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Chapter 1 
 

Introduction of emulsions and porous materials: 

Basic theory and their applications as a biomaterial  
 

 

 

 

This doctoral thesis is a study to propose a novel material preparation method using specific emulsification 

technique and to evaluate the feasibility of applying the obtained materials as a biomaterial. In this chapter, the 

methods for preparing materials through emulsification are introduced and the possibility of applying these materials 

as biomaterials is described. 

 

1. Emulsions and its applications 

 

1.1. The basic theory of emulsions  

 

An emulsion is a state in which one immiscible liquid that is not soluble in each other is dispersed in the 

other as small droplets. The interfacial free energy G exists at the interface between these immiscible liquids, which 

can be expressed as follows, 

𝐺 = 𝛾𝑆     (Eq. 1) 

Where γ is the interfacial tension and S is the total area of the interface. Emulsions can be formed by artificially 

applying energy, such as high speed agitation or sonication. In this case, however, the dispersed phase exists as 

droplets, which results in large S; that is thermodynamically unstable because of high energy state of the entire system. 

Therefore, the system would spontaneously separate into two phases again when the system is statically placed after 

emulsification. In order to maintain this thermodynamically unstable emulsion state, a surfactant is needed. 

Surfactants are oriented at the interface between the two immiscible liquids, thereby decreasing the interfacial tension 

γ and keeping the interfacial free energy G low even with an increase in S. In such a system, emulsions can be kept 

static to inhibit the coalescence of the droplets and maintain the dispersion state. In order to apply emulsions for our 

life, it is common to prepare emulsions by water and organic solvents that are immiscible with water. Such emulsions 

have several types depending on whether the water or organic phase is the dispersed phase (Fig. 1). 
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Fig. 1 Types of emulsions composed of water and organic solvent. 

 

1.2. Application of emulsions 

 

Emulsions have been used for cosmetics and food products for a long time, and they have also been applied 

to the medical field by using emulsions as templates for further processing. The following will introduce some 

examples of such applications and methods for preparing nano- or microcarrier of compounds. 

 

1.2.1. O/w emulsions as drug carrier 

 

It is difficult to incorporate nutraceutical encapsulations into foods with high water content because most 

nutraceutical encapsulations are hydrophobic molecules. Therefore, encapsulation in o/w emulsions is an effective 

approach (Fig. 2 (a)) [1,2]. As an example, β-carotene, a type of provitamin A, has been studied for incorporation 

into foods in o/w emulsions due to its low water solubility [3]. However, in o/w emulsions protected by an outer layer 

composed of only surfactants, it is difficult to prevent chemical degradation of β-carotene due to environmental 

stresses such as heat, free radicals, light, and oxygen [4]. Therefore, some improved approaches to inhibit the 

degradation of β-carotene by multi-layered protection of emulsion droplets by macromolecules of opposite charge, 

such as “chitosan and milk-protein” [5] and “lactoferrin and β-lactoglobulin” [6], have been proposed. Some cationic 

surfactants such as lauric arginate [7] and essential oil components [8,9] are known to have antibacterial properties. 

However, their antimicrobial activity is lost when they bind to anionic polymers such as pectin [7], so their use as 
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surfactants oriented to emulsions is expected to enable them to maintain their activity and to be delivered into the 

body. In recent years, it has been found that high antibacterial activity can be obtained in systems with electrostatic 

complexes formed by using several surfactants [2,10–12]. 

 

 

Fig. 2 Various preparation methods for nano- or micro-carrier: (a) emulsification for o/w emulsion, (b), 

emulsion-solvent evaporation for spherical particle, (c), double emulsion-solvent evaporation for porous 

particle, (d) pickering emulsion, (e) emulsion polymerization, and (f) salting-out. 
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1.2.2. Solvent evaporation 

 

In solvent evaporation, polymer nano or microspheres are obtained by dispersing a polymer solution in the 

continuous phase and subsequent evaporation of the solvent of polymer (Fig. 2 (b)). Since volatile solvents are needed 

as the dispersion phase solvent in order to remove from the system, o/w type emulsions are generally used for this 

method [13–15]. Hydrophobic drugs are encapsulated in the resulting polymer particles by dissolving the drug in the 

organic solvent. It has been suggested that the efficiency of drug encapsulation and release rate from the particles 

depends on the rate of solvent evaporation; Izumikawa et al. reported that the faster the solvent was removed, the 

lower the crystallinity of the particle-forming polymer, polylactic acid (PLA), resulting in the formation of particles 

with higher drug encapsulation efficiency and slower release rate [16]. 

