nanoscale under the influence of electrical forces, allowing the solvent to evaporate 

quickly and resulting in fast solidification. Amorphous state of drug in the system is induced 

by rapid solvent evaporation, which is attributed to randomly “frozen” drug molecules in the 

solid polymer matrix generating solid dispersion. This study confirmed that EHDA 

processing holds a lot of promise as a method for enhancing the dissolution rate of 

hydrophobic drugs. 

1.3.3. Fabrication of drug loaded PLGA particles using single, multi-axial EHDA 

setups 

The third objective was to produce electrosprayed polymeric particles with therapeutic 

materials entrapped into the PLGA polymeric particles via single and multi-needle EHDA 

devices. In biomedical engineering, the processing of particles and capsules with a small size 

distribution is of high significance (Valo et al., 2009). Research into the encapsulation of 

various therapeutic components via efficient methods is particularly significant for the 

development of sophisticated particles with variable cores, targeting behaviour, and release 

profiles. (Luan et al., 2006).   
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To fulfil these objectives, first, single-needle EHDA setup was used to fabricate monolayer 

structured progesterone loaded particles with a range of 470 nm - 1.6 µm in diameter. PLGA 

solutions with different concentrations and copolymer formulations were prepared and 

progesterone were added into polymer solution at each concentration and then been 

electrosprayed for drug loaded particles. In a separate study, coaxial nozzle assembly 

comprises two needle capillaries was utilized for produce core-shell progesterone loaded 

nanoparticles. In a different study, polymer-based nanoparticles were engineered with the 

ability to hold fixed-dose combinations of saxagliptin and dapagliflozin in various layers 

using single, dual, and tri-capillary electrospray system, which are single-step processes. The 

physical form of the produced particles was analysed using X-ray powder diffraction (XPRD) 

and Fourier transform infrared spectroscopy (FTIR). The structure and size of these particles 

were also characterised. These studies confirmed that the multi-needle assembly device offers 

the possibility to produce easily multilayer structures. 

1.3.4. Drug release study and controlling the release profile 

The fourth objective was to investigate the release characteristics of these carriers in greater 

depth, including the effects of polymer concentration, copolymer composition, and particle 

configurations, which had not been thoroughly described in earlier EHDA investigations. 

Burst release is a rapid release phase that can result in a variety of serious side effects and 

shorten the therapeutic system's lifespan. The use of dual-capillary electrospray to create 

core-shell particles reduced the uncontrollable initial burst release caused by random drug 

loading on the surface of polydisperse nanoparticles. Furthermore, coaxial tri-capillary 

electrospray allows to build multi-layered particles for controlling the kinetics of multiple 

drugs individually. 
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1.4. Thesis outline 

Chapter 1 includes background information on the research project and a brief historical 

overview as well as an outline of the fundamentals of electrohydrodynamic atomization and 

other relevant micro and nano encapsulation techniques. Also, the aims and objectives of this 

study are described. 

Chapter 2 presents a literature review addresses the fundamental principles and features of 

electrohydrodynamic atomization processes that are pertinent to this study. Because the goal 

of the study is to use EHDA to make micro and nano particles for use as drug carrier, a large 

amount of literature has been scoured through to learn about the concepts of 

electrohydrodynamic atomization, the technique, and its applications, as well as the materials 

and methods used to prepare polymeric particles. In addition, a literature review of micro and 

nano particulate drug delivery mechanisms, as well as traditional encapsulation approaches, 

was discussed in reference to electrohydrodynamic atomization. 

Chapter 3 gives a description of the experimental setups, materials, the characterisation 

techniques carried out, and a detailed description of the experimental tools employed in 

chapters 4, 5, and 6. 

Chapter 4 discusses the use of different polymer:drug ratio and copolymer composition of 

poly(lactic acid-co-glycolid acid) (PLGA) to prepare uniform structure micro size particles 

with encapsulated progesterone in the polymer matrix via EHDA process. The effect of 

copolymer composition and progesterone loading were studied in order to determine how 

they affect the release behaviour of progesterone and how much they improved the 

dissolution rate of low aqueous solubility drug. 
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Chapter 5 describes how co-axial electrohydrodynamic atomization can be used to fabricate 

core-shell structured PLGA carriers with a controlled mean size and size distribution. The 

effects of PLGA polymer composition and electrosprayed nanoparticle structure on the final 

progesterone drug release behaviour in vitro were systematically investigated. Six 

formulations of monodisperse nanoparticles with different particle structures including mono 

or core-shell, pure drug encapsulation or encapsulating drug dispersed in polymer matrix as 

well as different PLGA copolymer compositions in terms of lactide:glycolide ratio (75:25 or 

50:50) were manufactured and examined to see how they affected drug release behaviour. 

Chapter 6 describes a method to fabricate PLGA nanoparticles with the ability to hold fixed-

dose combinations of saxagliptin and dapagliflozin in various layers. A coaxial tri-capillary 

EHDA system was used to produce particles with multi-layered structures for separately 

regulating the kinetics of multiple drug release. The effects of particle configuration on the 

drug release behaviour were systemically studied by producing four formulations of 

monodisperse nanoparticles using single, dual and tri-capillary EHDA technique.  

Chapter 7 is split into two parts. Section 7.1 summarises the experimental findings and gives 

the findings of the studies conducted in Chapters 4, 5, and 6. Section 7.2 addresses several 

prospects for future work, including EHDA processing and beyond, in order to expand on the 

research presented in this thesis.  

References section includes a list of the literature used throughout the thesis. 
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Chapter 2: Literature Review 

2.1. Introduction 

The aim of the research outlined in this thesis is to investigate EHDA as a technique for 

manufacturing active ingredients encapsulated micro- or nanostructures with a range of 

morphologies that meet the criteria for particles used in controlled release systems. In order 

to have a fully understanding of how the technique operates, the principle of 

electrohydrodynamic atomization (EHDA) and previous studies on the processing methods 

based on this methodology are reviewed. The various modes of electrohydrodynamic 

atomization, as well as the parameters involved in this procedure, including processing 

parameters (applied voltage and flow rate) and liquid properties (surface tension, viscosity, 

electrical conductivity, relative permittivity, and density), are well described. Furthermore, 

the fundamental concepts of drug delivery system as well as various routes of drug 

administration and the basic mechanism of that control the drug release from polymeric 

carriers are presented. Also, the most commonly used polymer-based drug delivery systems 

will be mentioned. Additionally, different methods for fabricating drug-loaded polymeric 

carriers, including emulsion-solvent evaporation, phase separation, suspension cross-linking 

and spray drying are also explored and compared to EHDA manufacturing, which was used 

in this research. Biodegradable polymers have been widely exploited as drug delivery 

vehicles because of their high bioavailability and low toxicity. This section covers various 

biodegradable polymers including chitosan, gelatin, poly (lactic acid) (PLA), poly (-

caprolactone) (PCL), and poly (lactic acid-co-glycolic acid) (PLGA). 
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2.2. The drug delivery concept and goal of drug delivery systems 

A drug-delivery system is a formulation or a system that allows a therapeutic agent to be 

introduced into the body and improves its efficacy and safety by managing the rate, time, and 

site of release. This system is designed to administer and maintain a adequate amount of drug 

for an appropriate period of time, as well as to prevent non-released drugs from degrading 

inside the body. In other words, for an effective drug delivery system, the drug must be 

released in appropriate quantity, in correct time window and in correct place so to minimize 

adverse reactions or side-effects of the drug. In conventional drug delivery systems such as 

tablet or injection, it is difficult to keep the concentration level of therapeutic agent in blood 

stream at a therapeutic level for certain time period due to the fact that the concentration level 

of drug reduced significantly after administration. Therefore, multiple administrations are 

usually necessary to maintain the drug in a therapeutic level. Another drawback of these 

systems is that high drug concentration may cause toxic effects because therapeutic agent is 

delivered by diffusion or partition from the blood stream to action site. As shown in Figure 

2.1a, the drug level in the blood of a typical release profile for a conventional drug delivery 

system rises after administration and decreases very quickly until next administration. Note 

that the concentration of any drug must always remain between the toxic level and the 

effective level. As shown in Figure 2.1b, drug can be released over long periods of time in 

contemporary drug delivery systems, that the drug concentration level remaining constant 

between the two limits for a specific time. Figure 2.1c indicates a typical release profile of 

pulsatile release meaning that the drug is released only when it is needed. On-set release is 

known for its highly localized drug release and high therapeutic efficiency while side effects 

are reduced significantly (Figure 2.1d). 
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In summary, an ideal drug delivery system should be designed to overcompensate for the 

shortcomings of traditional medication delivery methods, meaning that drug should be 

delivered directly to the target site, minimize the side-effects by keeping drug away from 

non-target organs, cells or tissues, and protect drug from metabolism and clearance. 

Consequently, unwanted side effects such as unexpected fluctuations in therapeutic 

concentration or the ineffectiveness of damaged drug molecules may be eliminated. 

Polymeric micro and nanostructures have attracted a lot of attention as drug delivery devices 

over the last few decades. The theory behind drug distribution using polymeric 

micro/nanostructures is that a larger surface area of the drug carrier increases the rate of drug 

dissolution. Micro/nanostructures for drug delivery have been developed using a variety of 

approaches (Zamani et al., 2013). 



Chapter 2: Literature Review 

 
13 

 

 

Figure 2. 1: Images showing drug delivery systems with drug delivery based on a) simple 

diffusion and partition, b) sustained release for extended therapeutic periods, c) 

pulsatile release and d) highly localized release (Kim et al., 2009). 

2.3. Route of drug delivery using particles 

A route of drug administration in pharmacology is the path by which therapeutic agents in 

taken into the body. Drugs may enter the human body via a variety of anatomical routes. 

They can be designed to have a systematic effect or to affect specific organs or diseases. The 

route of administration is dictated by the disease, the desired outcome, and the product 

availability. Drugs can be delivered directly to the diseased organ, or they can be given 

systemically and tailored to the diseased organ. Drug loaded micro- or nanoparticles can be 
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delivered in several ways including parenteral (intramuscular and subcutaneous), pulmonary, 

oral and transdermal etc. In this section, literature on the most popular drug delivery routes 

has been revised.  

The oral route of drug administration has traditionally been the most common for both 

conventional and novel drug delivery. The reasons for this preference are obvious, since they 

are convenient, low-cost and widely accepted by patients (H. Zhang et al., 2002). Drugs for 

systemic effects that are given orally, on the other hand, have varied absorption rates and 

serum concentrations, which are often unpredictable. Sustained release and controlled-release 

mechanisms have developed as a result of this. Due to high acid content and widespread 

presence of digestive enzymes in the digestive tract, any medicine can be degraded long 

before it reaches the point of absorption into the bloodstream. This is particularly true of 

ingested proteins. As a result, this path has drawbacks when it comes to administering 

biotechnology substances (K. K. Jain, 2008). 

The parenteral route of administration is the most effective route for the delivery of drugs 

with narrow therapeutic index, poor absorption properties and propensity to degrade in the 

gastrointestinal tract. Drugs can be delivered by intramuscular (IM), intravenous (IV) and 

subcutaneous (SC) injected to targeted sites in the body. Routine parenteral administration is 

benefit for its ability to deliver drugs to specific body tissues (Wissing et al., 2004). 

Pulmonary drug delivery is used in the treatment of respiratory system via inhalation. Local 

delivery of therapeutic agents to the lungs is highly desirable for specific pulmonary diseases 

such as asthma, chronic pulmonary infections or lung cancer (Luan et al., 2009). For drug to 

be successfully delivered, the carriers are required for certain physical characteristics such as 

desired size range (1-5	µm) (Pilcer & Amighi, 2010). A sustained release of inhaling drug 
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can be achieved by using biodegradable polymers. The principal advantages include reduced 

systemic side effects by decreasing drug percentage in bloodstream and higher doses of drug 

at the site of drug action by extended presence of drug in the airways (Pilcer & Amighi, 

2010). 

Transdermal drug delivery is a method of delivering drugs through the skin for medicinal 

purposes rather than through the mouth, intravascular, subcutaneous, or transmucosal 

channels. It uses a drug-contained adhesive patch to deliver medications via diffuse through 

the skin (Prausnitz & Langer, 2008). Many drugs are reported to be delivered transdermally 

such as contraceptives, nicotine and estrogen (Prausnitz et al., 2004). 

2.4. Particulate drug carriers 

Particulate carriers are a broad class of pharmaceutical carriers that the bioactive agents are 

encapsulated in a loading space of molecular assemblies (Fig 2.4). Several families of 

molecular assemblies are classed as particulate drug carriers (Marcucci & Lefoulon, 2004). 

Liposomes have an aqueous core surrounded by highly ordered lipid molecules in lamellar 

arrangement that drug can be carried by either of the lipid bilayer or the aqueous core (Lasic, 

1998; Schreier et al., 1993). Polymeric particles are spherical unites comprised of 

biocompatible polymers generally vary from nano- to micro-scales, in which active 

compounds are either confined to a cavity surrounded by a polymer membrane (capsules) or 

entrapped in the matrix (spheres) (Soppimath et al., 2001). Block copolymer micelles are a 

spherical vesicle made up of a cluster of amphiphilic copolymers that spontaneously 

assemble in water. The hydrophobic pharmaceuticals are enclosed in the core of these 

micelles before they been released by a drug delivery mechanism and the outer shell is 
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hydrophilic that facilitates dispersal of the micelles in water. (Torchilin, 2001). Dendrimers 

are synthetic, highly branched tree-dimensional, monodispersed macromolecules. As their 

molecular size increases, drug molecules are able to be encapsulated in the vacant inner core, 

and a highly branched and functionalized outer surface can be derivatized with a ligand (Patri 

et al., 2002). They are widely used as nanocarriers for drug delivery, gene transfection, tumor 

therapy etc. (Boas & Heegaard, 2004). 

 

Figure 2. 2: Pharmaceutical carriers (Marcucci & Lefoulon, 2004). 
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2.5. Classical mechanisms of drug delivery 

The term “drug release” has been used as a description of the way in which drug molecule is 

transported and released from a starting position in a polymeric carrier to the surroundings 

environment (Langer, 1990). The reservoir device and the matrix device are two examples of 

diffusion-controlled systems that have been developed (Huang & Brazel, 2001).  

The medicine is physically encapsulated inside a polymeric carrier that can be injected or 

implanted in the body as a reservoir device. The drug is then diffusing through the polymer 

membrane, which shells the drug from the surrounding environment (Figure 2.3a). Non-

degradable polymers, such as synthetic rubber, were used initially to make these devices to 

release low molecular mass lipophilic drugs over long periods of time (Folkman & Long, 

1964). Norplant, a small silicone capsule containing contraceptives that are steadily released 

through the polymer for 5 years, was developed using this method (Sivin et al., 1998).  

Fick's first law of diffusion governs the diffusion process and is represented by a set of 

equations. 

𝑱 = −𝑫 𝝏𝒄
𝝏𝒙

                (Equation 2. 1) 

Where J (mol m-2 sec-1) is the amount of drug that crosses the membrane, which is usually 

measured in moles of particles per unit area (m2) per second. 𝝏𝒄
𝝏𝒙

 is the rate of change in 

concentration C (mol m-3) relative to a distance x (m) in the membrane. D (m2 sec-1) is the 

diffusion coefficient of drug in membrane which reflects the ability of drug molecule to 

diffuse through the polymeric matrix and is determined by factors such as molecular size and 

charge.  
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Matrix devices are the most common type of controlled drug release system. This may be due 

to the fact that they are easier to produce than reservoir systems, and there is less risk of an 

unintended high dose resulting from the rupture of a reservoir device's membrane. Drugs are 

physically embedded and dispersed in a polymeric carrier in matrix structures and 

subsequently the drug diffuses out (Figure 2.3b) (Langer, 1990; Langer & Folkman, 1976). 

In general, in matrix systems, the drug release behaviour is influenced by factors such as the 

drug's solubility or, in the case of porous matrix systems, by its solubility in the sink solution 

within the particle's porosity network as well as the network's vascularity. (Huang & Brazel, 

2001). Note that this approach is not applicable for ionic species and molecules with a 

relative molecular mass greater than 400 g mol-1 since these agents cannot diffuse through 

such polymers. This challenge is overcome by physically embedding the drug in polymers at 

a sufficiently high concentration to form a network of interconnecting polymers from which 

the drug can diffuse slowly (Langer & Folkman, 1976).   

Diffusion and degradation processes are responsible for the mechanism of drug release in 

several other drug delivery systems. Biodegradable polymers are used to make drug carriers 

in these structures. The use of bioerodible structures is justified because the instruments are 

eventually consumed by the body and hence do not need to be surgically removed. 

Polymer bioerosion is characterized as the transformation of a water-insoluble substance into 

a water-soluble one. The substance is preferably spread equally within a polymer in a 

bioerodible environment (Figure 2.3c), much as it is in monolithic structures. The drug 

escapes when the polymer that surrounds it erodes. 



Chapter 2: Literature Review 

 
19 

 

 

Figure 2. 3: Schematic representation of (a) reservoir diffusion controlled (b) monolithic 

(matrix) diffusion controlled and (c) biodegradable (bioerodible) drug delivery devices. 

Images obtained from Sigma Aldrich company – Biomaterials tutorials (Poole,UK). 

Additionally, there are three possible ways for bioactive agents to be delivered: (a) diffusion 

through water filled pores, (b) diffusion through the polymer matrix and (c) osmotic 

pumping(Blasi et al., 2005). 
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Drug diffusion through water-filled pores 

This is the most common route of drug release, in which random movements of drug 

molecules are governed by chemical potential gradients that may be predicted using the 

concentration gradient. This process is very dependent on the porous network of the 

polymeric systems, with evolving structures as pore formation and pore closure (Fredenberg 

et al., 2011). In degradable polymeric systems, water is absorbed by the polymer immediately 

upon immersion in water. Any volume occupied by water in the polymer matrix can be 

regard as water-filled pores. Initially these pores are not large enough for drug molecules to 

pass through, but the size of the pores becomes larger and more numerous, a continuous 

porous network allowing drug release is formed (Webber et al., 1998). 

Drug diffusion through the polymer matrix 

This scenario is possible for small hydrophobic drugs in which drug molecules simply diffuse 

out of the polymer matrix (Raman et al., 2005; Wischke & Schwendeman, 2008). Unlike 

diffusion through water-filled pores, this process is not governed by the porous structure, in 

which the drug has to be dissolved in water before being released. In nondegradable drug 

delivery systems, the diffusion coefficient remaining constant and not influenced by 

concentration gradients but by polymeric properties (molecular weight and permeability) 

(Wischke & Schwendeman, 2008). 

 

Osmotic pumping 

Osmotic pumping is a further way of drug transport through water-filled pores, which is 

caused by water absorption and it may be created by the influx of water into a nonswelling 
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system. Drug transport as a result of this force is referred to as osmotic pumping (Keraliya et 

al., 2012).  

 

Figure 2. 4: Schematic illustration of drug release mechanisms from polymeric particles: 

(A) diffusion through water filled pores, (B) diffusion through the matrix, (C) osmotic 

pumping (Fredenberg et al., 2011). 

2.6. Polymer degradation and erosion 

Owing to the intrinsic diversity of structures, classifying biopolymers used in drug delivery 

systems can be challanging. However, categorizing them is useful because it highlights 

property similarities among polymer groups. There are various interpretations of degradation 

and erosion in the literature. In this thesis, therefore, the following meanings are used: 

degradation is a chemical process that involves bond cleavage and the chain scission reaction, 

in which polymer chains are cleaved to form oligomers and monomers. Erosion is a physical 

phenomenon induced by dissolving and diffusion processes that result in material depletion 

(Hong et al., 2012).  

2.6.1. Polymer degradation:  

One of the important processes that leads to drug release is degradation. Hydrolytically 

degradable polymers and enzymatically degradable polymers are two types of polymeric 
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biomaterials that degrade in different mechanisms. Where sufficient enzymes are available, 

enzymatic degradation mainly occurs in natural biopolymers such as proteins (gelatin and 

collagen), polysaccharides, and poly (-hydroxy acids) (Huang & Brazel, 2001). Hydrolytic 

degradation is the most common type of degradation for synthetic polymers, and it is 

determined by a number of factors, the most important of which are the form of chemical 

bond, pH, copolymer structure, and water absorption. The molecular weight is one of the 

most significant parameters for controlling degradation. Other metrics, such as loss of 

mechanical power, total degradation into monomers, or monomer release, have been 

suggested as measures of degradation in addition to molecular weight loss (Ammala, 2013; 

Huang & Brazel, 2001).  

2.6.2. Polymer erosion 

Surface erosion and bulk erosion are two different types of polymer erosion. During surface 

erosion, the matrix gradually shrinks while the polymer maintains its original geometric 

shape. To put it another way, it happens when the rate of erosion outpaces the rate of water 

permeation into the polymer bulk (Fredenberg et al., 2011). This is a favorable mechanism 

for drug delivery due to its kinetics of erosion, and therefore the drug release is steady over 

time and the release rate can be highly predictable and reproducible. Water labile 

pharmaceuticals are shielded before they are released due to the slow rate of water 

permeation into surface eroding devices (Göpferich, 1996). The polymers poly (anhydrides) 

and poly (polymers) are examples of surface eroding polymers (ortho esters). Both 

biodegradable polymer classes contain highly labile groups that allow polymer chains to 

hydrolyze rapidly when they come into contact with water molecules. Water permeation is 

slowed by using hydrophobic monomer units in the polymers. Hydrophobic excipients may 
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also be used to stabilize the polymer bulk. The rate of erosion is precisely proportional to the 

exterior surface area in ideal surface erosion. If diffusional release is limited and the overall 

shape remains constant, surface erosion can result in zero-order drug release (a constant dose 

of drug released over time) (Hussein et al., 2013; Modi et al., 2005). 

 

Figure 2. 5: Schematic illustration of (a) bulk erosion and (b) surface erosion. 

For bulk eroding polymers, degradation and erosion of bulk eroding polymers happens when 

water permeates the bulk of the polymer, resulting in homogenous matrix degradation (Marin 

et al., 2013). As a result, the polymers in the matrix's bulk may be hydrolyzed, making 

polymer erosion kinetics more difficult to predict than that for surface-eroding polymers  
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(Uhrich et al., 1999). For the most biodegradable polymers enployed in controlled drug 

delivery systems experience bulk erosion (Fredenberg et al., 2011). 

Both surface and bulk erosion processes can occur in most biodegradable polymers, however 

the relative magnitude of the mechanisms varies greatly depending on the chemical 

composition of the polymer backbone. Polymer erosion is more difficult than degradation 

since it is influenced by a variety of different factors, such as degradation, swelling, oligomer 

and monomer dissolution and diffusion, and morphological changes. For certain types of 

polymers, such as electrically erodible fabrics, more parameters may apply. 

2.7. Biodegradable polymers in controlled release drug delivery 

Polymers, the most adaptable type of materials, are of considerable interest for drug delivery 

systems. They can be divided into groups based on whether they are degradable and non-

degradable. Biodegradable polymers can be either natural or synthetic. Synthetic 

biodegradable polymers are favored in drug delivery for several reasons. First, the properties 

of polymers can be tailored to match the needs of the application. Moreover, synthetic 

polymers are found to be less toxicity than that of natural polymers (Uhrich et al., 1999).   

Biodegradable microparticles have attracted considerable interest in the field of controlled 

drug release, in which the medication is constantly released from the particles over time. 

They can carry a wide range of therapeutics via a variety of channels, increasing drug 

bioavailability while also protecting the molecule from degradation (Edlund & Albertsson, 

2002). Polymer compositions, such as molecular weight, monomer ratio, and the nature of 

terminal groups for copolymers, can be modified to regulate drug release characteristics 

(Uhrich et al., 1999). Other than polymer physicochemical parameters, factors including 
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particle size (Berkland et al., 2002; Enayati et al., 2010), morphology and porosity (Klose et 

al., 2006), and drug loading (Choi et al., 2002) have been found to be involved in determining 

drug release kinetics. To build a good particle delivery system, the biodegradable polymeric 

materials must be chosen carefully. Copolymers have attracted a lot of attention in recent 

years as a material for fabricating these solid particles because variable physicochemical 

properties can be produced by changing the polymer composition. 

Among the variety of synthetic polymers available to engineer drug carriers, the most 

extensively investigated to date are the aliphatic polyester such as poly (lactic acid) (PLA), 

poly (glycolic acid) (PGA) and the copolymer poly (lactic acid-co-glycolic acid) (PLGA) due 

to their favorable biocompatibility and biodegradability. This class of polymers can be 

rendered degradable through the hydrolytic cleavage of the ester bonds in the backbone (Fu 

et al., 2000; Sinha & Trehan, 2003). 

2.7.1. Poly (lactic acid) (PLA) 

Poly (lactic acid) (PLA) PLA is an aliphatic polyester that is synthesized by ring-opening 

polymerization of the cyclic dimer lactide in a moisture-free environment with the use of heat 

and a catalyst (Figure 2.8). 

 

Figure 2. 6: Synthesis of PLA (Jalil & Nixon, 1990). 
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PLA is degraded by simple hydrolysis of the ester linkage into water-soluble monomers of 

lactic acid. When the molecular weight becomes lower than ~10,000 g/ml, PLA also 

undergoes enzymatic hydrolysis. The rate of degradation is progressively increased with a 

decrease in molecular size and increase in the temperature of hydrolysis. The lactic acid 

eventually converted to carbon dioxide and water via tricarboxylic acid cycle (Kerbs cycle) 

and excreted by the lungs (Jalil & Nixon, 1990). 

2.7.2. Poly (glycolic acid) (PGA) 

Polyclycolide or poly (glycolic acid) (PGA) can be considered as one of the first 

biodegradable synthetic polymer studied. It is synthesized from ring-opening polymerization 

of the cyclic dimer glycolide in a moisture-free atmosphere under heat with the use of 

catalyst (Figure 2.9). PGA is a semi-crystalline polymer (45-45% crystallinity) with a melting 

temperature (Tm) greater than 220 ℃ and a glass transition temperature (Tg) around body 

temperature (35-40 ℃). Unlike PLA, PGA has a very low solubility in most organic solvents 

due to its high degree of crystallinity. Moreover, it shows excellent mechanical properties due 

to its high crystallinity (Jalil & Nixon, 1990). 

 

Figure 2. 7: Synthesis of PGA (Jalil & Nixon, 1990). 

PGA is a bulk degrading polymer that is broken down into glycine by non-specific esterases 

and carboxy peptidase in the body. This can be excreted in the urine or undergo further 
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enzymatic conversion into carbon dioxide and water via the citric cycle (Maurus & Kaeding, 

2004). 

2.7.3. Poly (lactic acid-co-glycolic acid) (PLGA) 

One of the most employed biodegradable polymers in drug delivery applications is PLGA. 

The capacity to modify the lactide:glycolide ratio, molecular weight, and type of terminal 

groups allows for accurate drug release profile management (Gilding & Reed, 1979). 

Furthermore, the hydrophilic feature of PLGA can improve the absorption of hydrophobic 

medicines, resulting in improved oral bioavailability (Bohr et al., 2011, 2012). Glycolide-rich 

PLGA copolymers are more hydrophilic than lactic acid because glycolic acid is more 

hydrophilic than lactic acid. As a result, they absorb more water and disintegrate faster. 

(Witschi & Doelker, 1998). PLGA can be used to loading variety types of therapeutic agents 

with a wide choice of MWs and can be made into particles of different morphologies. The 

polymerization of two glycolic acid and lactic acid monomers by random ring-opening co-

polymerization synthesises PLGA. During polymerization, successive monomeric units of 

glycolic or lactic acid are bonded together by an ester bond (Figure 2.10). Variable 

parameters such as MW, lactide-to-glycolide ratio, and drug concentration can be used to 

control the drug release behavior from PLGA carriers.   

 

Figure 2. 8: Synthesis of PLGA (Jalil & Nixon, 1990). 
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2.7.4. Chitosan 

Chitosan is a natural carbohydrate polymer that has been partially N-deacetylated from the 

natural biopolymer chitin produced from crustaceans. It has the properties including 

biocompatibility, biodegradability and mucoadhesivity. Chitosan nanoparticles (NPs) along 

or in combined with other biomaterials are being studied intensively for medication delivery, 

protein/peptide delivery, and gene delivery (Katas & Alpar, 2006; Krauland & Alonso, 2007; 

Y. Luo & Wang, 2014). It has been demonstrated that N-acetyl glucosamine, a chitosan 

monomer unit, enhances hemostasis, promotes cell proliferation, and so speeds wound 

healing(Keong & Halim, 2009; Patrulea et al., 2015). In terms of biocompatibility, chitosan 

has no negative effects when it comes into interaction with human cells. Furthermore, ubiq-

uitous enzymes in the human body may breakdown chitosan with no harmful residues. 

Moreover, chitosan stimulates fast blood clotting by attaching to red blood cells. Chitosan is 

also used to enhance the stability of pharmaceuticals by forming chitosan nanoparticles, 

which leads to an increase in drug accumulation. The use of chitosan-based polymers in 

bandages and other hemostatic applications has been approved by the US Food and Drug 

Administration (FDA) (Wedmore et al., 2006).  

2.7.5. Gelatin 

Gelatin is widely used in culinary and medical applications, and its nontoxic, biodegradable, 

bioactive, and low-cost qualities make it a good candidate for controlled release. It's a 

polyampholyte that has cationic and anionic groups, as well as a hydrophilic group. 

Mechanical characteristics, swelling behavior, and thermal properties of gelatin are all 

thought to be affected by the degree of crosslinking. Depending on the process of collagen 

hydrolysis, two forms of gelatin (type A and type B) are commercially available. Gelatin A is 
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extracted from pig skin using an acid pre-treatment prior to extraction, which has no effect on 

the amide groups of glutamine and asparagine, resulting in a higher isoelectric point IEP 

(i.e.,7–9) (Ninan et al., 2011). When gelatin B is recovered from ossein and cut hide split 

from a cow is treated with alkaline, asparagine and glutamine are hydrolyzed into aspartate 

and glutamate, respectively. As a result, type B gelatin has a higher number of carboxyl 

groups that are negatively charged, decreasing IEP (i.e.,4.5–6) (Ninan et al., 2011). 

2.8. Fabrication techniques of polymeric particles 

Polymeric micro- and nanoparticles can be delivered as oral, injectable, and inhalable drug 

delivery systems and can be manufactured utilizing a variety of processes including emulsion 

solvent evaporation/extraction, spray drying, and electrohydrodynamic atomization (R. A. 

Jain, 2000; Okada & Toguchi, 1995). Each method has its own set of benefits and cons. The 

polymer, medication, site of action, and duration of therapy all influence which approach is 

used. For drug encapsulation to function, several requirements must be met: 

I. The stability and bioactivity of the drug should not be affected during the entire 

process. 

II. The drug encapsulation efficiency and the yield of particle production should be high 

enough. 

III. Particles should be almost monodispersed and have a reproducible drug release 

profile and without high initial burst release. 

In the following section, many of the most commonly used methods will be described. 
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Table 2. 1 Comparison of electrospraying with other conventional methods of polymeric 

nano/microparticles fabrication for drug/ growth factor delivery. 

Fabrication 
techniques 

Advantages Disadvantages reference 

Emulsion-
solvent 
evaporation 

Versatile method for the 
fabrication of a wide variety 
of polymeric microparticles 

Broad particle size distribution; 
Involves several steps, multiple 
solvents and surfactants; 
Cannot be used for high 
molecular weight polymers 

(Boda et 
al., 2018) 

Salting out 

Desolvation of organic 
solvent with non-solvent 
allows for simple production 
of polymer nanoparticles. 
Hydrophobic drug 
encapsulation efficiency is 
high; Surfactants that can 
denature proteins are not 
used. 

Large volumes of solvent are 
used in the fabrication process, 
and hydrophilic drugs have a 
low loading efficiency within 
nanoparticles. 

(Bilati et 
al., 2005) 

Phase 
separation 

Absence of toxic organic 
solvents and its simplicity 
compared with emulsification 
techniques. 

The use of stabilizing agents 
that may react with the drug 
and may increase the toxicity 
of NP formulations 

(Irache et 
al., 1995) 

Spray drying 
Used for bulk synthesis of 
drug loaded in organic 
microparticles 

Thermal denaturation of 
proteins or other thermally 
sensitive materials can occur 
due to the hot carrier gas 
during fabrication 

(Peltonen 
et al., 
2010) 
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Electrospraying   Single step devoid of large 
solvent volumes and 
surfactants; Particle size 
distribution is narrow; Even 
high molecular weight 
polymers can be made into 
nano and micron-sized 
particles. Drug processing 
that isn't very water soluble 

Small amounts of particles are 
fabricated; Difficult to scale up 
for bulk production 

(Cam et 
al., 2019) 

 

2.8.1. Emulsion-solvent evaporation/extraction methods 

The emulsification-solvent evaporation technique, which was first recorded by Gurny et al. 

(1981), is the earliest process for forming nanoparticles from preformed polymers (Gurny et 

al., 1981). It has been used extensively for the production of micro- / nano-sized spheres for 

biomedical and pharmaceutical purpose. Emulsion methods can be classified into water-in-oil 

(W/O), oil-in-water (O/W), and double emulsion (W/O/W) following formation of an 

emulsion (Anton et al., 2008; Fukushima et al., 2000). 

2.8.1.1. Single emulsion method 

This process is used to load hydrophobic drugs. The most common one is the oil-in-water 

(O/W) emulsion. By this method, the polymer is first dissolved in a water-immiscible, 

volatile organic solvent (e.g. Ethyl acetate, chloroform, methylene chloride; Figure 2.6) and 

subsequently the hydrophobic bioactive agents are dissolved into the polymer solution. Then 

the resulting organic oil phase is emulsified in water using an emulsifier. In general, volatile 

solvents can be removed from such emulsions either by extraction or evaporation process and 

the particles are obtained by washing (Arshady, 1989). However, poor encapsulation 
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efficiency for hydrophilic drugs is one of the drawbacks of the O/W emulsification approach 

(Arshady, 1991; Jalil & Nixon, 1990). Because that drugs may diffuse out or partition from 

the dispersed oil phase into the water phase which would result in poor trapping of the 

hydrophilic drug (Arshady, 1991; Jalil & Nixon, 1990).  

2.8.1.2. Double emulsion method 

Double emulsion is a water-in-oil-in-water (W/O/W) method which is a modification of the 

emulsification solvent evaporation method and has been described to result in extremely 

efficient loading of biodegradable microparticles with hydrophilic drugs and proteins. An 

aqueous solution of the drug and surfactant is added to an organic phase containing the 

polymer and stirring to form the first W/O emulsion. This emulsion is then dispersed in a 

large-volume water to form the double W/O/W emulsion. Finally, the emulsion undergoes 

solvent removal by either evaporation or extraction process (Arshady, 1989). The fast 

diffusion of a hydrophilic molecule such as a protein or peptide drug into the outer aqueous 

phase during emulsification is the main issue with this technique. This can lead to ineffective 

entrapment, or drug loading. As a result, ensuring the development of a polymer membrane 

during the first water-in-oil emulsification is important (Zambaux et al., 1998). 
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Figure 2. 9: Emulsification-solvent evaporation (1), emulsification-solvent diffusion (2) 

and salting-out method (3).  Hydrophobic polymer and drug are dissolved in an organic 

solvent which is volatile and water immiscible. This solution is then emulsified in an 

aqueous stabilizer solution. (Ahlin Grabnar & Kristl, 2011). 

2.8.1.3. Emulsification solvent diffusion 

The emulsification-solvent diffusion process uses a partly water-soluble organic solvent, such 

as benzyl alcohol, propylene carbonate, ethyl acetate, and others (Leroux et al., 1995). This 

organic solvent dissolves the polymer and drug, which is then emulsified in an aqueous phase 

with a stabilizer to create an O/W emulsion (Figure 2.6). To address the miscibility ratio of 

the organic solvent, a considerable volume of water is then applied to the system. The solvent 

diffuses into the exterior phase as a result of this. The polymer precipitates when an organic 
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solvent diffuses through the water, resulting in the formation of particles. Cross-flow 

filtration may be used to remove the solvent. The procedure can be used for hydrophobic 

medications like estrogen (Kwon et al., 2001), enalapril (Ahlin et al., 2002), and ibuprofen 

(Galindo-Rodríguez et al., 2005). The method's benefits include the use of low-toxicity 

solvents (benzyl alcohol) and high batch-to-batch consistency. Entrapment performance has 

been stated to be high (generally 470%). The method's drawback is the vast amount of water 

that must be removed from the suspension. The benefits of two well-developed techniques, 

double emulsion solvent evaporation and emulsification solvent diffusion, are combined in 

the double emulsion solvent diffusion process, which is ideal for the integration of 

hydrophilic drugs (Cohen-Sela et al., 2009). 

2.8.2. Salting-out 

Salting-out effects can improve the emulsification-solvent diffusion process. Instead of 

chlorinated solvents, a water-miscible solvent such as acetone, ethanol, or N-methyl-2-

pyrrolidone is used in the salting-out technique. Bindschaedler et al. is the first to suggest it 

(Ibrahim et al., 1992; Kristl et al., 1996). Saturating the aqueous phase with electrolytes such 

as magnesium acetate, magnesium chloride, or calcium chloride prevents the organic and 

aqueous phases from combining. To make an O/W emulsion, an organic solution of polymer 

and drug is emulsified into an aqueous phase containing salt and colloidal stabilizer (Figure 

5). After that, the emulsion is mixed with enough water to increase acetone diffusion into the 

aqueous phase, resulting in polymer precipitation. Cross-flow filtration is used to remove 

both the solvent and the salting-out agent. The process prevents the use of organic chlorinated 

solvents and significant quantities of stabilizer during formulation and does not entail an 

increase in temperature. Depending on the solubility of the drug in acetone and the existence 
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of the salting-out agent, high drug loadings can be obtained. The drawbacks include limited 

application of lipophilic drugs and lengthy NP washing procedures. The use of acetone and 

large quantities of salts can raise questions about salt recycling and compatibility with active 

compounds (Ahlin Grabnar & Kristl, 2011).  

2.8.3. Phase separation  

Phase separation can be a temperature-induced process used for the preparation of 

encapsulated particles and fibres (Hao et al., 2012). This method involves adding a third 

ingredient to the polymer solution in an organic solution to reduce the solubility of the 

encapsulating polymer. The method produces two liquid phases (phase separation) at a 

certain point: the polymer containing coacervate phase and the supernatant phase depleted in 

polymer. The coacervate coats the drug that is dispersed/dissolved in the polymer solution. 

As a result, the coacervation procedure consists of three steps: (i) formation of three 

immiscible chemical phases, (ii) deposition of the coating, and (iii) microsphere solidification. 

The polymer is first dissolved in an organic solution. The drugs are dissolved in water and 

dispersed in the polymer solution or solubilized in the polymer solution. The polymer solvent 

is gradually extracted by stirring after the addition of an organic non-solvent to the polymer-

drug-solvent system. The drugs are entrapped into very soft coacervated droplets by phase 

separation and then transferred to a large quantity of another organic non-solvent hardening 

bath and form the final microspheres. Unlike the o/w emulsification method, this process is 

capable of encapsulating both water-soluble and water-insoluble medicines (Thomasin et al., 

1997). The coacervation procedure, on the other hand, is primarily used to encapsulate water-

soluble drugs such as peptides, proteins, and vaccines. (Leelarasamee et al., 1986). The 

polymer concentration is critical, since too high a concentration can trigger phase separation 
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and nonuniform polymer coating on the drug particles. Agglomeration is a common issue in 

this system due to the lack of an emulsion stabilizer in the coacervation process. The 

coacervate droplets are highly sticky and bind together until the method's full phase 

separation or hardening stages. This problem has been proven to be solved by adjusting the 

volume, temperature, or adding an additive.  

 

Figure 2. 10: Coacervation. Particles can be produced by the slow addition of a protein 

precipitating agent to the protein solution. 

2.8.4. Suspension cross-linking 

This method is being extensively used to produce protein nano / micro-capsules for 

controlled release chemotherapy (Thomasin et al., 1997). Preparation of polymeric particles 

by suspension cross-linking involves three steps. Suspension cross-linking is used to prepare 

polymeric particles in three phases. The polymer solution (or melt) is firstly suspended in an 

immiscible solvent to generate a stable droplet suspension. Secondly, by covalent cross-

linking, the resultant droplets gradually hardened. Finally, the cross-linked polymer particles 

are recovered by decantation, filtration, or centrifugation. Note that the core material 

stays fully within the droplets, this means that it should have a substantially higher affinity 
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compared to the suspension medium. In order to complete encapsulation, the droplets must be 

one order of magnitude bigger than the core particles on average  (Arshady, 1989). 

2.8.5. Spray drying 

The spray drying method is a well-known applied atomization technology, which has been 

intensively studied for labile biomacromolecules encapsulation in order improve their 

stability. The preparation of particles by spray drying process consists of three main phases. 

Firstly, the liquid undergoes atomization by the nozzle to form a fine spray which disperses 

in the drying chamber. Then the excess liquid in the droplets is removed with the assistance 

of a heated gas to form dry particles. Finally, the resulting particles are separated and 

collected (Figure 2.5) (Zbicinski, 2002). The size of the particle can be controlled by the size 

and the design of the nozzles as well as the liquid properties (Schuck et al., 2009). By using 

this technique, the reproducibility can be improved. However, there may be a significant loss 

of the particles during spray drying and can also produce agglomeration of particles before 

the complete removal of solvent (Blanco-Príeto et al., 2004; Burke et al., 2004; Murillo et al., 

2002). Since the microparticles adhere to the internal wall of the spray-drier apparatus, there 

can be significant substance degradation during spray-drying, as well as agglomeration of the 

microparticles. 
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Figure 2. 11: Schematic of a dry spraying system from SONO-DRI, Sonodyne Industries 

Inc (Zbicinski, 2002). 

2.9. Electrohydrodynamic atomization 

As described above, polymeric nanoparticles can be produced via different methods, however, 

most of these processes has significant drawbacks. For example, the encapsulation of 

hydrophobic can hydrophilic drugs in a single vehicle via emulsion technique usually 

involves multiple emulsion steps, resulting in the waste of drugs and sometimes the 

inactivation of drugs (Rosca et al., 2004). Moreover, broad particle size distribution, low drug 

encapsulation efficiency and particle agglomeration are also the limitations of these 

conventional approaches. In some of the particle production approaches non-degradable 

surfactants are integrated which might induce unwanted effects (Xie et al., 2015). In addition, 

some of the particle fabrication process involves high temperature, organic solvent exposure 

to drugs and high shear stress which might cause inactivation or degradation for highly 

sensitive and active ingredients. Many of these limitations are overcome by electrospray, 
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which involves pumping a liquid with sufficient electrical conductivity into a needle and 

charging it with a high voltage supply to generate a suitably high potential with respect to a 

ground electrode, resulting in a spray of monodisperse droplets at the capillary tip (Peltonen 

et al., 2010). During the flight of the droplets towards a grounded collector, the solvent 

evaporates, resulting in near-monodisperse particles in a single step. Due to self-dispersing, 

particle aggregation can be avoided due to Coulombic repulsion (Cam et al., 2019). 

Furthermore, electrospraying has a high effectiveness of drug encapsulation and can 

encapsulate both hydrophilic and hydrophobic molecules. 

2.10. Principle and theoretical aspects of electrohydrodynamic atomization 

processing 

Electrohydrodynamic atomization (EHDA), often known as electrospray, is a well-

established method for producing very fine monodispersed particles. When William Gilbert 

reported in 1600 that a jet of liquid might be ejected from a droplet via an electrostatically 

charged chamber, he coined the term EHDA (Gilbert, 1967). Lord Rayleigh was the first to 

demonstrate in the technical literature that the stability of a drop suspended from a capillary 

is reliant on a force balance between electrical stress and surface tension forces (Rayleigh, 

1882). A mathematical description of the balance between electrostatic stress and surface 

tension was developed by Taylor to explain the conical shape of the jet (Taylor, 1964).  

Many different spraying modes have been identified in the literature, based on the shape of 

the meniscus, the jet's motion pattern, and how it disintegrates into droplets. The “cone-jet 

mode” is the most desirable mode for making fine particles. To achieve this mode, a stream 

of liquid is infused into a nozzle at a relatively low flow rate and droplet is formed at the 

nozzle tip. The droplet is then transformed into a conical shape under the influence of applied 
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electric field. The shape of the liquid cone is determined by the balance of numerous forces in 

the liquid surface, including surface tension, gravity, and electric strengths. Figure 2.6 

illustrates the forces that contribute to the creation of a cone-jet (Hartman et al., 1999). 

Electrospraying is a one-step, low-energy, low-cost material processing technique that can be 

used under atmospheric conditions. It is regarded as a viable path to nanotechnology due to 

its properties (Ding et al., 2005). Electrospraying offers an advantage over mechanical 

atomizers in that droplets can be extremely small, ranging from microscale to nanoscale, and 

the charge and scale of the droplets can be adjusted to some extent by changing the flow rate 

and voltage applied to the nozzle (Jaworek & Sobczyk, 2008). The size of the droplet can be 

reduced by reducing the capillary diameter, lowering the liquid flow rate, and rising liquid 

conductivity or surface tension. The size distribution of the droplets might be practically 

monodisperse. 
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Figure 2. 12: Schematic representation of cone-jet mode, an electrical field is formed 

between the positively charged needle and grounded collector, a) an axisymmetric liquid 

cone with a thin jet at its apex, b) Forces acting on a cone-jet (Hartman et al., 1999). 

2.10.1. Basic description of electrospraying and electrospinning 

Electrospraying and electrospinning are the two major electrohydrodynamic processing 

techniques. Electrospraying with one needle or multiple co-axial needles under controlled 

cone-jet conditions produces consistent and repeatable particles (Jaworek & Sobczyk, 2008). 

Particles of nano/micro-dimensions are shaped as a result of the varicose break-up of the 

electrified jet of a low viscosity solution, as seen in Figures 2.10(a) and 2.10(b). Fibres are 

spun from an electrified jet of sufficiently higher viscosity liquids in single or co-axial 

multineedle electrospinning (Figure 2.10c and 2.10d) (Martins et al., 2008). 

The charged liquid droplet can become unstable (Coulombic fission) during electrospraying 

and break into smaller droplets (Figure 2.12a). Beyond the Rayleigh boundary (the 

theoretical maximum charge a liquid can hold before Coulombic repulsion forces overcome 

the surface tension resulting in fission of the liquid), electrohydrodynamic forces surpass the 

droplet's surface stress, and liquid is expelled from the nozzle as fragments or long 
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continuous jets that disintegrate into droplets just a short distance from the edge (Rayleigh, 

1882). Figure 2.11 shows the general phases in particle formation process with 

electrospraying. Mora and Loscertales (1994) reported scaling laws of droplet sizes and spray 

current (two ratios below) related to flow rate and liquid parameters by assuming that the jet 

is substantially thinner than the capillary tube for a liquid with relatively high conductivity 

(de la Mora & Loscertales, 1994; Zeleny, 1917): 

𝒓∗~(𝜺𝜺𝟎𝑸/𝑲)𝟏/𝟑      Equation 2. 2 

𝑰~𝒇(𝜺)(𝒓𝑸𝑲/𝜺)𝟏/𝟐   Equation 2. 3 

Where r* is the scaled jet radius, ε0 is the vacuum permittivity, ε is the liquid to vacuum 

permittivity ratio, K is the liquid conductivity, Q is the flow rate, I is the spray current, and 

f(ε) is a dimensionless function of ε and γ, with γ being the surface tension of the liquid. 
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Figure 2. 13: Schematics of typical EHD/CEHD setups showing (a,b) the process of 

electrospraying and (c,d) electrospinning with single (EHD) and co-axial needle (CEHD) 

systems, respectively. Image (a) also includes a high-speed camera image of the stable 

cone-jet. 

 

Figure 2. 14: Image showing the particle formation process with electrospraying. 
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A significant electrical potential gap charges a flow of viscoelastic material supplied to a 

nozzle by a high precision syringe pump in electrospinning (Figure 2.12b). A charged droplet 

develops at the nozzle tip at first. A thin jet is emitted from a liquid cone at the nozzle 

exit and accelerates towards the collector as the electric force overcomes the liquid's surface 

tension, yet the viscoelasticity is adequate to withstand droplet break-up during the fibre 

processing. The jet is affected by aerodynamic, inertial, rheological, and gravitational forces, 

as well as fluid evaporation. The jet exhibits regular longwave instabilities as the diameter of 

the jet decreases and the surface load density increases, particularly the electrically driven 

bending/waving instability (Hohman et al., 2001; C. J. Luo et al., 2012). 

Particles and fibers from electrospraying and spinning move through the ground electrode. 

On the flight the solvent evaporates and becomes stable materials at the point of collection. 

Notice that the viscosity and conductivity of the solution significantly affects the current, 

particle and fiber size resulting (Sill & von Recum, 2008). 

 

Figure 2. 15: Schematics of the basic principle of a) electrospraying and b) 

electrospinning (Y. Wu & Clark, 2008). 
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2.10.1.1. Droplet formation 

Studies of droplet activity during spraying have shown that the radial velosities are much 

lower than the axial velocities. Main and secondary droplets have also been found to have 

equal initial radial and axial velocity (Hartman et al., 2000). However, the inertia of the main 

droplets is larger due to their difference in size and thus their acceleration is smaller because 

of the electric field. The smaller droplets therefore gain a higher radial velocity, which 

inevitably separates the primary and secondary droplets: the small droplets are located at the 

sides of the spray and the main droplets in the middle (Gañán-Calvo, 1997; Hartman et al., 

1998, 1999). The circular spray pattern obtained by EHD/CEHD processes is explained by 

this phenomenon and that the center layer growth rate is higher than that on the outside. 

Notice that the distance between the primary and secondary droplets is minimal at the time of 

development. 

2.10.1.2. Jet break-up 

Jet break-up is the process of droplet development which takes place by two different 

mechanisms (Hartman et al., 1999). The first one, a powerful electric field applied in the tip 

of the Taylor cone, causes instability leading to emission of ions, neutral atoms, and droplets 

from the liquid surface. The second and most popular process is the creation of a liquid jet 

breaking down into droplets due to surface instability (Rulison & Flagan, 1994). 

The development of a stable cone-jet mode demands that the flow rate at each applied voltage 

is within a specific range. The jet-mode splits up into a multi-jet mode due to axisymmetric 

instability (or varicose instabilities) at smaller flow speeds. At flow speeds well above that of 

criticality, the jet's surface charge load is very large and therefore the jet splitting can affect 



Chapter 2: Literature Review 

 
46 

 

lateral instability (or kink instability) leading to larger droplets (Cloupeau & Prunet-Foch, 

1989). 

2.10.1.3. Droplet evaporation and drying of products 

Droplet evaporation greatly decreases droplet size without modifying its transport 

characteristics; this effect depends heavily on solvency characteristics and 

environment variables such as temperature, humidity and wind. When the droplet evaporates 

is highly charged, it decreases in size and can thus reach Rayleigh limits for the droplet 

charge. If so, because of the droplet fission, the droplet is further reduced (Lasko, 2003). 

On the forming of the liquid jet the solvent begins to evaporate with a rise in evaporation as 

the processing of fibers becomes more volatile. The morphology of electricspun fibers and 

particles has important effects by environmental conditions, such as temperature, humidity 

and wind, the proprieties of the solvent and the drying process (Megelski et al., 2002). 

2.10.2. Modes of electrohydrodynamic atomization 

The geometrical features of the jet, as well as the various types encountered, were classified 

by Jaworek and Krupa as a function of the operating parameters (Jaworek & Krupa, 1999). 

Physical factors of the liquid, such as surface tension, density, electrical conductivity, and 

viscosity, as well as processing settings, can have a major impact on the EHDA modes 

generated (Paine et al., 2007). At a low voltage, only fragments of pumped solution are jetted, 

resulting in dripping, microdripping, fast microdripping, and unstable cone-jet modes. Under 

a stronger electrical field, a sustained and continuous jet can be created; they are stable cone-

jet, multi-jet, and irregular unstable jet modes. (Figure 2.13) (Jaworek & Sobczyk, 2008). 
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The dropping mode (due to gravity force) or micro dripping mode (by relative low voltage 

and gravity force) is formed if the liquid flow rate is low enough. Therefore, if drops are 

expelled from the meniscus tip, the drops are replaced by the micro-dripping mode, mostly 

because the frequency of the electric field is increased to a relatively low value. A thin jet 

will emerge from the end of the meniscus due to a further rise in the applied voltage. The jet 

produces bulk fragments, resulting in the spindle mode for high liquid velocities and for 

higher electric field strength. The spindle mode is formed when the inertial and electrical 

forces greater than the viscosity and surface tension. Therefore, in the case of low viscosity 

fluid and high surface tension, it is possible to form the spindle mode. Further rise of the 

electric field induces jet deflection from the capillary axle forming the multi-spindle mode. 

The electric shear force increases and prevails over the inertial, so the liquid lengthens into a 

jet instead of liquid fragments; thus, the cone-jet mode is produced. When electrical 

relaxation is much shorter than a characteristic period of the liquid supply, the classical 

Taylor cone-jet mode is created. The cone jet mode transitions to the multi-jet mode, with a 

further rise in the flow rate or voltage or both. The volume of liquid transported has 

decreased and the jet becomes much thinner due to an increase in the shear stress force 

induced by the electric field or liquid velocity (Cloupeau & Prunet-Foch, 1994; Hartman et 

al., 2000; Jaworek & Krupa, 1999). All of the EHD modes covered are summarized in Figure 

2.18. 
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Figure 2. 16: Various modes of EHDA (Jaworek & Sobczyk, 2008). 