On the other hand, nano or microspheres formed from o/w emulsions are not suitable for encapsulating 

hydrophilic substances such as peptides and proteins. Therefore, “double emulsion-solvent evaporation” method was 

proposed (Fig. 2 (c)) [17,18]. In this method, w1/o/w2 emulsions (w1: inner water phase; w2: outer continuous water 

phase) are prepared by emulsifying pure water and w1/o emulsions which are composed of organic polymer solution 

and aqueous drug solution. After preparing them, the organic solvent is removed from w1/o/w2 emulsions and the 

hydrophilic drug is encapsulated in the hydrophobic particles. The particles prepared via this method are generally 

porous ones because w1 phase works as porogens. 

 

1.2.3. Pickering emulsions 

 

Pickering emulsions are emulsions containing solid particles working as stabilizers (Fig. 2 (d)). The solid 

particles accumulate on the water-oil interface, which inhibits the coalescence of emulsion droplets, resulting in 

increasing their stability [19]. Various functions can be given to the surface of emulsion by using various materials 

of which solid particles are composed. For example, pickering emulsions coated by chitosan, cyclodextrin, silica or 

starch have been reported as a drug carrier because the solid particles work as a dense barrier which controlled the 

release rate of the encapsulated compounds [20,21]. Hydroxyapatite particles, which is part of the components of 

bone, has been applied as a bone regeneration scaffold [22]. By using cyclodextrin, which is one of the host molecules 

for including a specific molecule, or light-responsive inorganic particles, catalytic microparticles can be obtained 

[23,24]. Thus, the advantage of pickering emulsions is that they can be given various functions depending on the 

materials of solid particles. 

 

1.2.4. Emulsion polymerization 

 

The preparation methods for microparticles introduced so far using aggregation of pre-synthesized 

polymers by increasing the concentration of them through diffusion and evaporation of organic solvents. In contrast, 

“emulsion polymerization” is a method of which polymers are synthesized on the water-oil interface and subsequently 

formed microparticles in the process (Fig. 2 (e)) [25,26]. It generally consists of water, a water-immiscible monomer, 

a water-soluble initiator, and a surfactant. After the preparation of the emulsion, polymerization begins when the 
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monomer molecules in the dispersed phase collide with the initiator molecules in the ionic or free radical state at the 

water-oil interface. The solvent evaporation method uses biodegradable polymers such as PLA as particle forming 

agents, while styrene and methyl methacrylate are often used in this method. More recently, the system not containing 

any surfactant, has also been proposed [27,28]. “Surfactant-free emulsion polymerization” uses ionizable initiators 

and ionic monomers to stabilize the emulsions without surfactants and to reduce the cost by eliminating the process 

of removing surfactants from the particles after polymerization [27,28]. However, there are still challenges such as 

monodisperse and precisely controlled particle sizes [29]. 

 

1.2.5. Salting-out 

 

Since the solvent evaporation method uses volatile and water-immiscible organic solvents such as 

dichloromethane and chloroform, it is necessary to pay attention to the amount of residual solvents because of their 

toxicity. Therefore, the salting-out method was devised to obtain nano or microparticles using less toxic solvents such 

as acetone (Fig. 2 (f)) [30–32]. Acetone is essentially a water-miscible solvent and therefore cannot form emulsions 

with water. However, its miscibility can be adjusted by dissolving a high concentration of salt in water. In other words, 

it is possible to prepare o/w emulsions with acetone as the organic phase. By diluting the resulting o/w emulsions 

with water, the salt concentration decreases and the acetone becomes miscible in water again, and the polymer 

dissolved in the acetone can be precipitated as nano ore microparticles. 