2.10.3. Parameters influencing EHD process 

The major factors affecting the electrohydrodynamic process are: a) the intrinsic properties of 

the processed liquid such as viscosity, electric conductivity, surface pressure and polymer 

concentration, b) processing parameters including flow rate, tension at the point of a needle, 

needle diameter and distance from needle exit and collecting point .The following is explored 

how these aspects affect the finished product (Boda et al., 2018). In general, boundary values 

of single parameters, such as conductance and surface tension of the fluid, that affect the 

EHD operation, cannot be defined. When the exact value of an EHD parameter (e.g., flow 

rate) is (most of the time) connected to another parameter (e.g., the voltage applied), it can 

influence the accuracy value of the parameter if the value of the parameter changes. 

2.10.3.1. Processing parameters 

2.10.3.1.1. Flow rate 

At a given electric field, the size distribution of particles prepared by electrospray is mainly 

determined by the diameter of the jet. To get a cone-jet mode, the liquid should be delivered 

above the minimum flow rate. The jet will break up because of varicose instabilities at this 

minimum flowrate (Hartman et al., 2000). For a higher flow rate, the current through liquid 

cone increases which results in a higher surface charge on the jet. Azimuthal instabilities, 

also called kink instabilities will also have an influence on the jet break-up when the surface 

charge is above certain limit. The size distribution of particles become wider when the 

influence of kink instabilities plays dominant role (Hartman et al., 2000). 



Chapter 2: Literature Review 

 
51 

 

2.10.3.1.2. Applied voltage  

The electric filed between the nozzle and the ground is a major factor that controls the 

electrospray process which is mainly determined by the applied voltage and ground electrode 

configuration. A conical and stationary meniscus of liquid can be observed within a well-

defined voltage range (Tang & Gomez, 1994). The droplet size increases with reducing 

applied voltage. Thus, to get the minimum droplet size, the highest possible voltage and the 

lowest possible flowrate (within the cone-jet mode range) is necessary (Jayasinghe & 

Edirisinghe, 2002). Note that, for liquid of high conductivity and viscosity, the size of droplet 

was found be independent of the applied voltage (Ku & Kim, 2002). 

2.10.3.1.3. Needle size and electrode configuration 

The most frequently used material for nozzles is metal and nozzles with smaller diameters 

typically produce particles with smaller diameters (Katti et al., 2004). However, viscous 

liquids may cause blockage at capillary tip in case of nozzles with small diameter. It was 

reported by Larondo and Manley (Larrondo & Manley, 1981)  that 4.5 is the ideal ratio of 

length and diameter of a nozzle. Mitchell and Sanders have verified this in their analysis of 

melt spinning (Mitchell & Sanders, 2006). 

Cloupeau and Prunet-Foch demonstrated in 1989 that the range of flow rates for a given 

liquid is dependent on the needle's scale. In 1994, Tang and Gomez  (Tang & Gomez, 1994) 

observed that the stable electrospray-cone-jet domain is very related to a needle sizing. With 

the increasing needle diameter, the maximum liquid flow rate required for stable cone-jet 

spraying decreases (Tang & Gomez, 1996). 
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The effects of ground electrode configuration on the droplet paths were examined by 

Jayasinghe and Edirisinghe in 2002 (Jayasinghe & Edirisinghe, 2002). In particular the 

droplet concentration generated in the electrospraying was seen to be inversely proportional 

to the radius of the point such as ground electrode. This configuration of the electrode design 

was the precursor to electrostatic atomization printing (EAP). 

2.10.3.1.4. Collection distance 

The distance to the grounded collector from the tip of the nozzle is referred to as the 

collection distance and is closely linked to the intensity and time allowed for solvent 

evaporation in the electrostatic field before the materials enter the collector (Collins et al., 

2012). This distance affects the product's consistency and other geometrical characteristics. 

The aggregation distance should be within an optimal range for best-formed product selection. 

With increasing collection distance, the product diameter has usually been reduced in this 

range, leading to the risk of developing whipping instability. When the collection distance is 

smaller than this range, the collected products can be collected 'wet' and fusion of products is 

observed at cross-connections (Jalili et al., 2005). Increased chances of corona release result 

in the formation of materials with a high average diameter over greater distances. Bead-on-

string morphology can be observed in the case of fiber formation (Kidoaki et al., 2006). 

2.10.3.2. Liquid properties 

Surface tension, electrical conductivity, viscosity and density are all factors that influence the 

electrospray process (Gañán-Calvo, 1997; Gañán-Calvo et al., 1997). How these factors 

influence the final product, is discussed below. 
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2.10.3.2.1. Solvent properties 

Solvent properties including the vapor pressure, dielectric constant, miscibility of a broad 

range of solutes, and viscosity are another important experimental component for effective 

electrospray process. Generally, a solvent system with a moderate vapor pressure or volatile 

activity is selected so that the solvent evaporates as the droplets move from the nozzle to the 

collector. The ES droplets at the collector merge to form aggregates when the solvent has a 

low vapor pressure, but solvents with a high vapor pressure evaporate until the bulk liquid jet 

disintegrates into small droplets, resulting in particle shape that is undesired. 

2.10.3.2.2. Polymer concentration and molecular weight 

The solidification of particles takes place at the same time as the solvent evaporates and the 

polymer diffuses from the solution. Resulted particles are specifically controlled by the 

number of entanglements in a polymer chain for their smooth and rough surface 

morphologies (Nguyen et al., 2016). 1–2.5 entanglements per chain are recommended for 

effective electrospray of low molecular-weight polymers (Bock et al., 2012; Nguyen et al., 

2016). More entanglements will increase the polymeric solution's viscosity, which leads to 

fiber forming as in electrospinning. On the other hand, electroapraying with higher molecular 

weight polymers require low solute concentration as chain entanglements are more easily 

achieved even at low concentrations.  

2.10.3.2.3. Viscosity  

Viscosity is another important factor that influences jet break-up process and thus the size of 

particles produced (López-Herrera et al., 2003). Hartman reported that, an increase in 

viscosity will directly lead to an increase of droplet size for liquids with viscosity below 
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100mPa s (Hartman et al., 1999). Jayasinghe and Edirisinghe found that an increase in 

viscosity over three of magnitude had a significant effect on the particle size produced 

(Jayasinghe & Edirisinghe, 2002). When the solvent is extremely soluble and/or viscous, it 

prevents the polymer from diffusing from the surface to the particle center as the solvent 

evaporates from the ES droplet as it travels towards the collector. 

2.10.3.2.4. Surface tension 

Another aspect that influences the size and morphology of electrosprayed particles is surface 

tension, which is inextricably linked to solution viscosity and polymer concentration. As the 

polymer concentration increases, so does the viscosity and surface tension, requiring the 

employment of a high voltage to exceed the surface tension and break the solution into small 

droplets. For a stable cone-jet to be established, the electric stresses have to overcome the 

liquid surface tension; consequently, higher the surface tension greater the electric field 

strength required. It was reported by Smith (Smith, 1986) that the voltage threshold to obtain 

the stable cone-jet increases with the liquid surface tension. However, when the liquid surface 

tension becomes too high, a stable cone-jet may not be established because the electric field 

needed is greater than the electric break down in the gas around the cone. 

2.10.3.2.5. Electrical conductivity 

The conductivity of the liquid is one of the most important properties for electrospray in the 

cone-jet mode. For the liquid droplet to be successfully transformed into a conical shape, a 

sufficient electrical conductivity is necessary as it allows enough tangential stress to build up 

in the charged droplet at the needle exit. On the other hand, electrohydrodynamic processing 

will be impossible for liquid with low electrical conductivity unless their conductivity is 



Chapter 2: Literature Review 

 
55 

 

artificially increased with additives (López-Herrera et al., 2003). As a result of scaling laws 

that relate the droplet size to the solvent's dielectric constant, smaller particles demand a more 

conductive solvent system. However, it the conductivity of the liquid is too high, electrical 

discharge will occur due to corona discharge into the surrounding air, leading to unstable 

spraying jet. It was reported that, the properties of the droplet produced are also influenced by 

the value of the electrical conductivity. In particular, as the conductivity increases, the size of 

the particles decreases (Gañán-Calvo, 1997; López-Herrera et al., 2003).  

2.10.3.2.6. Density 

The electrical charge is efficiently transferred across the jet via viscous forces, which are 

dependent on the density of the liquid, if the viscosity and conductivity are high enough 

(Gañán-Calvo, 1997; Gañán-Calvo et al., 1997). On the other hand, for large capillaries, 

diameter larger than 1mm, the cone shape is greatly influenced by the gravity (Hartman et al., 

1998). As a result, the jet in the cone-jet mode is strongly influenced by the density. 

2.11. Co-axial electrohydrodynamic process (CEHD) 

Although EHDA is a preferred technique for particle preparation, electrosprayed drug-

blended particles also encounter problems of initial burst release, and coaxial multi-capillary 

electrospraying has been a strategy to improve these issues (Davoodi et al., 2015; Lee et al., 

2010). By employing this setup, monodisperse core-shell particles with core-embedded drugs 

were fabricated. The further development of EHDA is the co-axial electro-hydrodynamic 

atomisation (CEHDA). The technique uses electrohydrodynamic forces to produce co-axial 

jets of immiscible liquids or suspensions co-axial jets. Fig. 2.11 gives a description of the 

basic configuration for CEHDA. Two immiscible liquids and suspensions (T1 Liquid Outside, 
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T2 Inner Liquid) are infused into two concentratically alined capillaries. The outer and 

interior needles are connected to the same electrical potential as a grounded ring electrode of 

several kilovolts. The regulation of the final product parameters like diameter of the fibers 

and orientation of the fiber becomes unstable and safety constraints can be established 

(Beachley & Wen, 2010). Co-axial electrohydrodynamics (CEHD), on the other, are 

interesting methods for producing sphere/fiber encapsulation for use in many sensitive fields 

(for example, medicine, cosmetics and food processing) for example (Ammala, 2013; Enayati, 

Farook, et al., 2011; Moghe & Gupta, 2008). 

CEHD processing offers an efficient processing method in which micro and nano-scaled 

encapsulated particles and fibers may have reactive core materials (e.g., cells, enzymes or 

drugs) and shell protecting surfaces (Sofokleous et al., 2012). Coaxial EHDA can also be 

used to produce microbubbles that have many promising therapeutic uses, including the 

target delivery of medicinal products, medical imaging, thrombolysis, gene therapy and 

ultrasound operation (Liu et al., 2006; Mizushige et al., 1999; Poliachik et al., 1999; Schmidt 

& Roessling, 2006).  

 

Figure 2. 17: Schematic representation of the CEHDA setup(Loscertales et al., 2002). 
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2.11.1. The mechanism of the CEHD process 

 

Figure 2. 18: Images illustrating the formation of dripping mode with (a,b) showing the 

outer meniscus surrounding the inner one and (c) showing the formation of a stable 

cone-jet mode in CEHDA process. Image (a) was taken from (Jaworek & Sobczyk, 2008) 

and images (b) and (c) from (Enayati, Farook, et al., 2011). 

Figure2.15 displays two immiscible liquids or suspensions in an assembly two needle 

attached to the power capacity of many kilovolts (A=Inner Liquid, B=Outer Liquid) (kV). A 

cone-jet mode is created on the tip of the needles with a certain set of values of the used 

voltages and flow speeds. The cone jet has an external meniscus overlapping an inner one, as 

shown in Figures 2.15(a) and 2.15(b). The top of each meniscus is generated by a thread that 

creates a stable cone-jet of two liquids or suspensions (Figure 2.15c) (Z. Ahmad et al., 2008; 

Loscertales et al., 2002). 

2.11.2. The concept of driving liquid 

The electric hydrodynamic forces must operate upon one or both liquids that participate in 

CEHD in order to achieve a structured cone-jet. The driving fluid is the fluid in which the 

electrohydrodynamic forces mostly operate and can be detected when the two liquids are 
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electrically relaxed. The electrical relaxation time can be defined as a function of the 

dielectric constant (ε) and electrical conductivity (K)  

𝒕𝒆 = 𝜺𝜺𝟎/𝒌          Equation 2. 4 

Where ε0 is the dielectric constant of vacuum. If the external liquid's electrical relaxation time 

is much less than that of the inner liquid, charges are located at the external interface and are 

supplied much more effectively from the external liquid than from the inner interface. Notice 

that while additives are used to adjust the electrical conductivity the driving character of 

fluids can be interchanged (López-Herrera et al., 2003). The viscosity of the external liquid 

was shown to be high enough to play an important role in the movement of liquids 

(Sofokleous et al., 2012). Further, it is incompatible with the formulation of a stable jet 

compound to use a less viscous liquid externally, as this will lead to intensive electric 

meniscus re-circulations. However, low viscosity liquids may also be used as drivers, even 

when non-conductive liquids are used outside (Z. Ahmad et al., 2008; Loscertales et al., 

2002). 

2.11.3. Preparation of encapsulated particles via CEHD 

In preparation of encapsulated particles using coaxial electrospraying processes, certain 

aspects have to be taken into account (Chang et al., 2009; Sofokleous et al., 2012). In order to 

optimally combine mechanical and biomimetic properties, the material used (natural, 

synthetic, biodegradable), the porosity, the surface of the component and the type of the 

encapsulated or trappated agents must be selected carefully (Sill & von Recum, 2008). These 

techniques allow delicate core materials (for example therapeutic agents, vitamins, enzymes, 

cells) to be trapped or encapsulated in a shell to protect from their surroundings (e.g. 

polymers, hydrogels, oils, polysaccharides, proteins, fats) (Sun et al., 2003). Furthermore, 
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long-term drug releases can be achieved via the core-shell configuration  (Jaworek & 

Sobczyk, 2008), as captured or encapsulated agents can be released continuously through the 

shell (Cui et al., 2006). The discharge rate is proportional to the distribution of drugs and 

hence the control over distribution of agents or drugs in very short scale is very important in 

the case of drug delivery. 

Micro and nanoparticles can be used in several drug delivery applications.  Many techniques 

were developed to produce embedded micro-particles and advanced methods to 

produce more sophisticated particles are continuously being developed. To make this 

manufacturing technique useful, particles with good characteristics such as size, distribution 

of size, purity, composition and morphology and surface characteristics should be produced 

with good controls. In addition, it needs to be in a position to process a wide range of 

materials in a relatively easy and inexpensive manner, and be able to extend to 

industrial levels and well control over the release of the encapsulated bioactive agents 

(Enayati, Farook, et al., 2011; Gomez-Estaca et al., 2012; Y. Wu & Clark, 2008). Xien and 

Wang (Xie & Wang, 2007) successfully encapsulated the BSA (bovine serum albumine) with 

the use of biodegradable polymer microparticles. They showed that the BSA protein was not 

denatured in polymer particles for almost 38 days. Also, nanoparticles made of zein protein 

polymers were successfully prepared by Gomez-Estac et al. (Gomez-Estaca et al., 2012) 

using an electrohydrodynamic spraying with a compact spheric form and a small distribution. 

2.12. Applications of EHD and CEHD processing 

Various published findings have shown the versatility of electrohydrodynamic atomization in 

the pharmaceutical industry. The construction of micrometric or nanometer-scaled drug 

carriers is currently under challenge in the area of drug delivery. In this section, various 



Chapter 2: Literature Review 

 
60 

 

techniques, particularly drug delivery vehicles, developed by single needle and co-axial 

EHDA methods, will be discussed in the sense of potential biomedical applications. 

2.12.1. Application of single needle EHDA processing 

A therapeutic agent is loaded to the particles using single needle EHDA processing, for 

example dispersed into polymer matrix (Ciach, 2007). The manufacturing parameters and 

physics of the solutions used play a major role in the determination of the carrier's 

characteristics. Adjusting the treatment parameters (i.e. needle size, working distance, 

fluctuation rate and voltage) has been shown to enable carrier to be produced for various 

applications in different sizes, form and morphology (Berkland et al., 2004; Xie et al., 2006). 

2.12.1.1. Particles  

One of the most significant challenge with modern pharmaceutical and medical science 

[Langer 1998] is the production of pharmaceutically loaded particles with a high 

encapsulation efficiency and a well-defined and regulated size distribution. Wu et al. 

employed EHDA technics to manufacture nanoparticles (a diameter of 300−400 nm) made of 

a biodegradable and bioresponsive polymer, genetically modified elastine-like polypeptides 

(ELPs). Doxorubicin was successfully loaded into the particle and drug loaded at 20 

w/w % did not affect the morphology of the particles. The particle diameter, polydispersion 

and morphology were affected significantly by the solvent concentration, voltage and 

molecular polymer weight. The pH and solubility of ELPs (Y. Wu et al., 2009) have affected 

the drug release. Xu et al. have similarly prepared bovine serum albumins (BSA), charged 

tripolyphosphate (TPP), which have been revealed to be heavily affected by flow rates (Xu & 

Hanna, 2007). In another sample, BSA was loaded into particles by electrospraying an 
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emulsion from the poly(lactide) (PLA) solution, and smooth-surfaced spherical particles were 

formed with a diameter between 0.8 and 4 μm (Xu et al., 2006). The method efficiency and 

quality of encapsulation ranged between 22%, 80% and 64% and 80%, 

respectively.  However, within the observation time, the release profile of the drug did not 

maintain at a steady state because of PLA erosion. 

EHDA processing has been shown to be used in the preparation of polymer nanoparticles that 

incoporate hydrophilic and hydrophobic drugs (Pareta et al., 2005; Valo et al., 2009), do not 

impair the biofunctionality of the medication and can reach a high encapsulation 

effectiveness. Moreover, the morphology of resulted particles can be customized by changing 

solvent characteristics and solutions used in EHDA (Farook et al., 2009). Berkland et al. 

found that various particular structural forms, such as tapered, pore surfaces and blood-cell-

shaped particles can be acquired by changing the solvent properties (Berkland et al., 2004). 

The size of the manufactured particles has also decreased with increased polymer solution 

conductivity. 

2.12.1.2. Porous particles 

Due to their specific morphology and the high volume surface area, pore structures gained a 

lot of interest. The bioactive agents can be arranged to make this arrangement special in 

biomedical applications (Xie et al., 2015). Wu and Clark (Y. Q. Wu & Clark, 2007), using 

separate solutions of different PCL concentrates in chloroform solvents, 

electrosprayed porous PCL particles into a water bath. The two key processes for the 

formation of pores are solvent evaporation and phase separation. They demonstrated that 

solvents with low boiling points create pores that have irregular shapes and broad size 

distribution. Wu and Clark have also shown that the fast evaporation mechanism of solvents 
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is a key factor in the formation of porous particles through EHDA processing (Y. Q. Wu & 

Clark, 2007). 

2.12.2. Application of co-axial EHDA processing 

While the single-capillary electrosprayed capsules suffer from initial burst release at the 

surface/near-surface loading of drug, multi-coaxial electrosprayed layered particles 

significantly reduces initial burst release, instead showing a sustained release and providing 

protection for drug from gastrointestinal interferences (Reardon et al., 2017). The capillary 

assembly's distinct liquid flow channels provide a lot of flexibility in terms to encapsulating 

different types of medications. Furthermore, the multi-layered particles, which can contain 

various drugs within the separate layers, can reduce dosing frequency and solve many of the 

difficulties encountered with complex prescription (Su et al., 2009). As discussed in section 

2.9, the coaxial EHDA method offers a powerful technique for producing capsules, both in 

the micrometer and nanometer ranges. It allows encapsulation in a defensive shell of fragile 

materials such as cells, enzymes or drugs. The shell content for capsule and bubble 

processing, for its attractive physical property such as elasticity, insulating power, physical 

strength, resistance and the release of leaching impurities, is used as a variety of polymer 

materials including polyurethanes, polysiloxane, multiplied lactidians (PLA) and 

Poly(lactide-co-glycolides) (PLGA). Many of these polymers are engineered to degrade in 

the body, particularly polylactides (PLA) and Poly(lactide-co-glycolides) (PLGA)  (Brannon-

Peppas, 1997). These biodegradable multiple carriers have been well studied and no adverse 

tissue reactions have been observed when transporting bioactive agents and can be 

hydrolyzed into the body in order to form compounds that are easy to extract, thus reducing 

the need for removal by surgery. The development of microbubbles that has shown 
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tremendous potential for therapeutic applications including selective drug delivery, medical 

imaging, thrombolysis, gene therapy and focused ultrasound surgery is another 

multifunctional use of the co-axial EHDA (Mizushige et al., 1999; Poliachik et al., 1999; 

Schmidt & Roessling, 2006). 

2.12.3. Application of multi-capillary EHDA 

Various needle combinations have flexible encapsulation capabilities. The flexibility to use 

three co-axial needles to make a number of new morphologies was shown by Zhang et al. (C. 

Zhang et al., 2017) (Fig. 2.16). 

In this research, several test models (as model chemical agents) were designed for polymer 

based magnetic YSPs. The trineedle coaxial electrospray, a one-stage technique, has been 

used to make complex particle engineering possible. Due to its agreed biocompatibility and 

drug permeability, Poly(β-caprolactone) (PCL) was used as a matrix for both core and shell 

materials. Due to its moderate viscosity, silicone oil was adopted as an interface layer.   Nile 

blue (NB) and acridine yellow (AY) were chosen as hydrophilic samples and Sudan red G 

(SRG) because of the hydrophobic quality to show coencapsulation (separated compartiments) 

and deliveries. In order to permit magnetic properties, magnetic nanoparticles (MNP) (Fe3O4 

= 20 nm in diameter) were embedded in Ysps (shell layer). The study examined the 

composition of YSP, interior construction, biocompatibility, dual-imaging modality and 

thereby regulated multiple-sample releases (with and without an external AMF trigger). 
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Figure 2. 19: (a) Schematic illustration of the tri-needle coaxial electrospraying system 

used in this study. (b) Digital image of stable jetting behavior of the tri-needle nozzle 

assembly. (c) Formulation, formation, and compartments of probe-loaded magnetic 

YSPs (C. Zhang et al., 2017). 

2.13. Encapsulation of hydrophobic drugs 

The aqueous solubility of the drug is important in the development of oral formulations since 

it determines the extent of drug absorption (Khadka et al., 2014). Any treatments must be 

available in the form of an aqueous solution at the target site of action in order to be 

successfully absorbed in the body (Khadka et al., 2014; Lipinski et al., 2012). For an orally 

administered medicine, solubility is the limiting factor in achieving the appropriate 

concentration in systemic circulation and thus achieving pharmacological response 

(Löbenberg & Amidon, 2000). Many therapeutic compounds in development, however, are 

poorly soluble, which severely limits their absorption and results in poor bioavailability and 
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pharmacokineticsin vivo (Lipinski et al., 2012; Löbenberg & Amidon, 2000). To obtain the 

desired drug concentration in systemic circulation, oral formulations must also avoid 

enzymatic degradation in the gastrointestinal tract, which can result in significant drug 

concentration loss during first pass metabolism (Löbenberg & Amidon, 2000). 

Encapsulating medicines in biodegradable polymer particles is one of many techniques for 

achieving continuous and controlled drug release while preventing non-released 

pharmaceuticals from degrading rapidly (Edlund & Albertsson, 2002). It has been shown that 

using biodegradable polymers to make drug-loaded nanoparticles results in the drug being 

molecularly disseminated in amorphous form, considerably enhancing non-water soluble 

drug bioavailability (Bohr et al., 2011). Researchers have been investigating biodegradable 

nanoparticles for drug delivery for the past two decades (Castro & Kumar, 2013; Liechty et 

al., 2010), in which the nanoparticles are used as oral, injectable, or inhalable drug delivery 

systems, with the medication being continuously released from the particles over a specific 

time frame. Drug-loaded nanoparticles made using biodegradable polymers, in particular, are 

intriguing options for oral delivery of medications that are practically insoluble in water. 

Drugs in biodegradable nanoparticle systems are protected against gastrointestinal enzymatic 

breakdown, reducing the unwanted first pass metabolism, during which a significant loss of 

drug concentration might occur before reaching systemic circulation (Bhardwaj et al., 2006). 

Furthermore, an amorphous form can be created to improve drug dissolution rate by 

integrating weakly water-soluble molecules into a polymeric matrix (Hancock & Parks, 

2000), making this a viable oral administration approach. 
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Chapter 3: Experimental details 

3.1. Overview   

This chapter provided a brief overview of the materials and methods used in the experiments 

conducted in this section of the study. The materials are described in detail, as well as the 

methodologies utilized to characterize the materials and solutions. Also, the EHD setup 

configurations used in the experiments to form the final products and the in vitro drug release 

experimental details are discussed.  

3.2. Materials  

The biocompatible polymers used in the experiments was poly (D, L-lactic-co-glycolic acid) 

(PLGA). The drug used for drug-loaded particle preparation was progesterone. Other 

materials used were N, N-Dimethylacetamide (DMAc) and phosphate buffer saline (PBS). 

3.2.1. Poly (D, L-lactic-co-glycolic acid) (PLGA) 

The polymer PLGA was chosen because of its biocompatible and biodegradable properties 

that has been utilized in numerous research for controlled medication release and is licensed 

by the Food and Drug Administration (FDA) (Fredenberg et al., 2011; Jayasinghe & 

Edirisinghe, 2002). One of the most extensively utilized biodegradable polymers in drug 

delivery applications is copolymers poly (D, L-lactic-co-glycolic acid) (PLGA) (Han et al., 

2016; Ki et al., 2004). Because of their favourable biodegradability, biocompatibility, and 

tuneable physicochemical features, PLGA is favoured for this application (Guo et al., 2015; 

Zolnik & Burgess, 2008). It is safe to use in the human body since it causes just a little 

inflammatory response and biodegrades into biocompatible lactic and glycolic acids when 
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hydrolysed. The copolymers are commercially available with different molecular weights and 

copolymer compositions. The capacity to modify the copolymer composition, molecular 

weight, and type of terminal groups allows for precise drug release profile management. 

(Zolnik & Burgess, 2008). The degradation mechanism happens by hydrolysis or 

biodegradation through cleavage of the backbone ester in oligomers and eventually, resulted 

in monomers.  Diffusion via the polymeric matrix can cause pharmaceuticals to be released 

orally in a regulated manner. Environmental events can also induce the release of drugs, as 

can chemical degradation (Gilding & Reed, 1979). Furthermore, the hydrophilic feature of 

PGA can enhance the absorption of hydrophobic medicines, hence improving oral 

bioavailability (Busatto et al., 2018). PLGAs with varied copolymer ratios were obtained 

from Corbion (1. PURASORB PDLG 5002A, 50:50 DL-lactide / glycolide copolymer, 

molecular weight of 17,000 Da, intrinsic viscosity 0.2 dl g-1; 2. PURASORB PDLG 7502A, 

75:25 DL-lactide/glycolide copolymer, molecular weight of 17,000 (Amsterdam, The 

Netherlands). 
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Figure 3. 1: A diagram showing the hydrolytic degradation of PLGA (Taluja et al., 2007) 

3.2.2. Progesterone  

The model drug in this study is progesterone which is a poorly water-soluble hormone (16.8 

g per ml in distilled water, 15.1 g per ml in 0.9 percent aqueous saline at ambient temperature) 

(Haskins, 1949). It is an endogenous steroidal hormone that regulates reproductive function 

and is essential in all stages of reproduction. It is employed for hormone replacement 

treatment (HRT) in menopausal women who have failed to ovulate and whose ovaries have 

stopped generating progesterone (Nath & Sitruk-Ware, 2009). This causes the body's 

hormone levels to decrease, resulting in symptoms such as hot flashes and nocturnal sweats. 

Furthermore, progesterone has been shown to be effective in avoiding preterm birth in recent 

research. A premature delivery before 37 weeks of pregnancy is one of the leading causes of 
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neonatal illness and mortality in newborns, according to the World Health Organization 

(Dodd et al., 2008; Dodd & Crowther, 2009). Progesterone is engaged in uterine quiescence 

(De Ziegler et al., 2001) and plays an important function in preserving pregnancy (Astle et al., 

2003; Pepe & Albrecht, 1995). Oral, parental (intramuscular and subcutaneous), and topical 

(as a cream or vaginal gel) are the main administration routes for progesterone, with peroral 

delivery being the most recommended. Progesterone, on the other hand, has a short half-life 

and low water solubility, resulting in variable bioavailability and significant first-pass 

metabolism (Karuppannan et al., 2017). With its capacity to shelter the drug from the harsh 

chemical and enzymatic degradation of the gastrointestinal tract (GIT) as well as avoid the 

first pass metabolism through their unique absorption mechanism, biodegradable polymers 

are intriguing candidates for oral drug delivery (Bhardwaj, V, Hariharan, 2005; Florence, 

2005). According to a prior study, the dissolution rate of a poorly water-soluble drug can be 

improved by integrating it into a polymeric matrix and inducing its amorphous state, making 

this a preferred oral administration method once again (Hancock & Parks, 2000). 

Furthermore, biodegradable particles can be used to create long-term sustained drug delivery 

systems, in which progesterone can be delivered via depot injection and released for an 

extended length of time (Quartermaine & Taylor, 1995). The drug is injected intramuscularly, 

subcutaneously, or intradermally into a localized mass in a depot injection. This has benefits 

over long-term daily injections, which can lead to patient non-compliance. 

3.2.3. Saxagliptin  

Saxagliptin has the molecular formula C18H25N3O2. It is a dipeptidyl peptidase-4 (DPP-4) 

inhibitor developed for the treatment of type 2 diabetes that improves glycemic control by 

inhibiting the degradation of incretin hormones glucagon-like peptide-1 (GLP-1) and 
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glucose-dependent insulinotropic polypeptide, thereby stimulating insulin secretion and 

inhibiting glucagon secretion (Nauck et al., 2009). In comparison to other DPP-4 inhibitors, 

saxagliptin was about 10 times more effective than vildagliptin or sitagliptin. Saxagliptin is 

metabolized in vito and its major metabolite (5-OH-saxagliptin) is also a selective, reversible, 

competitive DPP-4 inhibitor, but is twofold less potent than saxagliptin. Saxagliptin shows 

extended binding to the active site, and has a mean DPP-4 inhibition half-life of 26.9 h 

(Garnock-Jones, 2017). Saxagliptin (molecular weight of 315.41 g mol-1) was used as a 

model drug in this research and was purchased from Bioquote.  

3.2.4. Dapagliflozin  

Dapagliflozin (molecular formulation C21H25ClO6) as an sodium-glucose co-transporter-2 

(SGLT2) inhibitor which is the newest class of U.S. Food and Drug Administration and 

European Medicines Agency-approved oral antidiabetic drugs reduces plasma glucose 

concentrations by inhibiting renal glucose reabsorption, resulting in increased renal glucose 

excretion (Ferrannini & Solini, 2012). Different to several other classes of oral antidiabetic 

drugs, dapagliflozin acts by a mechanism that is independent of insulin secretion and action 

(Plosker, 2014). Thus, dapagliflozin offers complementary therapy through its unique 

mechanism of action when used as a dual add-on therapy with other antidiabetic medications. 

SGLTs are a class of membrane proteins in the proximal renal tube and intestinal epithelium 

which responsible for transport of glucose, amino acids and other substances (Neumiller et al., 

2010). Almost all glucose filtered in healthy adult glomeruli is reabsorbed by a complex 

process involving various transportation pathways every day. SGLTs are involved in the 

transport of glucose from the tubule into the tubular epithelial cells. The SGLT1's key 

function in the gastrointestinal tract is to glucose absorption but it also accounts for about 10 % 
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of glucose reabsorption in the proximal tubular tract (Neumiller et al., 2010). SGLT2 is an 

important SGLT transporter in the kidney. The dapagliflozin (molecular weight of 408.9 g 

mol-1) used in this research was purchased from Sigma Aldrich (Poole, UK).  

3.2.5. Fluorescent dyes 

The use of fluorescent dyes in the pharmaceutical field is increasingly common due to the 

development of novel in imaging techniques. Different fluorescent dyes were used to 

distinguish the layers of multi-layered nanoparticles prepared in this research through 

confocal microscopy. In order to a have better layer edge, dyes with distinctive wavelength 

were used. For the two layers nanoparticles, Nile red and Evans blue were loaded on the 

inner and outer layers, respectively. For the three layers nanoparticles, DiOC18(3) (excited at 

480 nm), DiIC18(3) (excited at 550 nm) and DiDC18(5) (excited at 640 nm) were used as 

fluorescent dye in the inner, middle and outer layer, respectively. 

3.2.5.1. Evans blue 

Evans blue, (6,6_-[(3,3_-dimethyl-[1,1_-biphenyl]-4,4_-diyl) bis(azo)]bis[4-amino-5- 

hydroxy-1,3-naphthalenedisulfonic acid]), is an azo dye that has owned a long history as a 

biological dye and a diagnostic agent due to its high affinity to serum albumin (Yao et al., 

2018). In this thesis, it was used as label agent in order to show distinctive particle layers 

under a super-resolution confocal microscope. Evans blue used in this study was purchased 

from Sigma Aldrich (Poole, UK) that fluoresces with excitation peaks at 480 nm.  
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3.2.5.2. Nile red 

Nile Red is a benzophenoxacone and an uncharged, hydrophobic molecule. It works as a 

fluorescent probe for the hydrophobic and intracellular lipids of proteins. Nile red can be 

used as membrane dye in cell biology for easy visualizing through an epifluorescent 

microscope with excitement and wavelength of emission normally shared with red 

fluorescent protein (Greenspan et al., 1985). Nile red used in this study was purchased from 

Sigma Aldrich (Poole, UK) that fluoresces with excitation peaks at 690 nm. 

3.2.5.3. DiOC18 (3) 

DiO, commonly known as DiOC18(3), is a lipophilic carbocyanine dye with a green 

fluorescent fluorescence that is widely employed as a lipophilic tracer. DiO has applications 

that are comparable to Dil's. It does, however, emit green fluorescent light and has a slower 

lateral diffusion rate than DiI. In dual color investigations, DiO and DiI are frequently 

employed simultaneously. DiO has a low solubility and a proclivity for aggregation. DiO 

used in this work was supplied by Biotium, Inc. (Fremont, U.S.A.) that has absorption 

maximum at 484 nm and emission maximum at 501 nm. 

3.2.5.4. DiIC18(3) 

DiI, also known as DiIC18(3), is a fluorescent lipophilic cationic carbocyanine dye which is 

widely used in cell membranes labelling by inserting its two long (C18 carbon) hydrocarbon 

chains into the lipid bilayer. This dye is a violet crystal that is soluble in ethanol, methanol, 

dimethylformamide, and dimethylsulfoxide. DiO used in this work was supplied by Biotium, 

Inc. (Fremont, U.S.A.) that has absorption maximum at 549 nm and emission maximum at 

565 nm. 
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3.2.5.5. DiDC18(5) 

DiD, also known as DiD18(5), is a lipophilic carbocyanine dye similar to DiI, but with a 

longer absorption and emission wavelengths. DiO, DiI and DiD can be used in combination 

for multicolor imaging. DiD used in this work was purchased from Biotium Inc. (Fremont, 

U.S.A) that has absorption maximum at 644 nm and emission maximum at 663 nm.  

3.2.5.6. Gold nanoparticles 

Gold nanoparticles was purchased from Sigma Aldrich (Poole, UK) with diameter of 15 nm 

(stabilized suspension in 0.1 mM PBS) was used to label layers for multi-layer structured 

nanoparticles.  

3.2.6. Dimethylacetamide (DMAC) 

The solvent selected for this work was chosen firstly based on their low toxicity and ability to 

dissolve polymers of interest and secondly on their ability to be processed using electrospray 

processing. Dimethylacetamide is a colorless, water miscible, high boiling point liquid 

compound (formula: C4H9NO, molecular weight: 87.12g/mol, density 0.937 g/𝑐𝑚+, Sigma 

Aldrich, Poole, UK) which was used as a solvent in the study. 

3.2.7. Acetone  

Acetone with the formula C3H6O is one of the few relatively non-toxic organic solvents able 

to dissolve PLGA. It was chosen as a solvent for this study due to its low acute and chronic 

toxicity if ingested and/or inhaled (Oral LD50 is 3g/kg for mice) and volatile nature. It is 

naturally produced and disposed of in the human body because of metabolic processes. In this 
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work, acetone (density:791 kg m-3, Mw: 58.8 g mol-1, viscosity: 0.4 mPa s and boiling point: 

56 °C) was purchased from Sigma Aldrich (Poole, UK) and had a purity of 99.8%.  

3.2.8. Phosphate buffer saline (PBS) 

Phosphate buffered saline (PBS) is a buffer solution commonly used in biological research. 

The osmolality and ion concentration of the solution have a similar composition to human 

blood plasma. PBS has many uses because it is isotonic and nontoxic to cells (Bhardwaj et al., 

2006). The PBS compressed tablets used in the experiments was purchased by sigma Aldrich 

(Poole, UK). The PBS solution was prepared by dissolving one PBS tablet in 200 ml 

deionized water. The pH was at 7.4 at room temperature (25°C). The composition of PBS is 

shown in Table 3.1.  

Table 3. 1: Phosphate buffer saline (PBS) solution composition. 

Salt Concentration (mmol/dm3) 

NaCl 137.0 

KCl 2.7 

Na2HPO4·2H2O 10.0 

3.3. Characterization of solutions 

The EHDA process by which the particles are produced is dominated by the physical 

properties of the solutions, and also the processing parameters. Different combinations of 

these variables enable the generation of different jet modes (as mentioned in section 2.8.2). 

therefore, it is essential to characterise the properties of the solutions used. 
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The density, surface tension and viscosity of the solutions as well as their electrical 

conductivity and pH were measured at room temperature (20 °C), ambient pressure (101.3 

kPa) and relative humidity of 45-60% to determine their properties. 

3.3.1. Density  

A 25 ml standard density vial was used to determine the density of the liquids used in the 

studies (VWR International, Lutterworth, UK). An electronic balance was used to determine 

the mass of the empty bottle and the mass of the solution-filled bottle (AND HF-1200G A&D 

Instruments Ltd., Japan). Each solution's density (kg m-3) was measured five times, with the 

average and standard deviation calculated.The density was calculated by the following 

Equation 3.1: 

𝛒 = 𝑾𝟏-𝑾𝟐
𝟐𝟓	𝒎𝒍

                                            (Equation 3. 1) 

where W2 (g) and W1 (g) is the mass of the empty bottle and the solution-filled bottle, 

respectively. 

3.3.2. Surface tension  

Using Wilhelmy's plate method and a Kruss tensionmeter, the surface tension (γ) of all the 

solutions was obtained. (Tensiometer K9, Hamburg, Germany). Each solution was added to a 

20 ml tall beaker container and it was placed at the tensiometer platform. A plate was 

suspended from the hook and submerged entirely in the solution. When the plate was about to 

detach from the liquid surface, it was gently elevated and the surface tension value was 

directly read. Before each measurement, the plate was wiped with ethanol and dried. The 

surface tension of the sample was calculated using the mean values of five readings. The 
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plate was cleaned between each measurement with the same solvent used to dissolve the 

polymer.  

3.3.3. Viscosity  

The viscosity (μ) was measured using U-tube viscometer (VWR, size E). A U-tube 

viscometer was cleaned with ethanol before being used to measure viscosity. It was then 

estimated the average time it took for a standard volume of distilled water to flow through the 

U-tube capillary for five passes. Following the same approach as with water, the experiment 

was repeated five times with a different solution. The following equation was used to 

calculate the viscosity mean value for each solution: 

𝝁𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏 =	𝝁𝒘𝒂𝒕𝒆𝒓
𝝆𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏	×	𝒕𝒔𝒐𝒍𝒖𝒕𝒊𝒐𝒏
𝝆𝒘𝒂𝒕𝒆𝒓	×	𝒕𝒘𝒂𝒕𝒆𝒓

                          (Equation 3. 2) 

Where 𝜇=>?@AB>C is the solution viscosity (mPa s), 𝜇DEAFG is the viscosity of water (1 mPa s), 

𝜌DEAFG is the water density (998 kg 𝑚-+), 𝜌=>?@AB>C is the solution density (kg 𝑚-+), twater is 

the time the water needs to pass through the U-tube (3.5 s) and tsolution is the time the solution 

needs to pass through U-tube. 

3.3.4. Electrical conductivity and pH 

A conductivity probe (Jenway 3540 pH/conductivity meter) was used to measure the 

electrical conductivity (κ). Before each use, all the instruments were calibrated according to 

the manufacturer's instructions. To eliminate any remaining polymer solutions, the 

conductivity probe was constantly washed with acetone. After cleaning with acetone, the 

probes were rinsed with distilled water and dried before measurements. The sample's 

electrical conductivity was calculated using the average of five observations. 
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3.4. Characterization of particles 

3.4.1. Optical microscopy 

The solid and drug-loaded encapsulated particles produced in this research were collected on 

glass slides and were initially studied via optical microscopy (Nikon Eclipse ME 600) fitted 

with a camera (Micropublisher 3.3 RTV, 3.3 megapixel CCD Color-Bayer Mosaic, Real 

Time Viewing camera; Media Cybernetics, Marlow, UK). Analysis of the samples was 

carried out using Media Cybernetics Image-Pro Insight software. 

3.4.2. Zeta potential  

The Zeta potential (ZP) is the quantification of charges by calculating the effective electrical 

charge on the surface of a nanoparticle. When a nanoparticle has a net surface charge, it 

attracts a layer of opposite charge near the nanoparticle surface and firmly binds to it. The ZP 

is a measure of the difference in potential between the mobile dispersion medium and the 

stationary layer of dispersion medium containing the oppositely charged ions that are 

attached to the nanoparticle surface.The magnitude of the ZP provides information about 

particle stability. The higher the magnitude of potential exhibits increased electrostatic 

repulsion and therefore increased stability (Selvamani, 2018). If the ZP is low, attraction 

overcomes repulsion, and it is likely that the mixture forms coagulates. The ZP value other 

than -30 mV to +30 mV is regarded optimum for good nanodispersion stability (Joseph & 

Singhvi, 2019). 

Particles were suspended in distilled water in a dilute suspension to determine zeta potential. 

The zeta potential was calculated at room temperature using a ZetaPlusTM zeta potential 
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analyzer (Brookhaven Instruments, Holtsville, NY) based on electrophoretic mobility in an 

electric field. The average of five measurements was taken for each formulation. 

3.4.3. Scanning electron microscopy (SEM) 

The morphology and structure of the prepared particles were observed using a field emission 

scanning electron microscope (SEM; Hitachi S-3400N). The SEM was equipped with an 

emitter that can achieve a resolution of ~ 1.5 nm. Particles were collected on glass slide or 

aluminium foil and then left to dry under ambient conditions for 8 hours. Because the 

particles are non-conductive therefore, they were vacuum-coated with gold for 120s using a 

sputtering machine (Edwards sputter coater S1 50B) to enable conduction of the sample 

surface. Coating prevents the accumulation of static electric charge on the sample during 

electron irradiation. The coated sample was placed in the SEM chamber on an aluminum stub 

and secured with a carbon sticker. The SEM images were obtained at 5kV acceleration 

voltage and the working distance between the emitter and the sample was 8mm. For each 

sample, images were captured from various locations, and 300 particles were selected 

randomly to be measured in both width and length using ImageJ. (Brocken Symmetry 

Software). Another high-resolution SEM (FEI Helios Nanolab G3 660 UC) was used to 

observe the structure of gold nanoparticles loaded multilayer PLGA nanopartilces. In this 

case, particles were collected on an aluminium foil without gold coating. 

3.4.4. X-ray powder diffraction (XRPD) 

 A Miniflex 600 diffractometer was used to generate X-ray podwer diffraction (XRPD) 

patterns of materials (RigaKu, Tokyo, Japan). A cathode ray tube was used to generate the X-

rays, which were filtered to produce monochromatic radiation that was aimed at the material. 
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At a tube voltage of 40 mV and a tube current of 15 mA, Cu K radiation was employed with 

a wavelength of 1.5406 and a graphite monochromatic filtering wave. When incident rays 

interact with the sample, constructive interference occurs (and diffracted rays). At a scanning 

speed of 0.02°/min, the diffracted intensity was recorded in the 2 angle range of 5 to 40°. 

3.4.5. Fourier Transform Infrared (FTIR) spectroscopy 

Attenuated total FTIR analysis was carried out on a Spectrum 100FTIR spectrometer 

(PerkinElmer, Waltham, MA, USA). It was used to confirm the presence of different 

functional groups of progesterone in the PLGA-progesterone particles. These studies were 

performed for the PLGA polymer (ground powder), progesterone powder and progesterone 

loaded PLGA particles. A small quantity of each sample was placed onto the sample holder 

and inserted into the FTIR spectrometer. Thirty scans with a resolution of 1 cm-1 in the range 

of 650-4000 cm-1 were carried out for each sample. 

3.4.6. Confocal laser scanning microscopy 

The structure of multi-layer nanoparticles was examined by a super-resolution confocal laser 

scanning microscope (zeiss LSM 980 Multiphoton Airyscan 2; Carl Zeiss Ltd, Cambridge, 

UK) using oil-immersion mode with a 63X objective lens to observe the presence of the 

different layers in the particle structure. To distinguish the two layers progesterone-loaded 

nanoparticles in Chapter 5, the inner layer structure encapsulated nile red dye (excited at 690 

nm) and the outer layer encapsulated Evans blue dye (excited at 480 nm). To distinguish the 

three layers nanoparticles in a separate work (Chapter 6), DiOC18(3) (excited at 480 nm), 

DiIC18(3) (excited at 550 nm) and DiDC18(5) (excited at 640 nm) were used as fluorescent 
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dye in the inner, middle and outer layer, respectively. Z-stacks were acquired at 0.1 µm 

intervals and orthogonal projections were generated to visualize the signals of the three layers. 

3.5. In vitro release measurement 

3.5.1. UV-visible spectrophotometer 

The UV-visible spectrophotometer was used in this experiment to measure the drug release 

behavior of the progesterone. In this section, a brief description is given about how UV-

visible spectrophotometer can be used to identify compounds and to calculate the 

concentrations of it in a solution. In UV-visible spectrophotometer, ultra-violet light is 

transmitted through the sample. The light absorbance observed at a specific wavelength by 

the specific compounds in the solution which is directly related to its concentration. When the 

component concentration is sufficiently low in the solution, a linear relationship exists 

between absorbance and concentration of the component. This is expressed by the Beer-

Lambert law (Parnis & Oldham, 2013): 

𝑨 = 𝐥𝐨𝐠𝟏𝟎
𝑰𝟎
𝑰
                                                  (Equation 3. 3) 

𝐥𝐨𝐠𝟏𝟎
𝑰𝟎
𝑰
= 𝜺 × 𝜾 × 𝒄                                            (Equation 3. 4) 

𝑨 = 𝜺 × 𝜾 × 𝒄                                              (Equation 3. 5) 

where A is the absorbance, I is the intensity of transmitted light, I0 is the incident intensity, ε 

(l mol-1 m-1) is the attenuation coefficient of the compound, l (m) is the light travel distance 

through the sample, and C (mol l-1) is the concentration of the component. 
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3.5.2. Encapsulation measurements 

The production yield of the processing technique was calculated as the ratio of the mass of 

dried particles collected (Mc) to the theoretical mass of particles sprayed during the collection 

time (Mi). 

𝒑𝒓𝒐𝒅𝒖𝒄𝒕𝒊𝒐𝒏	𝒚𝒊𝒆𝒍𝒅	(%) = (𝑴𝒄
𝑴𝒊
) × 𝟏𝟎𝟎%                                                          (Equation 3. 6) 

𝑴𝒊 = 𝒑𝒐𝒍𝒚𝒎𝒆𝒓	𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏	 × 	𝒇𝒍𝒐𝒘	𝒓𝒂𝒕𝒆	 × 	𝒄𝒐𝒍𝒍𝒆𝒄𝒕𝒊𝒐𝒏	𝒕𝒊𝒎𝒆          (Equation 3. 7) 

𝐄𝐧𝐜𝐚𝐩𝐬𝐮𝐥𝐚𝐭𝐢𝐨𝐧	𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲 = 𝒎𝒂𝒔𝒔	𝒐𝒇	𝒂𝒄𝒕𝒖𝒂𝒍	𝒅𝒓𝒖𝒈	𝒍𝒐𝒂𝒅𝒆𝒅	𝒊𝒏	𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆𝒔
𝒎𝒂𝒔𝒔	𝒐𝒇	𝒅𝒓𝒖𝒈	𝒖𝒔𝒆𝒅	𝒊𝒏	𝒑𝒂𝒓𝒕𝒊𝒄𝒍𝒆	𝒇𝒂𝒃𝒓𝒊𝒄𝒂𝒕𝒊𝒐𝒏

× 𝟏𝟎𝟎% (Equation 3. 8) 

Drug encapsulation efficiency was determined by measuring the amount of drug in the 

collected particles.  

3.5.2.1. Progesterone calibration curve 

To calculate the drug release and the encapsulation efficiency of progesterone loaded 

particles, a calibration curve was produced and used for finding the linear relationship 

between the absorbance and the progesterone concentration. The calibration curve was 

prepared by measuring the absorbance of different concentrations of progesterone from 1 to 

10 µg/ml at wavelength of 224 nm. 
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Table 3. 2: Light absorbance (Abs) of progesterone in PBS solution at various known 

concentrations. 

Progesterone concentration 

(µg/ml) 

Abs #1 Abs #2 Abs #3 Average 
absorbance 

2 0.503 0.511 0.513 0.509 

4 0.990 0.995 0.991 0.992 

6 1.473 1.471 1.475 1.473 

8 1.92 1.94 1.99 1.95 

10 2.494 2.493 2.495 2.494 

The calibration curve for the quantification of progesterone was plotted based on Table 3.3. 

The curve was linear over the range of standard concentrations (2, 4, 6, 8 and 10 µg/ml) with 

a correlation coefficient of R2 = 0.9994. The linear relation between absorbance and 

progesterone concentration is shown in Figure 3.2. The linear equation was determined as 

follows: 

𝑨𝒃𝒔 = 𝟎. 𝟐𝟔𝟐𝟒𝑪 + 𝟎. 𝟎𝟎𝟓𝟐                         (Equation 3. 9) 
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Figure 3. 2: The linear relation between progesterone concentration and corresponding 

absorbance at 224 nm. 

Weighted samples containing 10 mg of progesterone-loaded particles were dissolved in 

DMAC (10 ml) and stirred mechanically for 400 s. Once the solution had been diluted 1:10 in 

DMAC: PBS (10:90v/v), it was filtered through a 0.22 mm filter. A UV-visible 

spectrophotometer with a detection wavelength of 224 nm was used to determine the drug 

content. A calibration equation was then used to calculate the concentration. 

3.5.2.2. Q-absorbance ratio method for simultaneous determination of saxagliptin and 

dapagliflozin  

A simple absorbance ratio method was used for simultaneous estimation of the saxagliptin 

and dapagliflozin combined system. It uses the ratio of absorbances at two selected 

wavelengths, one of which is an isoabsorptive point (both drugs have same absorptivity) and 

other being the l-max of dapagliflozin. The concentration of two drugs in the mixture can be 

calculated based on Beer’s Law. 

y = 0.2464x + 0.0052
R² = 0.9994

0

0.5

1

1.5

2

2.5

3

0 1 2 3 4 5 6 7 8 9 10

Ab
so

rb
an

ce

Concentration (µg/ml )



Chapter 3: Experimental details 

 
84 

 

For two-component systems, at a wavelength l1 (isoabsorptive point at 222nm), 

𝑨𝟏 = 𝒃(𝒂𝒙𝟏 ∙ 𝒄𝒙 + 𝒂𝒚𝟏 ∙ 𝒄𝒚)         (Equation 3. 10) 

and at another wavelength l2 (l-mas of dapagliflozin at 226nm), 

𝑨𝟐 = 𝒃(𝒂𝒙𝟐 ∙ 𝒄𝒙 + 𝒂𝒚𝟐 ∙ 𝒄𝒚)         (Equation 3. 11) 

these equations may be divided: 

𝑨𝟐
𝑨𝟏
= 𝒂𝒙𝟏∙𝒄𝒙R𝒂𝒚𝟏∙𝒄𝒚

𝒂𝒙𝟐∙𝒄𝒙R𝒂𝒚𝟐∙𝒄𝒚
               (Equation 3. 12) 

Where A is the absorbance, b is the cell length, a is the absorptivity of component, and c is 

the concentration of component. x and y represent the components saxagliptin and 

dapagliflozin, respectively. As the same cell length is used for both concentrations, b may be 

eliminated from the equation. At the isoabsorptive point (l1) both drugs have same 

absorptivity, therefore, 𝑎ST = 𝑎UT.  

Let 𝐹S =
V2

V2RV3
 and 𝐹U =

V3
V2RV3

. 