 

 

2. Low energy emulsification 

 

The higher the energy applied externally, the smaller the droplet size of the emulsion. Therefore, they have 

been prepared by high-energy methods using mechanical devices such as high-shear agitators, high-pressure 

homogenizers, and ultrasonic generators. However, the energy required to obtain nano-droplets is extremely high and 

only a small amount (about 0.1%) of the energy generated by mechanical devices is used for emulsification [33]; that 

is not cost-effective way. In addition, the use of the system in the medical field remains a challenge because 

hydrophilic biopolymers such as nucleic acids and proteins can be easily broken by high-energy input [34]. Therefore, 

low energy methods that reduce the externally applied energy by using the internal chemical energy of the system 

have begun to be reported. Low-energy emulsification methods can be classified into two categories: the 

emulsification method in which the sign of the spontaneous curvature of the surfactant inverts is referred to as the 

phase invasion method, while the emulsification method in which no reversal of the sign occurs is referred to as 

spontaneous emulsification [33]. While the phase invasion method requires the application of low energy such as 

weak agitation in addition to changes in temperature and phase composition, spontaneous emulsification occurs by 

contacting two immiscible liquids in a non-equilibrium state.  

 

2.1. Phase inversion method 
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Phase inversion method is an emulsification phenomenon caused by the spontaneous curvature of the non-

ionic surfactant oriented at the interface changing from zero to positive or negative in a three-component system, 

mainly water, oil and surfactant. This method has been the most widely studied and applied among various low-

energy emulsification methods since it was invented by Shinoda et al. in 1968 [35]. Phase invasion method can be 

broadly classified into two types depending on the factors that change the spontaneous curvature: the phase invasion 

temperature (PIT) and the phase invasion composition (PIC). The emulsification processes common to them are 

shown in Fig. 3. Both methods allow the formation of emulsion droplets from a dispersed state opposite to the desired 

emulsions via a bi-continuous phase (i.e., a phase with zero average spontaneous curvature of the surfactant film) by 

changing phase composition or temperature. 

 

 

Fig. 3 Schematic illustration of the phase inversion process by PIC and PIT methods (THLB: temperature 

at which the average spontaneous curvature of surfactant membrane is zero). 

 

2.1.1. PIT method 

 

As mentioned above, PIT method is one of the most widely studied methods of low energy emulsification. 

However, most of the reports studied about spontaneous formation of “o/w” emulsions rather than w/o emulsions. 

Moreover, it is still difficult to cool the emulsions instantly when scaled up [36]. One of the few studies about “w/o” 

emulsions prepared by PIT methods was reported by Anton et al. The results demonstrated that, just as the oil-oil 

soluble surfactant ratio is important factor for o/w emulsions formation, the regulation of the water-water soluble 

surfactant ratio is also important for w/o emulsions formation via bi-continuous phase [37]. 

Spontaneous emulsion formation by PIT method can be modulated in terms of properties by mixing 

multiple surfactants. For example, the control of surface charge, transfer temperature, and size of emulsion droplets 

can be achieved by using a mixture of nonionic and cationic surfactants [38]. This is because the spontaneous 

curvature of surfactant films changes by changing the mixing ratio of hydrophilic and hydrophobic surfactants 

(Tween 80 and Span 80, respectively) [39,40].  
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2.1.2. PIC method 

 

PIC method is a method of gradually adding the continuous phase to the surfactant-containing dispersed 

phase and spontaneously forming emulsion droplets once the composition of the system reaches a specific 

composition [41]. A detailed study by Pey et al. showed that by adjusting the surfactant-dispersion phase composition, 

a bi-continuous phase is formed in the process of adding the continuous phase and it was found to be necessary for 

spontaneous emulsion formation [42]. Recent examples of research aimed at the application of PIC method includes 

the medical field. Approximately 100 nm of poly(lactide-co-glycolide) (PLGA) particles are obtained by PIC method 

and subsequent solvent evaporation of o/w emulsions. The PLGA particles having various functions, such as passing 

through the blood brain barrier [43] and silencing a certain gene (Fig. 4) [44], were prepared by modifying the surface 

of the particles. On the other hand, only a few reports studied about preparing w/o emulsions by PIC method just as 

PIT method [45]. 