The equation then becomes: 

𝑨𝟐
𝑨𝟏
= 𝒂𝒙𝟐∙𝒄𝒙R𝒂𝒚𝟐∙𝒄𝒚

𝒂𝒙𝟏∙(𝒄𝒙R𝒄𝒚)
= 𝒂𝒙𝟐

𝒂𝒙𝟏
∙ 𝑭𝒙 +

𝒂𝒚𝟐
𝒂𝒙𝟏

∙ 𝑭𝒚  (Equation 3. 13) 

Since 𝐹U = 1 − 𝐹S, the equation then becomes, 

𝑨𝟐
𝑨𝟏
= 𝒂𝒙𝟐

𝒂𝒙𝟏
∙ 𝑭𝒙 +

𝒂𝒚𝟐
𝒂𝒚𝟏

− 𝒂𝒚𝟐
𝒂𝒚𝟏

∙ 𝑭𝒙  (Equation 3. 14) 

Let 𝑄Y = Z4
Z5

, 𝑄S =
E24
E25

  and  𝑄U =
E34
E35

. 
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Therefore, 𝐹S =
V2

V2RV3
= [6-[3

[2-[3
 

The concentrations of two drugs in the mixture can be calculated using following equations. 

𝒄𝒙 =
𝑨𝟏
𝒂𝒙𝟏

∙ 𝑸𝒎-𝑸𝒚
𝑸𝒙-𝑸𝒚

	           (Equation 3. 15) 

𝒄𝒚 =
𝑨𝟏
𝒂𝒚𝟏

∙ 𝑸𝒎-𝑸𝒙
𝑸𝒚-𝑸𝒙

            (Equation 3. 16) 

To free the encapsulated Saxagliptin and Dapagliflozin molecules from PLGA particles, 

samples with 10 mg of drug loaded particles were dissolved in 10ml DMAc and acetone 

(w/w, 3:7) solvent and further diluted in 90ml PBS. The absorbances were recorded using 

UV-visible spectrophotometer at 222nm (isoabsorptive point) and 226nm (l-mas of 

dapagliflozin) detection wavelength. The concentration was then calculated using Q-

absorbance ratio method and calibration equations. 

The calibration equations were also used to calculate the drug concentrations of unknown 

samples was produced by measuring the absorbance of a concentration range of 1-5 µg/ml 

for saxagliptin and 1-10µg/ml for dapagliptin. The calibration curves were constructed by 

plotting absorbances versus concentration and the regression equations were calculated. The 

concentrations of the drugs were determined by using ratio of absorbances at isoabsorptive 

point and the l-mas of dapagliflozin. 
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Table 3. 3: Light absorbance (Abs) of saxagliptin in PBS solution at various known 

concentrations. 

Saxagliptin concentration (µg/ml) Abs #1 Abs #2 Abs #3 Average 
absorbance 

1 0.649 0.658 0.652 0.653 

2 1.280 1.281 1.282 1.281 

3 1.885 1.878 1.874 1.879 

4 2.563 2.560 2.566 2.563 

4.5 2.833 2.833 2.836 2.834 

The linear relation between absorbance and saxagliptin concentration is shown in Figure 3.3. 

The linear equation was determined as follows: 

𝑨𝒃𝒔 = 𝟎. 𝟔𝟐𝟕𝟖𝑪 + 𝟎. 𝟎𝟐𝟏𝟒      (Equation 3. 17) 

 

Figure 3. 3: The linear relation between saxagliptin concentration and corresponding 

absorbance at 218 nm. 
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Table 3. 4: Light absorbance (Abs) of dapagliflozin in PBS solution at various known 

concentrations. 

Dapagliflozin concentration 
(µg/ml) 

Abs #1 Abs #2 Abs #3 Average 
absorbance 

1 0.375 0.379 0.371 0.375 

2 0.675 0.675 0.678 0.676 

4 1.293 1.297 1.295 1.295 

6 1.833 1.834 1.841 1.836 

8 2.552 2.558 2.558 2.556 

The linear relation between absorbance and dapagliflozin concentration is shown in Figure 

3.4. The linear equation was determined as follows: 

𝑨𝒃𝒔 = 𝟎. 𝟑𝟎𝟕𝟏𝑪 + 𝟎. 𝟎𝟓𝟖         (Equation 3. 18) 

 

Figure 3. 4: The linear relation between dapagliflozin concentration and corresponding 

absorbance at 226 nm. 
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3.6. Experimental setup 

3.6.1. High voltage power supply 

A high voltage DC power supply (Glassman Europe Limited, UK) was used to deliver a high 

voltage to the needle via a high voltage cable, connected to a crocodile clip fixed onto a 

height adjustable stand. The grounded platform was connected to the ground terminal at the 

back of the power supply unit. In this experiment, the applied voltage between the needle and 

a ground was ranging from 12.0 – 16.0 kV. 

3.6.2. Syringe pump 

The needle was connected to 10 ml plastic syringe (BD PlasticTM, VWR, Lutterworth, UK) 

through a silicone tube. The flow rate of injected solution was controlled by a high precision 

syringe pump (Harvard PHD 4400, Edenbridge, UK). The pump was calibrated frequently by 

DMAc or DMAc/Acetone solution. In this work, the solutions were introduced at a constant 

flow rate of 2 and 3 µl/min. this flow rate was determined empirically to provide a suitable 

compromise between jet stability and the required particle size. 

3.6.3. Data recording equipment  

The jet and droplet formed at the tip of the needle during particle production was monitored 

using a Leica DMS300 camera connected to a video screen for real time monitoring. 

3.6.4. Multi-needle assembly  

In this thesis, a detachable tri-capillary needle was designed in such a way to be used in 

conjunction with electrohydrodynamic processing to produce multilayered particles. It was 



Chapter 3: Experimental details 

 
89 

 

manufactured by rame-hart instrument co. (Succasunna, U.S.A.) according to our designs and 

instructions. The whole needle assembly device consists of three stainless steel needles which 

are coaxially arranged, of which the outer needle has an inner diameter (ID) of 1.60mm and an 

outer diameter (OD) of 2.11mm; the middle needle has an ID of 0.84mm and an OD of 1.24mm; 

and the inner needle has an ID of 0.254mm and OD of 0.457mm. For the double-layer particle 

preparation, dual-capillary was obtained by remove the outer needle. 

 

 

Figure 3. 5: Schematic of the needle configurations of detachable tri-axial needle. 
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3.7. Particle preparation  

In order to fulfill the main goal of this study, single-, dual- and tri-axial needle were used to 

produce single and multilayered drug loaded particles. Progesterone loaded particles were 

produced in single- and double-layered configuration and three-layered nanoparticles were 

produced to encapsulate saxagliptin and dapagliflozin. 

3.7.1. Progesterone-loaded 1-layer particles 

Electrospraying was used to make progesterone-loaded PLGA particles (Figure 3.6). 

Dissolving the polymer in DMAC at ambient temperature (20 °C) yielded PLGA solutions 

with varied concentrations (2 and 4 wt%) and copolymer compositions (50:50 and 75:25). At 

each concentration, progesterone (2 mg/ml) was added to the polymer solution to achieve 

polymer/drug ratios of 20:1 and 10:1. As a control group, PLGA solutions containing no drug 

(2 and 4 wt%; 50:50 and 75:25) were prepared. 

In this experiment, the polymer solutions were placed into a 10ml plastic syringe and fed into 

a 0.84 mm stainless steel needle with constant flow rate using a syringe pump. By use of a 

high-voltage power source, a 12.0 to 16.0 kV electrical potential was applied to the surface. 

After the droplets were ejected from the steady cone-jet, they were collected on a glass 

microscope slide or a grounded collector at a working distance of 200 mm underneath the 

needle exit. A Leica DMS300 camera was used to monitor the cone-jet generated at the 

needle's tip during particle formation. All of the tests were carried out at room temperature 

(20 °C) with a relative humidity of 40-55%. Each experiment was carried out three times. 
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Figure 3. 6: Schematic illustration of single needle electrohydrodynamic atomization 

setup.  

3.7.2. Progesterone-loaded multi-layer particles 

Different electrospray systems were used to prepare progesterone loaded PLGA nanoparticles 

(Figure 3.7). Acetone and DMAc were combined at a 7:3 volume ratio. To prepare PLGA 

solutions for all formulations, the polymer was dissolved in an acetone/DMAc mixture and 

mixed for 30 minutes (Table 5.1). The inner solution for formulations 2-layer1-50 and 2-

layer1-75 was progesterone in an acetone/DMAc combination, and it was added to the 

polymer solution to make the inner solution for formulations 2-layer2-50 and 2-layer2-75, as 

well as a single solution for formulations 1-layer-50 and 1-layer-75. The polymer to drug 

(w:w) ratio was kept constant at 40:1 in all formulations. The coaxial nozzle assembly is 

made up of two stainless-steel needle capillaries with inner and outer dimensions of 0.254 

and 0.457 mm for the inner capillary and 0.84 and 1.24 mm for the outer capillary. Mono-
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layered nanoparticles were produced using single needle electrospray with internal and 

external needle diameters of 0.84 and 1.24 mm, respectively. 

The corresponding liquids were filled into a 10 ml plastic syringe and pumped into the 

capillaries at a constant flow rate of 0.18 ml h-1 via syringe pumps that were independently 

controlled (Harvard PHD 4400, Edenbridge, UK). A high voltage power supply 

(Glassman Europe Ltd, UK) was utilized to provide a high positive electrical potential 

ranging from 12.0 to 14.0 kV between the nozzle tip and grounded collection. The cone-jet 

created during particle production was monitored using a Leica DMS300 camera. The 

particles were collected on a sheet of grounded collector 20cm below the needle exit at stable 

cone-jet mode. All studies were carried out at room temperature (20°C) with a relative 

humidity of 40–55%.  
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Figure 3. 7: Schematic illustration of (A) coaxial electrospray setup; (B) formulations of 

progesterone-loaded nanoparticles. 

3.7.3. Saxagliptin- and dapagliflozin-loaded particles 

The drug-loaded PLGA nanoparticles were synthesized using single, dual and tri-capillary 

electrospray systems (Figure 3.8). 
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Figure 3. 8: Schematic illustration of a (a) tri-capillary electrospray system used in this 

study. (c) The geometry of the needle tip of single, dual and tri-capillary needle. 

3.7.3.1. Single-layer particles 

A co-dissolving solution consisting of 1% (w/w) of saxagliptin and 2% (w/w) of 

dapagliflozin in polymer solution (4% w/w) was exploited to make 1-layer PLGA 

nanoparticles. A single needle with ID and OD of 0.84 and 1.24mm, respectively, was used 

to produce monolayer nanoparticles. The capillaries were connected to syringes using Teflon-
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coated tubing and the corresponding solutions were infused into the capillaries by 

individually controlled syringe pumps (Harvard PHD 4400, Edenbridge, UK). A positive 

electrode is connected the processing nozzle, and the ground electrode is connected to the 

aluminum plate. A high positive electrical potential varying from 14.0 to 24.0 kV relative to 

the ground as required to form a stable cone jet was applied to the processing needle. A video 

camera (Leica microsystems, Wetzlar, Germany) with an in-built magnifying lens was used 

to monitor the real-time jetting behavior of the atomized spray during particle generation. 

The cone-jet operation of the electrospray system ensures production of monodisperse 

droplets. Nanoparticles were collected at a working distance of 200mm below the needle exit 

on a glass slide for optical microscopy and an aluminum plate for in vitro release study. 

3.7.3.2. Double-layer particles 

For the preparation of formulation 2-layer1 nanoparticles, saxagliptin and dapagliflozin were 

co-dissolved in the polymer solution to make 2 and 4% (w/w) (with respect to polymer mass), 

respectively, and was used as inner solution. Formulation 2-layer2 was composed of 2 groups 

of double-layer nanoparticles including saxagliptin core-loaded and dapagliflozin core-loaded 

nanoparticles. Saxagliptin and dapagliflozin were individually added into polymer solution at 

the same concentration to make inner solutions for formulation 2-layer2. PLGA was dissolved 

in the mixture of DMAc and acetone (with weight ratio of 3:7) to prepare the 4% (w/w) outer 

solution for both core-shell formulations. 

For the double-layer configuration, the inner drug and outer polymer solutions were delivered 

through two stainless needles coaxially arranged with ID and OD of 0.84 and 1.24 mm for 

outer needle, and 0.254 and 0.457 mm for inner needle, respectively. The flow rates adjusted 

for these solutions were 3µl/min for all layers. 
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3.7.3.3. Tri-layer particles 

For the preparation of 3-layer nanoparticles, PLGA was firstly dissolved in a binary solvent 

system of DMAc and acetone (with weight ratio of 3:7) to make three separate 4% (w/w) 

solutions. Saxagliptin and dapagliflozin were added at 3 and 6% (w/w) (with respect to 

polymer mass) into separate PLGA solutions followed by stirring for 500s in ambient 

temperature (20°C) as inner and middle layer liquid, respectively. 4% (w/w) PLGA solution 

was used as outer layer liquid. 

In the tri-layer configuration, three stainless steel needles were coaxially arranged, of which 

the outer needle has an inner diameter (ID) of 1.60mm and an outer diameter (OD) of 2.11 

mm; the middle needle has an ID of 0.84 mm and an OD of 1.24 mm; and the inner needle 

has an ID of 0.254 mm and OD of 0.457 mm. The corresponding liquids were infused 

simultaneously into the corresponding capillaries at constant flow rate of 2 µl/min for all 

layers. 

In order to study the multi-layer structure of the drug-loaded PLGA-NPs, gold nanoparticles 

with diameter of 15 nm were added into the inner and outer solutions for SEM imaging. 

Experiments were operated under ambient temperature (20 ℃) and relative humidity of 50-

60%. Each experiment was repeated three times. 
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Figure 3. 9: Formulation, formation, and compartments of saxagliptin and dapagliflozin 

loaded PLGA nanoparticles. (a) 1-layer drug-loaded nanoparticles, (b) 2-layer1 

nanoparticles where both drugs were co-loaded in the core-shell, (c) 2-layer2 

nanoparticles where drugs were individually loaded in the core-shell of double-layered 
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nanoparticles and (d) 3-layer nanoparticles where saxagliptin and dapagliflozin were 

loaded in the core and middle layer, respectively. 
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Chapter 4: Effect of copolymer composition on particle morphology and 

release behavior in vitro using progesterone 

4.1. Overview  

Many studies that have looked into PLGA particle formulations for controlled release of 

various drugs (Berkland et al., 2002; Edlund & Albertsson, 2002; Gilding & Reed, 1979; 

Orlu-Gul et al., 2014; Xie et al., 2008) and encapsulated hydrophobic substances in various 

polymeric matrix (Bohr et al., 2011, 2012; Karuppannan et al., 2017). Several 

research groups have produced progesterone-loaded PLGA microparticles using a variety of 

approaches, including microfluidic (Busatto et al., 2018), hydrogel templates (Acharya et al., 

2010) and solvent evaporation-based methods (Jang & Sah, 2011). There are no studies, 

however, on employing single-step electrospraying to produce progesterone-loaded particles, 

specifically using PLGA copolymer with variable monomer ratios and concentrations 

providing different drug release profiles to fulfil various drug delivery requirements. Given 

progesterone's hydrophobicity and the fact that oral delivery is the most common method of 

delivery, enhancing its solubility by incorporating the medication into the PLGA matrix was 

a specific challenge and goal. The general goal of this part of work was to conduct a thorough 

evaluation of the influence of the polymer concentration and utilization of two distinct 

copolymer compositions (PLA/PGA ratios of 50:50 and 75:25) on particle characteristics and 

progesterone release characteristics in vitro. 

By altering the copolymer composition and polymer:drug ratio of PLGA, this set of research 

attempted to improve progesterone dissolving rate and sustained release. The impact of 
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particle characteristics and in vitro drug release characteristics on the polymer:drug ratio and 

copolymer composition were studied. X-ray powder diffraction (XRPD) and Fourier 

transform infrared spectroscopy were used to determine the physical form of the produced 

particles (FTIR). Moreover, the in vitro drug release behaviour of resulted particles is 

discussed. 

4.2. Results and discussion  

The increased discovery of new therapeutic agents has contributed to a growing need for 

supply networks that can load, secure, transport and targeted the agents selectively at the 

desired sites (Egle et al., 2008). Micro and nanoscale polymeric spheres have intrigued 

attention as drug delivery systems in recent decades due to their processing and physical 

properties, which include size control, surface modification flexibility, and, most importantly, 

the ability to loading a wide range of therapeutic agents and release them at a predictable rate 

(Molavi et al., 2020). Different techniques were used to manufacture drug delivery 

micro/nanostructures. In this work, single needle EHDA processing method was used to 

explore their capability for preparing PLGA drug carriers with different size and morphology, 

and to enhance the dissolution rate of hydrophobic drug (progesterone). The first goal was to 

optimize the combination of primary processing parameters in order to obtain a reliable 'cone 

jet' and ultimately generate particles with a small size distribution. Then, investigate the 

effect of polymer concentration and copolymer composition on particle morphology and 

release behaviour. 
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Table 4. 1: Properties of the solutions used for particle formation. In the case of viscosity, 

electrical conductivity, and density the error was negligible. 

Formulations 
Polymer concentration and 
drug loading (with respect 

to polymer) 

Surface 
tension 
(mN	m-

1) 

Viscosity 
(mPa	s) 

Electrical 
conductivit

y 
(µS	cm-1) 

Density 
(g	m𝑙!") 

F1 2 wt% (50/50) + 10wt% 
drug 

30.4±0.
7 1.2 1.1 9.4 

F2 
2 wt% (75/25) + 10wt% 

drug 
32.1±0.

6 1.1 0.8 9.3 

F3 4 wt% (50/50) + 5wt% drug 28.9±0.
8 1.2 1.0 9.4 

F4 4wt% (75/25) + 5wt% drug 28.4±1.
1 1.1 0.9 9.4 

F5 2 wt% (50/50) 31.3±0.
6 1.4 1.1 9.4 

F6 2 wt% (75/25) 28.2±0.
4 1.2 0.9 9.3 

F7 4 wt% (50/50) 33.7±0.
8 1.4 1.1 9.4 

F8 4 wt%(75/25) 
34.5
±0.8 1.3 1.0 9.4 

4.2.1. Preparation of progesterone loaded PLGA microparticles 

It has recently demonstrated that the shape of drug delivery systems is another important 

feature and there is growing studies demonstrates that the effectiveness of drug delivery can 

be significantly affected by shape (Mitragotri & Lahann, 2009).  

Four alternative formulations of drug-loaded particles and PLGA particles were successfully 

generated utilizing electrospraying under various operating settings (Table 4.2) to fulfil 

experimental demand. By co-dissolving in DMAC and electrospraying into small droplets, 

progesterone was encapsulated in PLGA polymers. Particle characterisation was used to 

assess the impact of PLGA concentration and copolymer composition on prepared particle 
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morphology. To obtain a stable cone-jet and homogeneous size distribution, other key factors 

such as applied voltage and solution flow rate were tuned. 

Table 4. 2: Operating conditions tested and corresponding size characterization. 

Solution 
formulations 

Processing 
parameters 

Average particle 
volume (𝛍𝐦) 

Yield (%) Encapsulation 
efficiency (%) 

F1 
2 ul/min 

12.6 kV 
1.24±0.21 81±3 88±2 

F2 
2 ul/min 

13.8 kV 

1.21±0.32 

0.66±0.09 
83±2 83±3 

F3 
2 ul/min 

15.1 kV 
0.72±0.16 83±2 83±3 

F4 
2 ul/min 

15.7 kV 

0.63±0.11 

1.44±0.2 
83±2 83±3 

F5 
3 ul/min 

15.3 kV 
1.1±0.18 85±2 - 

F6 
3ul/min 

15.8kV 

1.31±0.37 

0.64±0.12 
85±1 - 

F7 
3 ul/min 

13.8 kV 
1.43±0.51 80±1 - 

F8 
3 ul/min 

14 kV 

1.66±0.41 

1.20±0.33 
84±2 - 

4.2.1.1. Effect of copolymer ratio and polymer/ drug ratio, applied voltage and flow rate  

Particles were prepared with and without progesterone to evaluate the effects of the 

polymer/drug ratio and copolymer formulation of PLGA on particle size and morphology. 

First, drug-free particles were generated utilizing PLGA in two different ratios (50:50 and 

75:25), with PLGA concentrations of 2 and 4 wt% for each copolymer formulation. Drug-

free particles were produced at a constant flow rate of 3 μl/min, with a voltage of 13.0 to 16.0 
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kV necessary to build a stable cone jet. All particles were prepared with a smooth exterior 

surface, as revealed in SEM pictures (Figure 4.2). The results revealed that the diameter of 

both progesterone-free and progesterone-loaded particles was impacted by the polymer's 

content and copolymer ratio. It was discovered that with increasing PLGA concentrations, 

larger particles were generated while the particle surface remained smooth, which could be 

explained by the increased viscosity of the 4wt% polymer solutions (values shown in Table 

4.1). Particle size was found to be unaffected by the copolymer ratio or the addition of drug. 

Voltage and flow rate are two essential factors that influence the diameter of electrosprayed 

particles. According to Hartman and colleagues (Hartman et al., 1999), reducing the polymer 

solution flow rate reduces particle size.  

𝐝 = 𝐜 r𝝆𝜺𝟎𝑸
𝟒

𝑰𝟐
s
𝟏/𝟔

                                (Equation 4. 1) 

𝐈 ∝ (𝛄𝐊𝐐)𝟏/𝟐                                      (Equation 4. 2) 

𝐝 ∝ 𝑸𝟏/𝟐                                             (Equation 4. 3) 

As shown in Eq. (4.1), (4.2), and (4.3) , where d is the particle diameter (m), c is a constant, 

Q is the liquid flow rate (m3s-1), ρ is the liquid density, I is the current, ε0 is the permittivity of 

vacuum, γ is the liquid surface tension in ambient air, and K is the liquid conductivity. 

Particles generated from the same polymer concentration must have identical diameters in 

order to study the influence of copolymer formulation on progesterone release rate. To 

produce a comparable particle size distribution, the flow rate was held constant at 2 l/min. 

Table 4.2 shows the diameters of the particles derived from all formulations, which range 

between 0.72 and 1.66 m; nevertheless, some are oblong in shape.  
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SEM images (Figure 4.1) revealed that arrangement from PLGA copolymer ratio of 50:50 

for both polymer concentrations created circular particles whereas arrangements from 

PLA:PGA copolymer ratio of 75:25 delivered prolonged or unpredictable particles.  
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Figure 4. 1: Scanning electron micrographs and size distribution of particles produced 
with constant progesterone concentration of 2 mg/mL (A) F1, (B) F2, (E) F3, (F) F4 and 
without progesterone (E, F, G and H). 

 

Figure 4. 2: Micrographs of solid PLGA particles produced at three different 

concentration and copolymer ratio under same flow rate and voltage. 
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4.2.1.2. Zeta potential  

The zeta potential is a determination of the particle surface charge in a suspension and is an 

essential feature of polymeric particles. The absolute volume of zeta potential increases the 

amount of charge on the particle surface; hence it can influence particle stability in some 

ways. This leads to a stronger electrostatic repulsive interaction between particles, which 

inhibits particles from aggregating and contribute to the development of more stable particles. 

Müller et al. (2001) recommends a zeta potential of 30 mV for a physically stable particle 

suspension (Müller et al., 2001). All the formulations have zeta potentials in the range of -30 

mV and -50 mV. With increasing polymer concentration and drug addition, it showed a slight 

increase in negativity. The zeta potential of PLGAs with different compositions was found to 

be unaffected.. 

4.2.1.3. X-ray powder Diffraction 

XRPD was used to test the physical form of the progesterone, polymer, and progesterone-

loaded particles, and the results are shown in Figure 4.3. Progesterone's diffractogram shows 

distinct peaks at 10.48, 12.64, and 16.9θ, indicating that it is crystalline in its purest form. 

The diffractograms of both PLGAs are amorphous. All formulations were tested with 

electrosprayed particles. There were no crystalline peaks found. The results show that 

progesterone is molecularly dispersed within the polymer matrix. 



Chapter 4: Effect of copolymer composition on particle morphology and 

release behavior in vitro using progesterone 

 
109 

 

 

Figure 4. 3: XPRD patterns of a) progesterone, PLGA (75:25) and PLGA (50:50), b) 

progesterone-loaded particle formulations F1, F2, F3 and F4. 
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4.2.1.4. Fourier Transform Infrared spectroscopy 

FTIR spectra were used to determine if PLGA and progesterone interacted during the 

electrospray procedure. Figure 4.4 shows the FTIR spectra of progesterone, PLGA polymers 

(75:25 and 50:50), and progesterone-loaded particles with various polymer/drug ratios. 

Typical peaks in the pure drug sample included bound OH (2800-3000 cm-1) and C=O 

stretching (1600-1750 cm-1). The vibration of C=O stretching at 1752 cm-1 and C-O 

stretching at 1000-1250 cm-1 was seen in PLGA polymers. Furthermore, weak C=O 

stretching peaks were identified between 1600-1750 cm-1 in four separate progesterone-

loaded formulations, indicating the presence of intact progesterone. As a result, the FTIR 

measurements show that the polymer and progesterone had no chemical interactions.  
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Figure 4. 4: FTIR spectra of progesterone, PLGAs with different copolymer ratios 

(75:25 and 50:50) and electroprayed progesterone-loaded particles of four formulations. 
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4.2.2. In vitro drug release study 

In vitro dissolving studies were carried out in phosphate-buffered saline (PBS) with a pH of 

7.4 to study the release profile of progesterone-loaded particles. 200 ml of deionized water 

was used to dissolve one compressed phosphate buffer saline tablet. A dissolvable polymer 

capsule was used to enclose 22 mg of progesterone-loaded particles. In order to explore how 

solubility of weakly water-soluble progesterone can be improved after electrospraying in the 

PLGA matrix, the solubility of 2mg of pure progesterone was tested as a control group under 

the same release conditions. The polymer capsule was then placed in a sinker basket made of 

stainless steel. The sinker basket was then immersed in 100 ml PBS, with the temperature of 

the solution held constant at 37°C. At predefined intervals, 3 ml samples of each solution 

were extracted and replaced with fresh PBS that had been kept at 37°C. Pure progesterone 

had also been tested for dissolution using the same methodology as the control group. To 

filter any contaminants and avoid any interference in absorbance, the samples were filtered 

using a membrane (0.22 m). To calculate the concentration, three replicates of each sample 

were analysed using a UV-visible spectrophotometer at 224 nm of detecting wavelength. 

One of the most important parameters influencing drug release behaviour is the copolymer 

ratio. The drug's release rate can be regulated by adjusting the copolymer ratio. Figure 4.5 

illustrates cumulative percentages of released progesterone plotted against time for four 

formulations of electrosprayed microparticles. Reproducibility is indicated by narrow error 

bars. The biphasic release pattern of progesterone was observed in all four formulations. 

Phase I of this biphasic release profile is commonly referred to as initial burst release, which 

can be caused by three factors: first, medicines that are loosely bound on the particle surface, 
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second, drug release from holes and fissures of particles of diverse morphology (Fredenberg 

et al., 2011) , and third, drug diffusion out of the polymeric matrix. Drug diffusion, whether 

through water-filled pores or polymer, is the most important factor in Phase II. The rate of 

progesterone release was shown to be reduced when the PLA:PGA ratio was increased from 

50:50 to 75:25 in the release study. Drug-loaded PLGA particles with a lower PLA:PGA ratio 

released 862 and 792 μg in 2 hours, respectively, for both polymer concentrations (50:50 2 

and 4 wt%). Higher copolymer ratio (75:25 2and 4 wt%) PLGA particles, on the other hand, 

only released 741 and 654 μg cumulatively in 2 h, respectively. Water uptake and polymer 

swelling ability may alter diffusion rates inside the polymer matrix for diffusion-controlled 

drug release. The subsequent increase in hydrophilicity can be related to the increase in 

release rate as the PLA:PGA ratio decreases. Immersion in water or in vivo delivery causes 

quick water uptake and polymer hydration (Zilberman & Grinberg, 2008). Lower PLA:PGA 

ratios (PLGA 50:50 vs. 75:25) are thought to be more hydrophilic, resulting in a higher rate 

of water absorption (Wischke & Schwendeman, 2008). This action has been identified as a 

pore-forming process that results in increased drug diffusion (Mochizuki et al., 2008; Webber 

et al., 1998). Although these pores are not large enough for drug transport in the early stages 

of drug release, as more and larger pores emerge, a porous network will form (Mochizuki et 

al., 2008; Webber et al., 1998). Transport of small hydrophobic pharmaceuticals across the 

polymer phase is possible (Raman et al., 2005; Wischke & Schwendeman, 2008). 

Progesterone is a small hydrophobic drug with average molecular weight of 314.46 g mol−1 

and low water solubility of 8.81 mg l−1 (25 °C). Because the medicine must first reach the 

aqueous phase before being released, the more hydrophilic the polymer, the faster it will take 

up water. As a result, PLGA particles containing less lactide and so being more hydrophilic 
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would provide a better environment for drug release (Fredenberg et al., 2011). After 2 hours, 

which is before the commencement of polymer dissolution, about 70% of progesterone was 

released from PLGA particles with higher polymer concentrations. Some of the medication 

may have been discharged because it was weakly connected to the surface, but only a few 

drug molecules are expected to have been properly encapsulated in particles. As a result, it's 

reasonable to conclude that diffusion through the polymer dominated progesterone release. 

The total amount of drug released after 2 h was less (792 μg) in the case of low drug loading 

(4 wt % PLGA+5 wt% progesterone) than in the case of 2 wt% PLGA drug-loaded particles 

(862 μg). Particles with a greater polymer concentration (654 μg) released less cumulative 

drug than those with a lower polymer concentration (741 μg) in the other copolymer mixture 

(75:25). Furthermore, an increase in the surface area: volume ratio causes hydrophobic 

molecules to release at a faster rate (Berkland et al., 2002; Klose et al., 2006). It was 

discovered that as polymer concentration rises, particle size decreases, resulting in a lower 

surface area-to-volume ratio. As a result, there is less buffer penetration and thus less drug 

release occurs. Additionally, when particle size increases, drug diffusion distance increases, 

which could be another contributing factor. The primary difference was noted during the 

initial burst release. In the same copolymer composition, the release profile after 48 hours 

appears to follow comparable patterns. This implies that after 48 hours, the PLGA copolymer 

ratio is the most important factor. 

During the 168-hour measurement period, progesterone was not entirely released from 

majority of the formulations, with only 43, 50, 83, and 94% of progesterone liberated from 

F1, F2, F3, and F4, respectively, showing that there was still drug entrapped inside the 
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polymer network. The rest of the medicine within the polymer matrix is explained by the fact 

that PLGA erosion does not usually occur within 7 days. Figure 4 illustrates this. Using 

various PLGA copolymer ratios and concentrations, six distinct progesterone release profiles 

were established. Oral progesterone administration has the highest patient compliance and is 

hence the preferred method (Unfer et al., 2005). Progesterone, on the other hand, has a low 

bioavailability and is eliminated in the digestive system faster than it is absorbed. Pure 

progesterone molecules, unlike encapsulated progesterone, have an extremely low water 

solubility. Only 380 μg (24%) progesterone has been dissolved, as indicated in Figure 4.5, 

which is less than half of what has been dissolved in the other formulations. The physical 

form changes of progesterone (Figure 4.3) after being electrosprayed with PLGA into 

particles, which indicates that progesterone is molecularly dispersed within the polymer 

matrix, was partially responsible for the dramatic increase in dissolution rate for progesterone 

loaded PLGA formulations. As observed, formulations F3 and F4 release roughly 85 and 76% 

of progesterone in 24 hours, respectively, which can be beneficial when quick treatment is 

needed and makes it a better oral delivery mechanism. The level of progesterone in a woman 

who has her ovaries surgically removed drops rapidly. If enough hormone replacement is not 

supplied, such hormone loss can result in health concerns. Progesterone delivery orally is 

preferred in this situation. Only 43 and 37% of progesterone was released after 2 hours in 

formulations F1 and F2, respectively, while around 50% was released after 7 days. This 

progesterone release rate is ideal for long-term administration, such as through depot 

injection. As previously stated, progesterone aids in the maintenance of pregnancy and the 

prevention of premature birth in high-risk mothers (Dodd et al., 2008). Intramuscular 

injection and vaginal suppository are currently the most popular methods of progesterone 
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administration (Brako, Raimi-Abraham, et al., 2018). A new procedure was used to make and 

characterize the suppository in question (Brako et al., 2015; Brako, Thorogate, et al., 2018; 

Heseltine et al., 2018). Regular injections of progesterone can cause inflammation at the 

injection site, resulting in pain, redness, and a sterile abscess. However, the suppository 

substance for vaginal delivery has drawbacks, such as escaping from the vagina, which 

causes discomfort and ambiguity about the medicine dose absorbed. Long-term progesterone 

medication is required for women who are believed to be at high risk of extremely preterm 

(b28 weeks) and very preterm (28–32 weeks) delivery. The medication is slowly released 

from the deposits in a confined bulk via depot injection (Quartermaine & Taylor, 1995). We 

suggest that such a strategy has several potential advantages, including ensuring continuous 

progesterone release at low doses over lengthy periods of time and lowering injection site 

difficulties by reducing dosing frequency. Patients who have trouble swallowing medication 

or remembering to take it on a regular basis will benefit from a depot injection. 

Our findings indicate that electrosprayed polymeric particles are useful in the formulation of 

poorly water-soluble pharmaceuticals for oral administration because they have a significant 

potential to improve the drug's dissolving rate. Nanonization and amorphization are two 

outcomes of the electrospraying method on poorly aqueous-soluble compounds at the particle 

level (Nguyen et al., 2016). Drugs are dispersed into small droplets ranging from micro to 

nanoscale under the influence of electrical forces, allowing the solvent to evaporate quickly 

and resulting in fast solidification. Amorphous state of drug in the system is created as a 

result of fast solvent evaporation, which is due to randomly “frozen” drug molecules in the 

solid polymer matrix generating solid dispersion. Manipulation of the polymer content and 
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copolymer ratio can be used to develop not only a predictable and regulated drug release, but 

also a protection of encapsulated drug components against degradation and loss of bioactivity. 

 

Figure 4. 5: Release profile of progesterone from all formulations and progesterone 

dissolution on its own. 

4.3. Summary   

This research reveals that employing a single needle electrohydrodynamic atomization 

process, micro size progesterone loaded PLGA particles can be successfully prepared. Other 

traditional procedures for synthesizing polymeric particles have limitations, such as the 

necessity for increased temperatures and the removal of undesirable surfactants and other 

additives. This method eliminates these restrictions. Furthermore, the in vitro release kinetics 

of hydrophobic drug (progesterone) from drug/PLGA particles with varying copolymer ratios 
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and polymer / drug ratios were studied. At pH 7.4, it was discovered that the copolymer 

composition and polymer/drug ratio had an impact on drug release kinetics. In general, the 

rate of drug release decreased with decreasing polymer concentration and with 

a decrease from PLGA with a higher PLA:PGA copolymer ratio. Furthermore, this research 

reveals that hydrophobic drugs can be successfully encapsulated into PLGA particles 

employing electrospray, and that the dissolving behaviour of hydrophobic progesterone was 

greatly enhanced following electrospray, perhaps leading to increased bioavailability. Overall, 

changing the polymer content and copolymer mix can greatly affect drug release. 
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Chapter 5: Copolymer composition and nanoparticle configuration 

enhance in vitro drug release behavior of poorly water-soluble 

progesterone 

5.1. Overview 

In pharmaceutics, developing oral formulations that allow for effective release of weakly 

water-soluble medicines like progesterone is a key problem. The water solubility of the 

medication plays a critical role in drug absorption in oral dosage forms(Khadka et al., 2014). 

To achieve an effective pharmacological response, the medication must be present in aqueous 

solution at the required concentration (Löbenberg & Amidon, 2000). Drug-

loaded nanoparticles of strategic compositions and configurations can be generated using 

coaxial electrospray to improve physiological solubility and bioavailability of the poorly 

water-soluble drugs. 

The goal of this part of research is to systematically study the impact of different PLGA 

polymer compositions and electrosprayed nanoparticle shapes on progesterone release 

behavior in vitro. Six formulations of monodisperse nanoparticles with different particle 

shapes (e.g. mono or core-shell, pure drug encapsulation or encapsulating drug dispersed in 

polymer matrix) and PLGA copolymer compositions in terms of lactide:glycolide (LA:GA) 

ratios (75:25 or 50:50) were produced and examined to study how they affected drug release 

behavior.  Two monolayer PLGA 75:25 or 50:50 types with co-dissolved progesterone in the 

polymer matrix (1-layer-75 and 1-layer-50), two core-shell types containing pure 

progesterone core with no PLGA in the core (2-layer1-50 and 2-layer1-75), and two core-shell 
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types containing progesterone co-dissolved with PLGA matrix in the core (2-layer2-50 and 2-

layer2-75) were characterized. We investigate the nanoparticles in terms of shape, molecular 

crystallinity, encapsulation effectiveness, and in vitro drug release behaviour. A fabrication 

process was designed to maximize 100 percent drug encapsulation efficiency in nanoparticles. 

Scanning electron microscopy reveals a smooth and circular shape with a diameter of 

472.1±54.8 to 588.0±92.1 nm. The core-shell nanoparticle arrangement was observed using 

multiphoton Airyscan super-resolution confocal imaging. The presence of PLGA and 

progesterone in all formulations was determined using Fourier transform infrared 

spectroscopy. Diffractometry revealed that the encapsulated drug was amorphous. Core-shell 

formulations with progesterone co-dissolved in PLGA core revealed improved release over 

five hours at 79.9±1.4% and 70.7±3.5% for LA:GA 50:50 and 75:25, respectively, in 

comparison to pure progesterone without polymer matrix in the core at 67.0±1.7% and 

57.5±2.8%. 

5.2. Results and discussion 

5.2.1. Characterization of solutions  

The characterization of all solutions was conducted at room temperature and the values are 

summarized in Table 5.1. 
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Table 5. 1: Properties of the solutions used for particle formation. In the case of viscosity, 

electrical conductivity, and density the error was negligible. 

Formulations Particle configurations Surface tension 
(mN m-1) 

Viscosity 
(mPa s) 

Electrical 
conductivity 
(×10-5 S m-1) 

Density 
(kg L-1) 

2-layer1-50 
Shell: 40 gL-1 PLGA (50:50) 

Core: 1 gL-1 progesterone 

Shell: 30.4±0.3 

Core: 27.1±0.2 

Shell: 0.7 

Core: 0.6 

Shell: 4 

Core: 3 

Shell:8.7 

Core: 8.6 

2-layer2-50 

Shell: 20 gL-1  PLGA (50:50) 

Core: 20 gL-1  PLGA (50:50) +  

1 gL-1  progesterone 

Shell: 28.8±0.2 

Core: 27.8±0.4 

Shell: 0.6 

Core: 0.6 

Shell: 3 

Core: 3 

Shell:8.6 

Core: 8.6 

1-layer-50 
Single: 40 gL-1  PLGA (50:50) +  

1 gL-1  progesterone 
30.2±0.3 0.6 4 8.7 

2-layer1-75 
Shell: 40 gL-1  PLGA (75:25) 

Core: 1gL-1  progesterone 

Shell: 29.8±0.4 

Core: 27.1±0.2 

Shell: 0.8 

Core: 0.6 

Shell: 4 

Core: 5 

Shell:8.7 

Core: 8.6 

2-layer2-75 

Shell: 20 gL-1  PLGA (75:25) 

Core: 20 gL-1  PLGA (75:25) + 1 gL-
1  progesterone 

Shell: 28.9±0.5 

Core: 28.1±0.3 

Shell: 0.5 

Core: 0.5 

Shell: 3 

Core: 3 

Shell:8.6 

Core: 8.6 

1-layer-75 Single: 40 gL-1  PLGA (75:25) + 1 
gL-1  progesterone 31±0.6 0.7 4 8.5 

5.2.2. Fabrication of nanoparticles  

To create nanoparticles with identical sizes, different formulations of progesterone-loaded 

nanoparticles (Table 5.1) were synthesized using single and coaxial needle electrospray 

under the same operating circumstances (Table 5.2). The applied voltage was adjusted to 
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achieve a stable cone-jet and homogenous particle diameter distribution. The impacts of 

PLGA copolymer ratio and particle design were investigated, as well as in vitro drug release 

behaviour.  

5.2.3. Particle diameter and geometry 

To investigate the effect of the copolymer ratio and the layered core-shell formulation on the 

final particle morphology and release behaviour, single-layered and double-layered 

nanoparticles were prepared with PLGA with copolymer ratios of 50:50 and 75:25. For both 

mono- and double-layered nanoparticles, a constant flow rate of 0.18 ml h-1 was employed, 

and the voltage required to generate a stable cone jet was between 12.0 and 14.0 kV. SEM 

was used to examine particle diameter and morphology, and representative SEM images of 

each formulation are shown in Figure 5.2. The surface morphology of all the particles 

produced was smooth. At a constant flow rate, it was discovered that the variation in particle 

composition requires a minor variation in the voltage necessary to generate cone jet. With 

increased applied voltage, smaller particles (108 nm smaller) were produced, with the 

difference statistically significant (p = 1.5 x 10-15), although the outer surface shape of the 

particles remained constant. With a higher applied voltage, smaller particles were produced 

but the outside surface of the particles remained smooth.  
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Table 5. 2: Operating conditions and corresponding particle characterization. 

Solution 
formulations 

Processing parameters 

Average particle 
diameter (nm) Yield (%) Encapsulation 

efficiency (%) Flow rate  

(ml h-1) 
Voltage (kV) 

2-layer1-50 

Core: 0.18 

12.0 588.0±92.1 85±2 95±3 

Shell: 0.18 

2-layer2-50 

Core: 0.18  

13.1 472.1±54.8 86±3 94±2 

Shell: 0.18 

1-layer-50 Single: 0.18 12.8 489.1±67.8 88±4 94±3 

2-layer1-75 

Core: 0.18 

12.5 483.2±62.5 84±2 93±3 

Shell: 0.18  

2-layer2-75 

Core: 0.18 

13.7 480.1±84.7 85±3 95±2 

Shell: 0.18 

1-layer-75 Single: 0.18  12.2 535.9±91.6 87±2 92±3 

 

SEM images (Figure 5.1) revealed that single and coaxial electrospray solutions with a 

PLGA copolymer ratio of 50:50 created spherical particles, but solutions with a copolymer 
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ratio of 75:25 produced elongated or irregular particles. An earlier investigation corroborated 

these findings (Y. Zhang et al., 2018). Particles obtained from all formulations must have 

similar sizes (472.1±54.8 to 588.0±92.1 nm) to study the influence of copolymer formulation 

and particle arrangement on progesterone release profile. SEM (Figure 5.2) was used to 

examine the drug-loaded nanoparticles, which were tagged with gold nanoparticles on the 

outer PLGA layer.  
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Figure 5. 1: SEM images and corresponding diameter distribution of drug-loaded 

nanoparticles produced using coaxial needle electrospray (A) 2-layer1-50, (B) 2-layer2-50, 

(D) 2-layer1-75, (E) 2-layer2-75 and single needle electrospray (C) 1-layer-50 and（F) 1-

layer-75, respectively. Scale bars: 10 µm. 
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A multiphoton super-resolution confocal microscope equipped with Airyscan 2 (Zeiss LSM 

980) was used to examine the nanoparticles with the inner layer encapsulating nile red dye, 

excited at 690 nm so as not to overlap with the Evans blue peak; and the outer layer 

encapsulating Evans blue dye, excited at 480 nm to confirm the presence of the two core-

shell layers. The presence of two different excitation peaks corresponding to the two dyes in 

the core and shell layers was confirmed by a Lamda laser scan. The core (Figure 5.3A) and 

shell-layer (Figure 5.3B) of core-shell nanoparticles were shown in red and green, 

respectively, in confocal images. The presence of two separate layers in the nanoparticles was 

confirmed by the merged core-shell layers with orthogonal projection (Figure 5.3C). The 

green outer layer leaked into the red core color in the merged image (Figure 5.3 C1), 

resulting in a yellow-colored image. As a result, the inner (A2) and outer (B2) layers in 

Figure 5.3 panel 2 were shown in white and green, respectively, to help distinguish the two 

layers in the merged image (C2). 

 

Figure 5. 2: SEM images of gold labelled, drug-loaded nanoparticles. (A) monolayer 

nanoparticles and (B) double-layered nanoparticles. Scale bars: 1 µm. 
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Figure 5. 3: Confocal image of core-shell nanoparticles, where the core (A) and shell-

layer (B) were labeled in the nanoparticles. Panel 1 shows the inner (A1) and outer layer 

(B1) in red and green, respectively. In the merged image (C1), the green outer layer 

overlapped with the red core color resulting in a yellow color. Therefore, panel 2 shows 

the inner (A2) and outer layer (B2) in white and green, respectively, to allow better 

distinction of the two layers in the merged image (C2). Scale bars: 1 µm. 

5.2.4. X-ray powder diffraction 

XPRD was used to evaluate the physical form of the drug, polymer, and drug-loaded 

nanoparticles, and the results are presented in Figure 5.4. Progesterone's diffractogram shows 

strong distinctive peaks at 2 θ  values of 10.48, 12.64, and 16.9 degrees, indicating 

crystallinity in pure form (Y. Zhang et al., 2018). Both the 75:25 and 50:50 PLGA 
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diffractograms contain amorphous features. There were no crystalline peaks in any of the 

nanoparticle formulations, indicating full amorphization of progesterone. The drug-loaded 

particles all show a weak elevation in intensity at 2θ value of 16.9 degree, which corresponds 

to the strongest peak exhibited by pure progesterone, indicating molecular interaction and 

dispersion of the drug in the polymer matrix, when compared to patterns from pure polymers 

without drug.  

 

Figure 5. 4: XRD patterns of PLGA (50:50), PLGA (75:25), progesterone, progesterone-

loaded particle formulations 1-layer-50, 2-layer1-50, 2-layer2-50, 1-layer-75, 2-layer1-75 

and 2-layer2-75. 
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5.2.5. Fourier transform infrared spectroscopy 

Figure 5.6 shows the FTIR spectra of pure progesterone and progesterone-loaded particles. 

The hydrogen band revealed characteristic peaks at 3000 cm-1 in the pure progesterone 

sample. In progesterone, the peaks at 1665 and 1697 cm-1 correspond to carbonyl-stretching 

bands of vinyl keto group in C3 and aliphatic methyl keto group in C20, respectively (Y. 

Zhang et al., 2018). The alterations in the carbonyl-stretching bands are crucial for 

determining the drug's molecular state. Carbonyl-stretching was seen in PLGA polymers at 

1750 cm-1, and the bands shifted for all drug-loaded particles, demonstrating drug-PLGA 

molecular interaction. The stretching bands of the carbonyl group are diminished in the 

spectra of nanoparticles. The development of intermolecular hydrogen bonds between 

progesterone and the PLGA polymer chain is indicated by these spectrum alterations. 
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Figure 5. 5: FTIR spectra of progesterone, PLGAs with different copolymer ratios 

(75:25 and 50:50) and electrosprayed progesterone-loaded particles. 

5.2.6. In vitro drug release study 

In vitro progesterone dissolution study in phosphate-buffered saline (PBS, pH 7.4) for 5 days 

was carried out to explore the release profile of progesterone-loaded nanoparticles. One 

compressed PBS was dissolved in 200 mL deionized water to make fresh PBS solution. Each 

sample was given 45 mg of dried drug-loaded particles in a dissolvable polymer capsule. An 

equivalent amount of progesterone was inserted into a dissolvable polymer capsule and 

investigated as a control group under the same release settings to learn how the PLGA matrix 

impacts the solubility of poorly water-soluble progesterone following electrospray. The 
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capsule was then placed in a sinker basket made of stainless steel. The sinker basket was 

submerged in 50 ml PBS before being incubated in a water bath (37 °C, 120 rpm). At 

predetermined time intervals, samples (3 ml) of each solution were collected and replaced 

with an equal volume of fresh PBS. To eliminate contaminants and interference in 

absorbance, the samples were filtered (membrane pore width of 0.22 µm). A UV-visible 

spectrophotometer set to 224 nm was used to measure the drug concentration in three 

replicates of each sample. By measuring the absorbances of known concentrations of 

progesterone (5, 10, 15, and 20 g ml-1), a calibration equation was established to calculate the 

progesterone of unknown samples. 

In this study, the cumulative drug release behaviour of progesterone from all formulations 

revealed a biphasic pattern, with phase I characterized by burst release and phase II by 

sustained release (Figure 5.6). According to the literature(Craig, 2002), the burst release 

phase I is caused by three factors: first, drug molecules imbedded on the particle surface; 

second, drug released from pores close and beneath the particle surface; and third, drug 

diffusion on the interior side of the particle across porous structure as water infiltrates and 

fills the particle pores. Small hydrophobic molecules such as progesterone, which has a 

molecular weight of 314.46 g mol-1, can pass through the polymer matrix of nanoparticles 

during solvent evaporation. Drug diffusion, either through water-filled pores or water-swelled 

polymer matrix components is attributed to sustained release phase II (P. T. Wong & Choi, 

2015). Increasing the molecular diffusion rate inside the polymer matrix by increasing the 

hydrophilicity of the copolymer composition can enhance the rate of water uptake and 

swelling ability of the polymer chain, consequently altering the drug release behaviour 

(Kamaly et al., 2016). 
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As a result, modifying the hydrophilicity of the PLGA copolymer composition by adding the 

hydrophobic lactide monomer was discovered to be one of the important determinants 

influencing drug release behaviour in nanoparticles. Particles from 1-layer and 2-layer 

electrospray procedures were PLGA-based composites with the same drug to polymer ratio 

and similar particle sizes, but when the PLGA copolymer ratio was changed, they showed 

significant differences in drug release pattern. In a recent study, we suggested a drug delivery 

system that consisted of microparticles uniformly loaded with progesterone in a PLGA 

polymer matrix, and we regulated the drug release rate by varying the compositional ratios 

and concentrations of PLGA monomers (Y. Zhang et al., 2018). The findings show that the 

influence of PLGA monomer ratio on drug release also extends to nano-diameter particles. 

The more hydrophobic polymer with higher LA:GA ratio (PLGA 75:25) resulted in slower 

cumulative drug release for both single and double-layered PLGA particles, which is due to 

the decrease in hydrophilicity of PLGA 75:25 compared to PLGA 50:50. (Figure 5.6). When 

PLGA 50:50 particles were immersed in water or administered in vivo, water absorption and 

polymer hydration happened almost instantly (Zilberman & Grinberg, 2008). PLGA with a 

greater GA copolymer ratio is thought to be more hydrophilic, with a higher water absorption 

rate (Y. Zhang et al., 2018), resulting in pore creation and increased drug diffusion 

(Mochizuki et al., 2008). 
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Figure 5. 6: Release profile of progesterone from various formulations in comparison 

with progesterone dissolution on its own. (A) The release profile of progesterone from 

first 5 hours. (B) The release profile over 7 days. 

Moreover, the amounts of drug released by monolayer nanoparticles 1-layer-50 and 1-layer-

75 in the first 30 minutes were 71.7 ± 1.3% and 68.8 ± 1.2%, respectively. Progesterone 

release from core-shell nanoparticles, on the other hand, had a lower initial burst release rate 
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in the first 30 minutes (Figure 5.7A, 49.2 ± 0.6%, 59.6 ± 2.2%, 42.4 ± 2.0% and 52.1 ± 1.3% 

for 2-layer1-50, 2-layer2-50, 2-layer1-75 and 2-layer2-75, respectively) and preserved more 

drug in the polymer matrix after two days (Figure 5.7B, cumulative release of 72.8 ± 2.9%, 

88.0 ± 1.3%, 63.9 ± 2.7% and 78.9 ± 3.9%, for 2-layer1-50, 2-layer2-50, 2-layer1-75 and 2-

layer2-75, respectively). The difference in particle configuration is responsible for the lower 

initial drug release of core-shell structures compared to monolayer particles. The core-shell 

particles encapsulate progesterone in the core with a hard PLGA shell, resulting in a zone of 

decreased drug density on the particle surface due to the presence of a polymer shell. Aside 

from the copolymer ratio, we also note that the progesterone release behaviour differs 

between the two core-shell topologies. In formulations 2-layer1-50 and 2-layer1-75, where 

only the outer layer contains the PLGA matrix, the drug release rate is lower (P = 0.0015) 

than in formulations 2-layer2-50 and 2-layer2-75, where both the core and shell layers contain 

PLGA. The formulations with a lower initial progesterone release could be useful for 

developing nanomedicine techniques to enable sustained drug release in novel oral 

formulations based on biomaterials. 