These phase invasion methods have been so much investigated as mentioned earlier. However, it should be 

noted that for polysaccharides and proteins, it is difficult to change the spontaneous curvature of the interfacial film 

due to the size of the molecular weight and surface charge of the polysaccharides and proteins, and no inversion 

emulsification using these high molecular weight materials has been reported [46]. 

 

Fig. 4 Functionalized PLGA nanoparticles prepared through spontaneously formed o/w emulsions [44]. 

 

2.2. Spontaneous emulsification 

 

The aforementioned inversion emulsification method is a phenomenon caused by a change in spontaneous 

curvature associated with a change in the hydration state of the hydrophilic group of the surfactant. In contrast, the 

phenomenon that does not involve a change in the spontaneous curvature of the surfactant is called spontaneous 

emulsification. Interfacial turbulence has been proposed as the main driving force of this phenomenon. The diffusion 
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of solute between the two phases or the non-uniformity of temperature in the system is presumed to cause turbulence 

at the interface. As a result of the increased turbulence, emulsion droplets might be formed [47]. This spontaneous 

diffusion increases the entropy and decreases the Gibbs free energy of the system. Non-uniformity of surfactant 

concentration near the interface of the two phases have also been proposed as a complementary driving force [48]. 

That is, local supersaturation of the surfactant causes the interface to spontaneously expand and induces nucleation 

of the droplets. The nuclei continuously grow and become emulsion droplets. Spontaneous emulsification by these 

mechanisms generally occurs in systems with extremely low (or negative) interfacial tensions containing surfactants. 

However, the systems containing co-solvents, which is miscible in both phases, instead of a surfactant can also cause 

spontaneous emulsification. A detailed explanation is described below. 

 

2.2.1. Ouzo effect 

 

The Ouzo effect, named by Vitale and Katz [49], is a self-emulsifying phenomenon in the ternary system 

of water, oil, and co-solvent, so to speak, "no surfactant required" process. Ouzo is an anise-flavored liquor produced 

in Greece and consists mainly of ethanol with a small amount of anethole dissolved in it. When water is added to this 

and the system reached the composition of anethole (0.1%), water (55%) and ethanol (45%), emulsions begin to be 

formed. In other words, the addition of water to the co-solvent with a very small amount of oil in it leads to the 

metastable regions, which exist in the narrow region between the binodal and spinodal curves, and the emulsions 

form spontaneously (Fig. 5).  

 

Fig. 5 Ternary phase diagram of water (W)/ co-solvent (S)/ oil (O) system at constant temperature. 

 

The change in particle size and stability of emulsions formed by the Ouzo effect over time has been 

confirmed mainly by NMR spectroscopy [50,51]. Nordstierna et al. studied the toluene-ethanol-water ternary system 

in detail using light scattering and NMR diffusion simultaneously. The results showed a bimodal distribution of 

emulsion droplets about 100~400 nm and several μm in size [52]. This result suggests that the emulsions in the 

metastable state gradually separated into two phases through Ostwald ripening. Although Ouzo effect has an 
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advantage that spontaneous emulsification occurs with extremely low energy without surfactants, it also has a 

disadvantage that it often occurs in areas with a very low composition ratio of hydrophobic substances (or oil), 

resulting in greatly dilute o/w emulsions. Therefore, it is not an efficient method for manufacturing microparticles 

for drug carriers. 