Furthermore, after 7 days, the control group using pure progesterone without PLGA released 

40.9% drug, which is significantly less than the drug released by all the nanoparticle 

formulations (81.4 ± 1.5% for 2-layer1-50, 94.4 ± 1.2% for 2-layer2-50, 99.9 ± 0.1% for 1-

layer-50, 69.5 ± 2.2% for 2-layer1-75, 84.7 ± 4.0% for 2-layer2-75, and 99.1 ± 1.0% for 1-

layer-75). Nanosizing, which improved progesterone molecule dispersity, is responsible for 

the rise in progesterone dissolution rate in the latter. 
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5.3. Summary   

The present study reveals that adjusting the monolayer and core-shell drug compositions, as 

well as the hydrophilicity of the polymeric drug-carrier through varied monomer ratios in 

copolymer composition, can considerably regulate drug release. Six progesterone 

formulations were coaxially electrosprayed using PLGA copolymer ratios of 50:50 and 75:25 

as drug excipients, yielding comparable nanoparticle sizes ranging from 472.1±54.8 to 

588.0±92.1 nm. In vitro drug release studies demonstrated that all six nanoparticle 

formulations increased the release of weakly water-soluble progesterone when compared to a 

control group. Furthermore, with a lower hydrophilic copolymer GA ratio, the initial burst 

release of progesterone was reduced. Furthermore, the different core-shell configurations had 

a significant impact on progesterone bioavailability and release behaviour patterns: core-shell 

formulations with progesterone co-dissolved in PLGA core had enhanced release over 5 

hours at 79.9±1.4% and 70.7±3.5% for LA:GA 50:50 and 75:25, respectively, when 

compared to pure progesterone without polymer matrix in the core at 67.0±1.7% and 

57.5±2.8%, respectively. Because of nano-sizing, which improved drug molecular dispersity, 

the dissolution rate of hydrophobic progesterone encapsulated in PLGA nanoparticle matrix 

improved dramatically in comparison to pure progesterone control. Coaxial electrospray is 

demonstrated to be an excellent formulation technology in this study. The six formulations 

with different release rates can be used to develop nanomedicine solutions to enable sustained 

drug release in novel oral formulations using biomaterials to improve the release of poorly 

water-soluble medicines like progesterone.  
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Chapter 6: preparation and characterization of antidiabetic drugs loaded 

multilayer nanoparticles 

6.1. Overview 

Type 2 diabetes Mellitus (T2DM) refers to a group of metabolic disorders that causes high 

level of glucose in the blood has a high prevalence and is one of the most severe and lethal 

diseases in the world. Over the past three decades, numerous epidemiological studies have 

shown a clear association between type 2 diabetes mellitus (T2DM) and an increased risk of 

developing Alzheimer’s disease (AD). In addition, T2DM-related conditions, including 

obesity, hyperinsulinemia, and metabolic syndrome, may also be risk factors for AD. In most 

patients with T2DM, metformin remains the recommended first-line anti-hyperglycemic 

monotherapy to improve glycemic control (Irons & Minze, 2014). When metformin fails to 

maintain glycemic control, sequential additional drugs may be needed as monotherapy 

(Kania et al., 2011). Since T2DM is a progressive disease, dual and triple combination 

therapies are likely to be required eventually. Saxagliptin and dapagliflozin as Dipeptidyl 

peptidase-4 (DPP-4) inhibitors and sodium-glucose cotransporter 2 (SGLT2) inhibitors, 

respectively, are recommended as additional treatments (Matthaei et al., 2015; Rosenstock et 

al., 2015). By applying two or more drugs, the therapeutic outcomes improve, and drug 

toxicity is minimized. Oral administration is considered the most convenient route for drug 

delivery but it faces important challenges such as low drug stability in the gastrointestinal 

track and low intestinal permeation. The field of nanotechnology has been undergoing 

tremendous development in the recent decade. Therefore, the encapsulation of drug into 

polymer-based nanoparticles is presented as a good strategy to improve drug oral 
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bioavailability. This study used an electrospray system incorporating a tri-axial capillary 

device to fabricate Saxagliptin and Dapagliflozin loaded triple-layered biodegradable 

nanoparticles for the potential treatment of type 2 diabetes and prevention of Alzheimer’s 

disease. SEM was used to determine the size and tri-layered structure of the composite 

particles. We investigated the spray approach further in the fabrication of tri-layered 

composite particles with regulated multidrug-release profiles and compared the release 

profiles of uniform structured particles (made by single-needle electrospray) and tri-layered 

particles (produced by coaxial tri-capillary electrospray). The in vitro release study showed 

that composite particles with the tri-layered structure can release multiple drugs in a distinct 

kinetic phase.  

In this chapter, polymer-based nanoparticles were engineered with the ability to hold fixed-

dose combinations of saxagliptin and dapagliflozin in various layers using single, dual and 

tri-capillary electrospray system, which are single-step processes. Previous research (Y. 

Zhang et al., 2018, 2020) demonstrated that using a single and coaxial dual-capillary 

electrospray, monodisperse drug-loaded PLGA particles with high encapsulation efficiency 

can be easily produced. Furthermore, core-shell particles generated with dual-capillary 

electrospray decrease the unpredictable initial burst release caused by random drug loading 

on polydisperse nanoparticles' surfaces. As a result, the coaxial tri-capillary electrospray is 

projected to not only allow us to generate particles with multi-layered structures for 

individually managing the kinetics of multiple drug release, but also to achieve the above-

mentioned manufacturing benefits. We also systemically discuss the effects of particle 

configuration on the drug release behavior by producing four formulations of monodisperse 

nanoparticles using single, dual and tri-capillary electrospray technique. Specifically, 
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monolayer type of nanoparticles with co-dissolved saxagliptin and dapagliflozin in the 

polymer matrix. Double-layer type 1 containing co-dissolved saxagliptin and dapagliflozin in 

the core with PLGA shell. Double-layer type 2 containing mixture of two different particles, 

in which saxagliptin and dapagliflozin were separately loaded into the core of individual 

nanoparticles. Tri-layer type containing saxagliptin in the inner layer, dapagliflozin in the 

middle layer and with PLGA shell. We studied the nanoparticles in terms of morphology 

encapsulation efficiency and in vitro drug release. 

6.2. Results and discussion  

6.2.1. Characterization of solutions  

The properties of all the prepared solutions used in this part of work were measured (Table 

6.1). 

Table 6. 1: Physical properties of the solutions used in particle preparation. 

Solutions 
Surface 
tension 
(mN/m) 

Viscosity 
(mPa×s) 

Electrical 
conductivity 

(mS/m) 

4% (w/w) PLGA + 1% (w/w) saxagliptin 33.7 ± 0.5 1.31 0.73 

4% (w/w) PLGA + 2% (w/w) dapagliflozin 32.3 ± 0.6 1.33 0.68 

4% (w/w) PLGA + 2% (w/w) saxagliptin 31.5 ± 0.8 1.28 0.77 

4% (w/w) PLGA + 4% (w/w) dapagliflozin 33.2 ± 0.6 1.26 0.73 
4% (w/w) PLGA + 2% (w/w) saxagliptin 

+ 4% (w/w) dapagliflozin 28.9 ± 0.9 1.19 0.74 

4% (w/w) PLGA + 3% (w/w) saxagliptin 33.8 ± 0.7 1.29 0.68 

4% (w/w) PLGA + 6% (w/w) dapagliflozin 32.1 ± 0.4 1.25 0.69 

4% (w/w) PLGA 31.9 ± 0.8 1.24 0.61 
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6.2.2. Synthesis of saxagliptin and dapagliflozin nanoparticles 

Single-, double- and triple-layered drug-loaded nanoparticles with high encapsulation 

efficiency were successfully synthesized using different electrospray needles under different 

operating conditions, as depicted in Figure 3.8. The dual and tri-capillary electrospraying 

head consists of two and three coaxially aligned capillaries, respectively. When the 

formulated solutions were in fused into corresponding capillaries, they end up in the 

formation of stable cone-jet at the tip under the influence of an applied voltage which is the 

optional mode for production of monodisperse particles. Parameters such as applied voltage, 

liquid flow rate, and concentrations of the polymer and drug solutions have been thoroughly 

optimized, which enable particle production of uniform diameter distribution (Gomez et al., 

1998). The properties of different electrosprayed solutions used in this study are listed in 

Table 6.1. 

A binary co-solvent system of acetone and DMAc was chosen as common solvents for all 

layers based on their dielectric constant, evaporation rate and solubility of polymer and the 

drugs, thus avoiding the potential encapsulation failure arising from differences in the 

interfacial surface tension. By combining acetone with DMAc, the evaporation rate of the 

binary co-solvent system increased while the dielectric constant reduced which results in 

lower required applied voltage to achieve stable jetting (C. J. Luo et al., 2010). To fabricate 

drug-loaded PLGA-nanoparticles, the drugs were entrapped in corresponding particle layers 

predominantly composed of PLGA by co-dissolving in binary co-solvent system before 

atomizing the solution into fine droplets. In this study, saxagliptin and dapagliflozin were 

used where saxagliptin is a DPP-4 inhibitor and dapagliflozin as an SGLT2 inhibitor both 
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used as add-on therapy to metformin for the treatment of T2DM. PLGA was chosen as 

loading and coating material because of its favorable biodegradability and biocompatibility. 

It also exhibits low toxicity and immunogenicity, as well as well-defined and controllable 

degradation kinetics. 

Table 6. 2: Formulations and their corresponding characterisation. 

Formulations 
Average 
particle 

diameter (nm) 
Yield (%) Encapsulation 

efficiency (%) 

1-layer nanoparticles 473.8 ± 59.8 88 ± 3 89 ± 3 
2-layer1 nanoparticles 640.4 ± 96.9 90 ± 5 93 ± 3 
2-layer2 nanoparticles 534.8 ± 61.9 88 ± 3 91 ± 3 
3-layer nanoparticles 708.6 ± 96.8 87 ± 4 94 ± 2 

Gold nanoparticles labelled 

1-layer nanoparticles 
497.8 ± 44.8 86 ± 3 90 ± 2 

Gold nanoparticles labelled 

2-layer nanoparticles 
577.7 ± 77.4 89 ± 4 93 ± 4 

Gold nanoparticles labelled 

3-layer nanoparticles 
646.4 ± 66.8 87 ± 4 92 ± 5 

6.2.3. Particle structure and morphology  

The morphology of drug loaded PLGA nanoparticles were characterized by SEM, and 

representative SEM images of each formulation prepared are shown in Figure 6.2a. 

Generally, the particles fabricated via electrospray technique had spherical shape, smooth 

surface and were nearly monodisperse in size. The diameters of the particles are ranging from 

450 to 700 nm (Table 6.2). As illustrated in Figure 6.2b, the multi-layered structure of the 

drug-loaded PLGA nanoparticles were confirmed by SEM image, where the outer and inner 

polymer solutions of 3-layered structure, the outer of 2-layered structure and polymer 
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solution of 1-layered structure were labeled with gold nanoparticles and shows brighter in 

color compared to the un-labeled layer.  

We consider particles in which an active ingredient is initially uniformly distributed. For the 

case of multi-layer structured particles, if we assume spherical symmetry, for a tri-layer 

particle with an inner, middle and outer layer of radius R1, R2 and R3, respectively, and for 

the double-layered sphere with a core of radius r1, the outer radius of particle is r2. Since the 

solutionsat each layer of both particle configurations were simultaneously injected at same 

flow rate and 𝑉T = 𝑄 ∙ 𝑡, the volume of each layer is equal. 

 

Figure 6. 1: Models of tri-layer and double-layer nanoparticles. 

𝑽𝟏 =
𝟏
𝟐
𝑽𝟐 =

𝟏
𝟑
𝑽𝟑        (Equation 6. 1) 

𝑽𝟐 =
𝟒
𝟑
𝝅𝑹𝟏 × 𝟐 =

𝟒
𝟑
𝝅𝑹𝟐								𝑹𝟐 = √𝟐𝟑 𝑹𝟏               (Equation 6. 2) 

𝑽𝟑 =
𝟒
𝟑
𝝅𝑹𝟏 × 𝟑 =

𝟒
𝟑
𝝅𝑹𝟐								𝑹𝟑 = √𝟑𝟑 𝑹𝟏               (Equation 6. 3) 

𝑫𝟏 = 𝑹𝟐 − 𝑹𝟏 = (√𝟐𝟑 − 𝟏)𝑹𝟏 ≈ 𝟎. 𝟐𝟓𝟗𝟗𝑹𝟏           (Equation 6. 4) 

𝑫𝟐 = 𝑹𝟑 − 𝑹𝟐 = (√𝟑𝟑 − 𝟏)𝑹𝟏 ≈ 𝟎. 𝟏𝟖𝟐𝟑𝑹𝟏           (Equation 6. 5) 
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Where the volume of the core of tri-layer structure particle is 𝑉T, the total volume of core and 

middle layer is 𝑉  and the whole volume of the particle is 𝑉+. 𝐷T and 𝐷T are the thickness of 

middle and outer layer of the tri-layer particles. Since the flow rates are the same during 

electrospraying process for both configurations, R1=r1, R2=r2 and D1=d1. 

Table 6. 3: The theoretically calculated radius of each layer of the 3-layer, 2-layer1 and 

2-layer2 particles based on average particle diameters. 

 𝑹𝟏(nm) 𝒓𝟏(nm) 𝑹𝟐(nm) 𝒓𝟐(nm) 𝑹𝟑(nm) 𝑫𝟏(nm) 𝒅𝟏(nm) 𝑫𝟐(nm) 

3-layer 245 / 309 / 354 64 / 45 

2-layer1 / 254 / 320 / / 66 / 

2-layer2 / 213 / 268 / / 55 / 
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Figure 6. 2: SEM image of a1) 1-layer, a2) 2-layer1, a3) 2-layer2 and a4) 3-layer drug-

loaded PLGA nanoparticles. SEM images with gold labeled nanoparticles showed in b1) 

1-layered, b2) 2-layered and b3) 3-layered structure nanoparticles. The histogram of 1-

layer, 2-layer1, 2-layer2 and 3-layer nanoparticles were shown in c1), c2), c3) and c4), 

repectively. 

 

Figure 6. 3: Confocal images of 3-layer nanoparticles were inner (A), outer (B) and 

middle (C) layer were labeled in bule, green and red, respectively, to allow better 

distinction of the three layers in the merged image (D). 

6.2.4. In vitro release studies 

Approximately 15 mg of freshly made particles were suspended in phosphate-buffered saline 

(PBS) with pH 7.4 and the temperature was kept constant at 37°C. Fresh PBS solution was 

made by dissolving one compressed phosphate buffer saline tablet (PBS, yields 0.01 M 

phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium chloride, pH 7.4 at 25°C, 

Sigma-Aldrich, UK) into 200 ml of deionized water. 3 ml of solution was withdrawn from 

each sample and immediately replaced with fresh PBS already stored at 37°C at 

predetermined time intervals. In order to remove any impurities and avoid any interference in 

absorbance the withdrawn solution was filtered through a membrane (0.22 	µm ). Three 

replicates of each sample were analysed for drug concentration using UV-visible 
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spectrophotometer at 218 and 226 nm to calculate the Saxagliptin and Dapagliflozin 

percentage, respectively. The calibration equations to calculate the drug concentrations of 

unknown samples was produced by measuring the absorbance of a concentration range of 1-

5 µg/ml  for saxagliptin and 1-10 µg/ml  for dapagliptin. The calibration curves were 

constructed by plotting absorbances versus concentration and the regression equations were 

calculated. The concentrations of the drugs were determined by using ratio of absorbances at 

isoabsorptive point and the l-mas of dapagliflozin. The release studies were conducted over 

24 h and performed three times for each batch of PLGA particles, with the total amount 

released displayed as a function of time. (Figure 6.3). 

Particle structure is one of the key factors affecting the drug release behavior. By 

manipulating the particle structure, the release kinetics of drugs can be controlled. Figure 6.4 

and 6.5 shows the in vitro cumulative release of saxagliptin and dapagliflozin as a function 

of time. Although particles from single-needle, dual- and tri-axial electrospray processes have 

same drug to polymer ratio and similar particle dimensions, they exhibit significant 

differences in drug release profile. It was observed that drug release from all formulations 

displayed a biphasic release pattern (Kamaly et al., 2016). Phase I of a biphasic release 

profile is referred to as the short burst release effect, which can be attributed to the rapid 

release of drug molecules close to the surface or near the outer layer and drug diffuses out 

through polymeric matrix (P. T. Wong & Choi, 2015). Phase II of the release profile is a slow 

release phase governed by slow drug diffusion through the polymer matrix or through 

existing water-filled pores (P. T. Wong & Choi, 2015).  
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As observed from the Figure 6.4, 1-layer drug-loaded nanoparticles shows the highest initial 

burst release of both drugs compared with all other three nanoparticle formulations. 1-layer 

drug-loaded nanoparticles released 69 and 68% of saxagliptin and dapagliflozin in the first 

hour, respectively, and almost 100% of both drugs were released within 48h. The higher 

release rate in 1-layer nanoparticles could be due to the lack of protected shell on the. 

Moreover, the 1-layer nanoparticles have the smallest average diameter compared to the other 

three formulations which also contributed to quicker initial burst release. For uniformly 

structured drug-loaded nanoparticles, saxagliptin and dapagliflozin were evenly dispersed 

within PLGA matrix. A pore-forming process occurs immediately upon immersion in water 

due to water-uptake and polymer hydration and leads to an increase in drug diffusion (Craig, 

2002; Kamaly et al., 2016). Despite the fact that these pores are not large enough for drug 

transport in the early stages of drug release, a porous network will evolve as more and larger 

pores grow (Kamaly et al., 2016; Nair & Laurencin, 2007). 

In the case of 2-layered drug-loaded nanoparticles, both saxagliptin and dapagliflozin were 

loaded in the core shell of 2-layer1 at 2 and 4% (w/w) (with respect to polymer mass), 

respectively and were separately loaded with same ratio in 2-layer2. It was observed that, the 

initial burst release of both saxagliptin and dapagliflozin were markedly reduced compared 

with 1-layer nanoparticles. In the first hour, the quantities of saxagliptin and dapagliflozin 

released from 2-layer1 were 51.1% and 52.3%, respectively, and 46.6% and 49.5% were 

released from 2-layer2, respectively. Although, both formulations exhibited a core-shell 

structure, the release rate of the two encapsulated drugs is slightly higher in 2-layer1 

formulation compared to 2-layer2 formulation. The higher drug-loaded concentration of 2-

layer1 compared to 2-layer2 could contribute to slightly larger degrees of initial burst release 
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of drugs. Moreover, since saxagliptin and dapagliflozin were co-dissolved in the PLGA 

solution as inner solution for formulation 2-layer1, both drugs have similar release behavior 

over 48h. This is attributed to the evenly distribution of the two drug molecules within 

polymer matrix. The slightly higher release rate of dapagliflozin may be due to its higher 

drug loading in the core-shell than that of saxagliptin. Compared to the single layer drug-

loaded nanoparticles, drugs were encapsulated in the core layer and protected by an outer 

layer of PLGA. Some of the drugs could be loosely attached to the particle surface or 

diffused out toward the outer layer during spraying process and this outer layer drugs were 

released during the initial time points. Furthermore, the quantities of dapagliflozin released in 

the first hour from 3-layer nanoparticles was 55.8%. As observed from the figure, the 

dapagliflozin release rate is higher in formulation 3-layer in which the drug was loaded in the 

middle layer, in comparison with those of 2-layer1 and 2-layer2 where the drug was loaded in 

the core layer.  

The increased initial dapagliflozin release of the tri-layer structure in comparison with the 

double-layer particles is attributed to the different configuration of the particles, hence, 

different drug diffusion distances. As observed from Table 3, the outer layer thickness of 3-

layer particles is less than that of the 2-layer1 and 2-layer2, which led to faster release of 

dapagliflozin in 3-layer particles. Here, we further note that, formulation 3-layer exhibited the 

smallest initial burst release of saxagliptin (30.4%) as compared to formulations 2-layer1 

(51.1%) and 2-layer2 (46.6%) at the first hour. Because saxagliptin was primarily located in 

the core of tri-layered particles, in order to be released, it need to diffuse through two 

polymer layers, therefore the slower its release rate. Since Saxagliptin was loaded into the 

most inner layer of the tri-layer particles and the present of the middle and outer layer 
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polymer shell, these particles have a region of much lower drug density around the particle 

surface, which significantly reduced the release rate of Saxagliptin.  

In general, using the single, dual- and tri-capillary electrospray systems, we succeeded in 

fabricating PLGA-coated multiple drug composite particles with mono-, double- and tri-

layered structure in one step. The results suggest that the multiple drugs can be released at 

different release behavior when encapsulated into nanoparticles with different configurations. 

The results demonstrated that these particles have an order for providing better sustained 

release: 3-layer > 2-layer2 > 2-layer1 > 1-layer for saxaglipting and 2-layer2 > 2-layer1 > 3-

layer > 1-layer for dapagliflozin. Compared with particles with monolayer structure, the 

initial burst release can be reduced by core-shell encapsulation. The saxagliptin and 

dapagliflozin have been well-encapsulated in the core of the formulations 2-layer1 and 2-

layer2, and different layers of 3-layer nanoparticles, which influences the dissolution profile 

of both drugs allowing them to be released in a sustained manner at different rate. 

Monolayered drug-loaded nanoparticles allow multiple drugs to release in a fast rate when 

medication is urgently needed, while multi-layered nanoparticles are favorable for 

maintaining a certain therapeutic level.  
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Figure 6. 4: In vitro release of saxagliptin from particles with various formulations. (A) 

The release profile of saxagliptin from first eight hours. (B) The release profile over 

seven days. 
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Figure 6. 5: In vitro release of dapagliflozin from particles with various formulations. (A) 

The release profile of dapagliflozin from first eight hours. (B) The release profile over 

seven days. 



Chapter 6: preparation and characterization of antidiabetic drugs loaded 

multilayer nanoparticles 

 
151 

 

6.3. Summary  

The present investigation suggests that drug release can be tailored significantly by varying 

the particle architecture. This work shows electrospraying as a powerful technique that can be 

tuned and controlled to prepare a system capable of producing multiple drugs loaded 

nanoparticles. Four formulations of saxagliptin and dapagliflozin loaded nanoparticles were 

fabricated using single, double, and tri-axial electrospray systems. The surface morphology 

and interior structure of particles were demonstrated using SEM, optical and fluorescence 

images. The particles exhibited a smooth surface and relatively monodisperse size 

distribution (around 470 and 700nm for uniform structure particles and tri-layered particles, 

respectively). Moreover, in vitro release study of Saxagliptin and Dapagliflozin were also 

demonstrated. The initial burst release of drugs is significantly reduced by adding a shell-

layer of PLGA, and different core shell configurations strongly influenced the release 

behavior of both drugs. It was revealed that the particles produced via the dual- and tri-axial 

process exhibited better sustained drug release profile than the monolayered particles in terms 

of initial burst release and sustained release, which is desirable to maintain a certain 

therapeutic level of drugs in the required time span. 
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Chapter 7: Conclusions and future work 

7.1. Conclusions  

The main contribution of the research described in this thesis is the demonstration of the 

electrohydrodynamic technique, in particular, electrospraying, as an alternative and viable 

method for preparing micro and nanoscale pharmaceutics encapsulated particles with narrow 

size distribution. The central focus was to advance the potential of electrospraying as an 

ultrafine particle production method with tunable capabilities to deliver fine particles of 

specified dimensional and morphological requirements to promote the integration of 

technical textiles into drug delivery applications. The ultimate aim of this work is to 

fabricated drug-loaded polymeric carriers that was designed to have a regulated sustained 

release profile so they would release their payload with desired amount for a period of time.  

The aim of this research was fulfilled in three phases. First, a systematic investigation on how 

the processing parameters effect the particle aspect ratio was carried out, including polymer 

concentration, applied voltage, flow rate, nozzle inner orifice dimension and copolymer ratio, 

which laid foundation for the design of an electrospray system for fine particle preparation 

with controlled dimension and configuration. The study successfully prepared directly 

electrosprayed PLGA particles fulfilling the required aspect ratios by using EHDA with 

different needle configurations, varying copolymer composition and polymer to drug ratio. 

Second, the potential of the electrohydrodynamic technique in enhancement of the 

dissolution rate of hydrophobic drugs such as progesterone was investigated. The dissolution 

rate of progesterone was successfully improved after encapsulated in polymer matrix. Lastly, 

the potential of electrospray technique in preparing multidrug-loaded delivery system such as 

saxagliptin and dapagliflozin loaded biodegradable particles was investigated and the 
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resulting product was studied. The following conclusions were drawn from the extensive 

investigations carried out to achieve this objective. 

7.1.1. Influence of process parameters on resulted particles 

In this thesis, the effects of operating parameters in terms of flow rate, applied voltage and 

polymer concentration was systematically investigated using a single needle EHDA setup. 

When electrospraying polymer solutions, chain entanglements occur during solvent 

evaporation and polymer diffusion which determines the particle morphology. Polymer 

concentration plays an important role in the entanglement process and was found to be the 

most influential factor on particle diameter. When a stable jetting (cone-jet) is obtained, 

increasing solution concentration allowed larger particle formations. Applied voltage is also 

an important factor that influences the final particle dimensions as it provides the driving 

force for the formation of the droplets. To form the Taylor cone and to accelerate the droplets 

towards the collector, a sufficient high electrical gradient is required to overcome the surface 

tension of the polymer solution. The results indicates that particle size reduces as the applied 

voltage increased and this was more pronounced at high flow rates (such as 8, 10 and 12 

µl/min) in the same region. Another crucial processing parameter is the flow rate, and it is a 

powerful mean to control the morphology and diameter of resulted particles. The result 

confirmed that the flow rate has significant effect on particle diameter as a slight increase in 

particle size was observed with an increase in flow rate. However, the flow rate should be in 

a sufficiently low range that allows for complete solvent evaporation. 
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7.1.2. On controlled preparation of progesterone loaded PLGA microparticles with 

uniformed structure 

With this experiment it was shown that progesterone encapsulated biodegradable PLGA 

particles with different copolymer compositions and polymer concentrations can be prepared 

using a single step electrospraying process. Key processing parameters including flow rate 

and applied voltage were studied in order to obtain an optimal processing route for stable 

jetting (cone-jet). We defined a range of functional parameters for flow rate (2-3 μl/min), 

applied voltages (12-16 kV) and the inherent properties of processed solutions such as 

viscosity and electric conductivity to prepare fine particles. The effect of polymer 

concentration and copolymer composition on particle size and morphology was studied for 

blank as well as drug loaded particles. The results showed that all particles produced have a 

smooth outer surface and have a narrow size distribution. Over 80% encapsulation efficiency 

for all drug loaded particles were obtained in this experiment. The diameter of the drug 

loaded particles obtained in this experiment are in the range of 0.72 and 1.24 μm and drug-

free particles are in the range of 0.64 and 1.66 μm. It was found that for both drug-loaded and 

drug-free particles, the particle diameter increased with higher concentration of PLGA while 

the outer surface of the particles stayed smooth. The results showed that a slight larger 

voltage is required to obtain the Taylor jet with an increase in polymer concentration for a 

constant flow rate. Furthermore, in order to producing comparable particle size, the flow rate 

is higher in drug-free particle preparation. The particle size obtained within the stable cone-

jet mode window was found increased proportionally with increase in flow rate and decrease 

in applied voltage. The results indicated that the copolymer ratio and addition of drug did not 

show any significant different in particle size. However, it was observed that the final particle 

morphology was effected by copolymer ratio as solution from PLGA copolymer ratio of 
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50:50 for both polymer concentrations resulted in formation of spherical particles, while 

solutions from PLA: PGA copolymer ratio of 75:25 produced elongated or irregular particles.  

This study demonstrates EHDA technique has a direct advantage over traditional methods of 

polymeric particulate production (e.g. evaporation of emulsion solvents, phase separation and 

spray-dry) because it providing a higher loading efficiency, both monitor particle size and 

distribution of sized particles and prevent the use of high temperatures and pressures. 

Furthermore, there is no need for using a surfactant or additional template. Previous literature 

research on electrohydrodynamic atomization based only on one fixed voltage and flow rate. 

This study investigated the PLGA copolymer with different monomer ratios and 

concentrations to provide a more comprehensive view on the effect of processing parameters 

on EHDA produced particle size distribution.  

7.1.3. On co-axial EHDA production of progesterone loaded nanoparticles 

In this part of the study, PLGA nanoparticles with entrapped progesterone were fabricated 

successfully using a co-axial EHDA system in addition to a single needle under the same 

operating conditions. Uniformed and double-layered nanoparticles were produced using 

PLGA with copolymer ratios of 50/50 and 75/27 at a constant flow rate of 0.18 mL/h for both 

inner and outer liquid in coaxial electrospray process. Applied voltage was optimized 

between 12.0 kV and 14.0 kV to achieve a stable cone-jet to enable particle production of 

uniform diameter distribution. High loading efficiency (over 90%) was observed for all 

formulations indicate that electrospray is a promising technique for drug delivery. Detailed 

analysis using SEM showed that all particles produced showed smooth surface morphology 

and have narrow size distribution. The presence of core-shell structure was confirmed by a 

multiphoton super-resolution confocal microscope. In this experiment, particles obtained 



Chapter 7: Conclusions and future work 

 
156 

 

from all formulations are aimed to have similar diameters. The mean diameters of the 

particles fabricated from single and coaxial needle were ranging from 489 to 535 nm and 472 

to 588 nm, respectively. At a constant flow rate, it was discovered that the variation in 

particle composition requires a minor fluctuation in the voltage required to generate cone jet. 

When sufficient voltage is applied to form stable cone-jet (12 -14kV), a decrease in particles 

size (108 nm smaller) were observed with an increase in applied voltage, the difference is 

statistically significant (p = 1.5 x 10-15) while the outer surface morphology of the particles 

remained unchanged. The results revealed that particle diameter is unaffected by the 

copolymer ratio or capillary arrangement. In contrast to the solution from PLGA copolymer 

ratio of 50:50 used for single and coaxial electrospray to produce spherical particles, the 

solutions from copolymer ratio of 75:25 was found to have shape change from spherical to 

elongated shape. These results were further proved in the preliminary study. Multiphoton 

super-resolution confocal microscope image confirmed the presence of the two core-shell 

layers.  

This study confirmed the successful encapsulation of both pure progesterone and 

progesterone in polymer matrix in protective polymeric shells, in different configurations 

(pure drug encapsulation or encapsulating drug dispersed in polymer matrix).  

7.1.4. On tri-axial electrohydrodynamic production of multidrug-loaded nanoparticles 

In this part of the research, single-, double- and triple-layered drug-loaded nanoparticles with 

high encapsulation efficiency (nearly 90 %) were successfully synthesized using different 

electrospray needles under same operating conditions. A binary co-solvent system of acetone 

and DMAc was chosen as common solvents for all layers based on their dielectric constant, 

evaporation rate and solubility of polymer and the drugs, thus avoiding the potential 
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encapsulation failure arising from differences in the interfacial surface tension. By combining 

acetone with DMAc at 70:30 weight ratios, the evaporation rate of the binary co-solvent 

system increased while the dielectric constant reduced which results in lower required 

applied voltage to achieve stable jetting.  The aim of this part of study was to directly 

encapsulate multidrug in the polymeric carrier. Parameters such as applied voltage (14.0 to 

24.0 kV), liquid flow rate (constant flow rate of 2µl/min), and concentrations of the polymer 

and drug solutions have been thoroughly optimized, which enable particle production of 

uniform diameter distribution. Saxagliptin and dapagliflozin were loaded at a constant ratio 

of 1:2 for all particle formulations. Saxagliptin and dapagliflozin were co-dissolved in 4% 

(w/w) PLGA solution to make 1 and 4% (w/w) (with respect to polymer mass), respectively, 

and was used to produce uniform structured nanoparticles (with a mean diameter of 473.8 nm 

and encapsulation efficiency of 89%) via single needle electrospray system. Double-layer 

drug loaded nanoparticles with a mean size ranging from 535.8 nm to 640.4 nm were 

produced with encapsulation efficiency over 90% via coaxial needle EHDA system. The 

PLGA solutions and the corresponding drug solutions were pumped individually through the 

outer and inner needle of the coaxial EHDA setup. For the preparation of tri-layer structured 

nanoparticles, saxagliptin and dapagliflozin were individually encapsulated in the inner and 

middle layer of tri-layered nanoparticles, respectively, and enclosed in a PLGA protective 

shell. The results showed that particles prepared from three-needle EHDA system had a 

larger mean diameter (708.6 nm) comparing to that from single- and double-needle EHDA 

systems. Detailed analysis using SEM showed that particles fabricated for all formulations 

were spherical with a smooth surface and were nearly monodisperse in size. The multi-

layered structure of the drug-loaded nanoparticles were confirmed by SEM images and were 

further verified by a super-resolution confocal microscope. By successfully making these 
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particles it was proved that the EHDA device constructed and tested in this study is a 

promising technique to fabricate multidrug loaded structural nanoparticles in a single step.  

  

7.1.5. On in vitro release study of micro- and nanoparticles produced via EHDA 

processing  

The in vitro release profiles from hydrophobic drug (progesterone) loaded and hydrophilic 

drugs (saxagliptin and dapagliflozin) loaded PLGA particles were studied. It was observed 

that the cumulative release behavior of drugs from all formulations displayed a biphasic 

release pattern which start with an initial burst release followed by a period of sustained 

release. Phase I of a biphasic release profile is referred to as the short burst release effect, 

which can be attributed to the rapid release of drug molecules embedded close to the surface 

or near the outer layer. An increased concentration of drug near the surface may be resulting 

from convective solvent flow during particle fabrication. Phase II of the release profile is a 

slow-release phase governed by slow drug diffusion through the polymer matrix or through 

existing water-filled pores. A pore-forming process occurs immediately upon immersion in 

water due to water-uptake and polymer hydration and leads to an increase in drug diffusion.  

7.1.5.1. On the release of progesterone from monolayer microparticles 

In this study the rate of progesterone release from monolayer PLGA particles were measured 

in PBS for a period of 7 days using UV spectroscopy. FTIR spectroscopy also confirmed the 

presence of progesterone in the PLGA particles. Copolymer ratio is one of the key factors 

affecting the behaviour of drug release. The release rate from particles produced from PLGA 

solution with PLA:PGA copolymer ratio of 75:25 was markedly slower than that from 
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particles produced from  PLGA solution with PLA:PGA copolymer ratio of 50:50. Moreover, 

the initial burst release was significantly reduced by using PLGA solution of lower PLA:PGA 

ratio. This could be attributed to the fact that a lower PLA:PGA ratio (PLGA 50:50 vs. 75:25) 

is thought to be more hydrophilic, resulting in a higher rate of water absorption. Because the 

medicine must first reach the aqueous phase before being released, the more hydrophilic the 

polymer, the faster it will absorb water. As a result, PLGA particles having a lower lactide 

ratio, and hence a higher hydrophilicity, would create a better environment for drug release. 

The results also confirmed the effect of polymer concentration on drug release behaviour. A 

slightly slower cumulative drug release was observed from particles produced with relatively 

higher polymer concentration. The results showed that progesterone is not completely 

released during the 7days of measurement, indicating that there was still drug entrapped 

within the polymer network.  

Moreover, the results showed that only 24% of pure progesterone has been dissolved, which 

is less than half of that from all other formulations, indicating that the dissolution rate of 

progesterone was significantly improved after encapsulated into PLGA matrix. This could be 

explained by the physical form change of progesterone (from crystalline to amorphous by 

XPRD) after being electrosprayed with PLGA into particles. No crystalline peaks were 

observed of all formulations in XRD results which indicates that progesterone is molecularly 

dispersed within the polymer matrix. According to the release profiles reported in this work, 

electrosprayed polymeric particles are useful for the formulation of poorly water-soluble 

medicines for oral administration since they have a high potential to increase the drug's 

dissolution rate. Nanonization and amorphization are two outcomes of the electrospraying 

method on poorly aqueous-soluble compounds at the particle level. This study confirmed the 

successful encapsulation of progesterone with a predictable and controlled drug release. Drug 
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release can be designed by manipulating the polymer concentration and copolymer ratio. 

Moreover, polymer matrix offers a protection of encapsulated active pharmaceutical 

ingredients from degradation and loss of bioactivity. 

7.1.5.2. On the progesterone release from double-layered nanoparticles  

The in vitro release profiles from progesterone loaded PLGA particles were measured in PBS 

for a period of 7 days using UV spectroscopy. The presence of progesterone in PLGA 

particles was confirmed by FTIR spectroscopy. The findings in this study reveal that varying 

the hydrophilicity of the PLGA copolymer composition by varying the amount of the 

hydrophobic lactide monomer is one of the important parameters influencing drug release 

activity in nanoparticles. For both single and double-layered PLGA particles, the cumulative 

release rate from particles obtained from more hydrophobic polymer (PLA:PGA ratio of 

75:25) was found to be slower than that from particles obtained from more hydrophilic 

polymer (PLA:PGA ratio of 75:25). This could be related to the hydrophilicity of PLGA 

75:25 being lower than that of PLGA 50:50. Furthermore, in contrast to monolayer 

nanoparticles, progesterone release from core-shell nanoparticles had a reduced initial burst 

release rate in the first 30 minutes and retained more drug in the polymer matrix after 2 days. 

This can be explained by the presence of a polymer layer which resulting in a region of lower 

drug density on particle surface. Additionally, the results showed that the drug release rate is 

lower when progesterone was encapsulated in the core on its own. The formulations with a 

lower initial progesterone release could be beneficial for designing nanomedicine techniques 

to enable prolonged release in novel oral formulations based on biomaterials. 

The results in this part of work demonstrates that drug release can be well controlled by 

changing the monolayer and core-shell drug compositions as well as the hydrophilicity of the 
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polymeric drug-carrier through different monomer ratios in copolymer composition. These 

results showed a great enhancement in dissolution rate of hydrophobic progesterone as the 

encapsulation into PLGA nanoparticle matrices improved drug molecular dispersity in 

comparison with pure progesterone. The release profile from progesterone loaded PLGA 

particles can be tailored to achieve the desired characteristics by selective manipulation of 

particle properties. This work shows coaxial electrospray as an effective formulation 

technology in drug delivery.  

7.1.5.3. On the release of saxagliptin and dapagliflozin from nanoparticles with different 

configurations 

The in vitro release profiles from hydrophilic drugs (saxagliptin and dapagliflozin) loaded 

PLGA particles were measured in PBS for a period of 7 days using UV spectroscopy. Particle 

structure is one of the key factors affecting the drug release behavior. By manipulating the 

particle structure, the release kinetics of drugs can be controlled. Although particles from 

single-needle, dual- and tri-axial electrospray processes have same drug to polymer ratio and 

similar particle dimensions, they exhibit significant differences in drug release profile. The 

results revealed that 1-layer formulation had a higher release rate in comparison with that of 

other three formulations for which sustained release was observed. The drug to polymer ratio 

and processing condition were kept constants for all four formulations. Thus, the major factor 

affecting the drug release behavior is expected to be the particle configurations. Although 

PLGA hydrolysis in water is composition-dependent, it is known that it takes at least a month 

for substantial degradation to occur. Therefore, it is reasonable to assume that the release 

rates should be dominated by diffusion with a constant diffusion coefficient following the 

initial burst release. The results indicated that PLGA-coated multiple drug composite 
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particles with mono-, double- and tri-layered structure were successfully fabricated in one 

step. The initial burst release of drugs is significantly reduced by adding a shell-layer of 

PLGA, and different core shell configurations strongly influenced the release behavior of 

both drugs. Furthermore, the results revealed the potential of electrospray in encapsulating 

multidrug and to be released at different release rate when encapsulated into nanoparticles 

with different configurations.  

7.2. Future work 

In recent years, there has been an increase in interest in micro/nanoparticles for drug delivery 

applications. Drug-loaded micro/nanoparticles can be administered by most drug-

administration routes, including oral, injection, inhalation, and ocular administration, and are 

highly capable of aiding both potential and active drug targeting. Ideally, the following 

features should be included in the synthesized particulate capsules: high loading performance, 

regulated delivery and drug release, uniform size and shape. In terms of these requirements, 

EHDA processing techniques have proved very promising to provide a flexible method for 

generating uniform particles and encapsulated structures. As this study has demonstrated, 

EHDA techniques can achieve a uniform drug dispersal in a high load and minimum drug 

loss polymer matrix. The thesis discussed in the previous chapters examines the engineering 

and production aspect and provides an initial evaluation of the feasibility of using the 

processing of EHDA for drug-loading polymeric carriers and as a motor for the distribution 

of drugs. However, there are still several unexplored avenues that can be examined and are 

listed hereafter. 
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7.2.1. Encapsulation of different therapeutic agents 

Effective drug delivery systems such as micro- and nanoparticles are playing a more 

important role as more specialized drugs become available in the market. For those drugs and 

therapeutic agents that are becoming available, specifically designed drug delivery systems 

and targeting mechanisms to deliver them to the site of interest without reducing their 

biological properties are essential. In the work reported here hydrophobic (progesterone) and 

hydrophilic (saxagliptin and dapagliflozin) therapeutics are encapsulated within PLGA single 

and multilayer particles with high encapsulation efficiency. In our future plans it is hope to 

produce particles loading other ranges of therapeutic agents for sustained and localized 

delivery.  

7.2.1.1. Anticancer drugs 

Cancer therapy remains a difficulty in the fields of medical science, and despite remarkable 

advancements, a significant number of fatalities occur each year due to the lack of 

effectiveness of current cancer therapeutic procedures. Systemic toxicity makes it difficult to 

use anticancer medications in clinical settings, which limits their therapeutic effect in a 

variety of settings. For anticancer chemotherapeutic drugs to achieve optimal clinical 

response, the development of controlled release drug delivery systems is essential. Liposomes 

and polymeric particles are examples of nanosized vectors for the delivery of 

chemotherapeutics that have emerged in recent years to decrease premature interaction with 

the biological environment and increase cellular targeting in the fight against cancer. 

Paclitaxel is one of the most effective anticancer drugs and is used in chemotherapy to treat 

cancers such as ovarian and pancreatic tumors. Sustained release of paclitaxel loaded 

biodegradable particles can be fabricated via EHDA method. This strategy can prevent 
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paclitaxel from burst release so to be highly effective against C6 Glioma cells. Cisplatin is 

another well-known anticancer chemotherapy chemical that can lead to discomfort, hair loss, 

nephrotoxicity, and cardiotoxicity. In the future work, the relationship between nanoparticle 

structure and antitumor efficacy can be investigated for enhanced cancer therapy. 

7.2.2. For diagnostic and therapeutic biomedical imaging 

Microbubbles can be used as contrast agents for ultrasound imaging of tissues and organs as a 

result of their differential photoacoustic response in tissues and free microbubbles in saline. 

Sonication and mechanical agitation produce polydisperse microbubbles, while electrospray 

produces monodisperse microbubbles. Ultrasound-responsive microbubbles that deliver 

tissue plasminogen activator can be made with such a unique electrospray technique in the 

future. 

7.2.3. Preparation of Targeted drug delivery systems and controllable drug release 

systems 

Integrating therapeutic agents into a carrier or matrix is a promising method of drug delivery 

as well as for achieving controlled drug release kinetics.  Several studies have shown this 

method to be effective, and it's perhaps one of the most revolutionary sections in the 

pharmaceutical industry in recent decades. With the technique, encapsulated medicinal 

compounds are protected from degradation and loss of bioactivity compared to conventional 

dosage forms and provided with a predictable and controlled drug release or targeted drug 

release.  
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7.2.3.1. Preparation of smart drug delivery carriers 

In the literature, there are numerous examples of electrospraying being used to successfully 

prepare tailored drug delivery systems. For example, Jing et al.(Jing et al., 2011) employed 

coaxial electrospraying to produce paclitaxel core-shell capsules in a single step. The outer 

solution was made from a mixture of tetrabutyl titanium and PVP K30 in ethanol, DMF, and 

acetic acid, while the inner liquid contained paclitaxel and Fe3O4 dispersed in olive oil. In 

the oil core, Fe3O4 was proved to be successfully functioned for magnetic targeting. It was 

also discovered that ultrasonic stimulation triggered paclitaxel release and that its profile 

could be regulated by varying the length of repeatable ultrasonication time. One of the most 

significant applications of targeted drug delivery is for cancer treatment. Antitumor 

monoclonal antibodies can be incorporated into PLGA particles and be delivered to specific 

tumor sites. Anticancer payloads like as toxins and chemotherapy drugs can be delivered to 

the tumours. Therefore, it maximizes the efficacy of drug and lowers hazardous side effects. 

7.2.3.2. Preparation of controllable drug release systems 

Recently, the entrapment of pharmaceuticals within a biocompatible and biodegradable 

polymer matrix has attracted a lot of attention for the development of sustained drug 

release.  Various biodegradable polymers have been created, with varying biodegradability. 

Of these polymers, PLGA, PCL, polylactic acid, and their derivatives are widely employed in 

a wide range of therapeutic applications due to their biocompatibility and low toxicity, as 

approved by the Food and Drug Administration. Electrospraying has been used to incorporate 

pharmaceuticals into biodegradable polymers in a variety of ways. Many alternative designs 

of a single nozzle, or coaxial dual-capillary nozzle, can be utilized to produce a variety of 
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drug-loaded nanoparticle forms, from the most basic polymeric matrix to more complex core 

shell or multishell structure particles. 

Additionally, lipid-based microparticles or nanoparticles could be considered an alternative to 

biodegradable polymeric particles. The hydrophilic core and hydrophobic shell of the 

particles allows the entrapment of both water soluble and insoluble active ingredients. 

Electrospraying has evolved as a straightforward, one-step technology for producing 

microparticles or nanoparticles with well-defined properties. 

7.2.3.3. Preparation of multidrug delivery systems 

Another promising aspect of electrospraying is its potential in delivering a fixed dose 

combination of multiple drugs and release them at the target sites. Additionally, fixed dose 

combinations have the advantage of synergy and reduced drug resistance, as well as 

convenience for patients (simplified dose regimen for daily treatment and reduced pill burden) 

(Melikian et al., 2002). Thereby, it will improve patient compliance and reducing treatment 

failure, especially in the case of long-term and complex medications such as antiretroviral 

treatment (Laurent et al., 2004). Numerous instances of electrosprayed multiple drug systems 

can be found in the literature. As a result of the fact that all these delivery technologies can 

encapsulate two or more APIs into a polymer matrix or core-shell shaped particle, 

programmable and unique drug release can be achieved. 

7.2.3.4. Preparation of inhalable drug systems 

Electrospraying is also utilized for inhalable pharmaceuticals. Administration by inhalation is 

appealing because it can be utilized to deliver drugs to treat lung diseases and chronic 

obstructive pulmonary diseases (J. Ahmad et al., 2015) as well as delivery of 
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other nanotherapeutics (proteins, peptides, and so on) for treatment of many diseases 

(systemic effect) such as cancer, diabetes, and so forth (Goldberg & Wong, 2015). With its 

non-invasive nature, it has numerous advantages compared to other traditional administration 

routes.  Due to the physiological function of respiratory system (Beck-Broichsitter et al., 

2012; Patton & Byron, 2007), many advantages to inhalation route include: (1) a wide 

surface area of the mucous membranes of the respiratory tract and pulmonary epithelium, (2) 

thin membranes that separate pulmonary alveoli and circulation, and (3) high blood flow 

from and to these specific organs, which all contribute to quick absorption into the body. It is 

also important to note that ingested medications may not necessarily undergo first pass. 

These factors combine to produce an extremely quick start of effect, which permits fewer 

dosages to be administered, and a greater efficacy-to-safety ratio compared to other systemic 

delivery systems.  However, this approach has certain drawbacks, as there are a number of 

subjective factors that can affect the exact dose supplied. Among the most important 

requirements for inhalation is that only particular sized and sized-distributed particles can be 

administrated. By producing monodisperse particles with regulated size and form, 

electrospraying has proven to match the requirements for aerosol manufacturing. 

7.2.3.5. Delivery of peptides, proteins, enzymes and nucleic acid-based systems 

Protein-based therapeutics are now possibly among the most important therapeutic agents in 

the pharmaceutical industry, due to recent advances in biotechnology. Protein treatments, 

such as insulin (regulatory polypeptide) for diabetes (Clark et al., 1982), cetuximab (targeted 

protein) for cancer (S. F. Wong, 2005), and vaccinations or proteins for diagnostics, are 

becoming increasingly available with proven efficacy in the treatment of a variety of serious 

diseases. 



Chapter 7: Conclusions and future work 

 
168 

 

Proteins have several inherent limitations, such as low tissue permeability, limited stability, 

short half-lives due to proteolysis, and quick removal from blood circulation (Frokjaer & 

Otzen, 2005). When proteins are subjected to harsh environmental conditions, either during 

the production process (organic solvents, temperature variations, and shear stress) (Enayati, 

Chang, et al., 2011) or when delivered orally (acidic pH of stomach juice, pH shifts in the 

gastrointestinal system, and enzymatic activity), their structure can be altered, resulting in 

chemical degradation (e.g., fragmentation, deamidation, hydrolysis, or hydrolysis) 

(aggregation, precipitation, conformational changes, or denaturation) (Capelle et al., 2007). 

As a result, noninvasive delivery of protein and peptide-based therapeutics may be difficult 

(e.g., oral, topical, transmucosal, and so forth). One option for overcoming the 

aforementioned challenges is to create proteins as solid formulations that can be reconstituted 

to a liquid immediately before injection (Roberts, 2014). Electrospraying has recently been 

investigated and appears to have a lot of promise for creating solid versions of proteins with a 

restricted particle size distribution and intact biological activity (Marklund et al., 2009). 

Proteins can be protected from denaturation and released in a desirable manner by 

electrospraying them with polymers and carriers. Furthermore, nanoparticles with a 

homogeneous size distribution and density appear to have higher bioavailability, implying 

that the encapsulated protein within polymers and carriers nanoparticles will work better 

biologically. Biological macromolecules such as enzymes and nucleic acids are among the 

most important. When subjected to heat or chemical denaturants, they have the same issues 

as proteins, such as instability and loss of biological activity. 
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7.2.4. Preparation of multilayer (>3) particles 

Additional structures that can be prepared with EHDA are multi-layered micro- and nano-

particles capable of penetrating the immune system of the body effectively and effective 

transport of treatment substances to their intended locations. For a particular purpose, each 

layer may be engineered to reach and remove any physiological obstacle encountered when 

they pass across the body. This method is thus a major step forward, leading to multi-layered 

structures that can then be capable of loading medication, prodrug, or other active agent 

loading at a different time. This improves performance and reduces the dosage needed. 

Two methods may be used to produce these multilayered structures. The first step was to 

prepare drug-charged nano/microparticles using single or co-axial EHDA systems, and then 

send a shielding polymer via the outside through the outer needle of co-axial EHDA. This 

technology can be classified as a multi-stage technique while a second one-stage technique 

exists. This approach can be used to produce a number of encapsulation structures using a co-

axis multi-needle system with a range of different materials. This will demonstrate substantial 

progress in co-axial function, with significant benefits for preparation of encapsulated 

carriers and micro- or nanoparticles, particularly in healthcare with possible applications 

within biomedical and pharmaceutical fields. 

7.2.5. Cell study  

Polymeric particles are a potentially useful delivery system that able to deliver a therapeutic 

agent by sustained delivery. Furthermore, nanoparticular scale is essential to their great effect 

on cellular arterial absorption and prevention, normally associated with larger microparticles, 

of inflammatory tissue responses. In this study, PLGA microparticles with size of ~1 um was 
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produced successfully. The drug release profile was found to be effective in an in vitro 

release investigation. However, the mechanism of progesterone-loaded particles' improved 

therapeutic efficacy at the cellular level needs to be investigated. For example, more research 

may be done on the mechanism of drug-loaded particles' intracellular absorption, trafficking, 

and sorting into various cytoplasmic organelles. 

7.2.6. Challenging and future perspectives 

Electrospraying provides several advantages in terms of producing and processing particulate 

materials in a consistent manner that is not limited by the materials themselves. It provides a 

simple and appealing way for creating particles with well-controlled size, shape, morphology, 

and structure down to the nanoscale for a wide range of pharmaceutical and biological 

applications due to its simplicity and adaptability. As a result, electrospraying offers the 

ability to distribute and control medication release characteristics (i.e., specific target release 

or sustainable release). Its promise and growing importance in this specific pharmaceutical 

industry will continue to grow, particularly for multiple drug delivery that allows for separate 

and distinctive drug release. Furthermore, electrospraying allows not only hydrophilic and 

hydrophobic APIs, but also sensitive and susceptible therapeutic agents to be successfully 

incorporated in a single step into a variety of particle types, ranging from a simple solid 

polymeric matrix to a more complex core-shell structure, with minimal processing additives. 

More specifically, the demonstrated ability of electrospraying to process living cells and the 

accomplishments in incorporating biomacromolecules such as proteins, DNA, or RNA within 

carriers for desired delivery can be considered a novel and breakthrough that has opened a 

sea of prospects for improving health sciences. Despite extensive study in this subject of 

EHDA and increasing success in its application for pharmaceutics, there is still no 
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commercially available product on the market. This is due to the fact that, on the one hand, 

the interaction of numerous formulation and processing variables allows for the tailoring of 

desirable particulate materials. On the other side, this interaction makes optimizing this 

process extremely difficult. All parameters such as polymers, solvents, flow rates, needle tip 

design, drying condition, and so on play an equal role in electrospraying and have an 

interdependent influence on particle attributes such as particle size, morphology, size 

distribution, encapsulation efficiency, in vitro drug release, or in vivo drug absorption. Before 

moving further with one practical setup, a detailed understanding of the interaction between 

processing and physicochemical properties of electrosprayed particles at the molecular, 

particulate, and bulk levels is highly suggested. Furthermore, significant challenges remain in 

establishing and regulating such processes on a greater scale. Electrospraying's limited 

throughput, especially in the cone-jet mode, is one of its major drawbacks. The experimental 

setup or the designed structure of the nozzle must ensure a consistent electrical field during 

the electrospraying process for equal jets, which is still a challenge with such a device. There 

are numerous problems that must be overcome during electrospraying, but this will certainly 

lead to EHDA processing becoming a thriving field of research in the near future. 
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