 

2.2.2. Spontaneous emulsification with polymers 

 

Spontaneous emulsification caused by macromolecules have been reported, although the number of such 

report is small. Boury et al. reported that poly(ethylene glycol) (PEG), hydrophilic polymer, and a protein, hen egg-

white lysozyme (HEWL), were dissolved in water and brought into contact with dichloromethane (DCM). As a result, 

o/w emulsions were spontaneously formed [53,54]. Boury’s experiments showed that the amount of o/w emulsion 

droplets increased with increasing PEG molecular weight and that the oil phase must be a good solvent for PEG and 

a solvent that is not miscible or only partially miscible with water. Fig. 6 shows the images of spontaneous 

emulsification at various PEG and HEWL concentrations. The results revealed that the spontaneous formation of 

emulsions is induced by PEG and HEWL prevents the sedimentation and aggregation of the droplets. In other words, 

the adsorption of HEWL on the interface of the emulsion droplets increases the stability of the droplets. It was also 

found that the interfacial tension at the equilibrium state of the adsorption of PEG and HEWL is not negative, at least 

about 6.5 mN/m. Therefore, this study suggests that the main driving force for the spontaneous emulsification is the 

interfacial turbulence caused by the high mobility of the polymers rather than ultra-low interfacial tension. 

 

Fig. 6 Pictures of (a) a rising aqueous drop of HEWL (1 mg/mL) and PEG 2000 (10 mg/mL) immersed in 

DCM, (b) a pendant drop of DCM immersed in an aqueous phase of HEWL (1 mg/mL) and PEG 8000 (10 

mg/mL), (c) a pendant drop of DCM immersed in an aqueous phase of PEG 2000 (10 mg/mL), and (d) a 

pendant drop of DCM immersed in an aqueous phase of PEG 2000 (50 mg/mL) [54]. 
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2.3. Application of spontaneous emulsification for microparticle preparation 

 

The low-energy emulsification method can easily prepare emulsions with the size of several hundred 

nanometers. In addition, a number of methods for the preparation of polymeric particles using these nano-emulsions 

as precursors have been proposed. Examples of these methods are presented here. 

 

2.3.1. Spontaneous emulsification-solvent diffusion (SESD) 

 

SESD method is based on the diffusion of polymer solutions into water [55]. A hydrophobic polymer is 

dissolved in a water-miscible organic solvent (or a mixture of water-soluble and water-immiscible solvent). The 

miscible organic solvent is diffused into the water by dropping the polymer solution into the water. In the process, 

the hydrophobic polymer (and the water-immiscible solvent) is immediately dispersed in the water as small droplets. 

This dispersion system is stirred to completely remove the organic solvent and form nano- or micro hydrophobic 

polymer particles. Although water miscible-water immiscible solvents such as acetone-dichloromethane mixtures 

have been used for a long time [56,57], recently, water miscible solvents such as acetone-alcohol mixtures have 

become the mainstream for the preparation of nanoparticles because of the difficulty in reducing the particle size to 

nanometer order due to aggregation of water immiscible solvents and the concern about the increase of residual 

solvent volume [58–61]. Kawashima et al. have successfully dissolved PLGA in acetone-alcohol and acetonitrile-

alcohol mixtures for the preparation of nanoparticles. They found that both the affinity of these solvents with PLGA 

and with PVA in the aqueous phase contributed to the formation of nanoparticles [62] (Fig. 7). 

 

 

Fig. 7 The possible formation mechanism of PLGA nanoparticles through spontaneous emulsification-

solvent diffusion method [62] 

 

2.3.2. Porous particles 
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Most of the low-energy emulsification methods introduced so far have been used for the preparation of 

o/w-type nano-emulsions or nanoparticles. This is due to the fact that few studies have been done to prepare w/o-

type nano-emulsions, PIT method has a limited preparation temperature, and PIC method requires excessive dilution 

and low yields. In such a situation, very few studies have been reported to apply w/o emulsions to the process of 

material preparation. Hayward et al. reported that an amphiphilic block copolymer, polystyrene-block-poly(N-

isopropylacrylamide) (PS-PNIPAM) were synthesized [63]. The synthesized PS-PNIPAM was dissolved in 

chloroform and emulsified with pure water to prepare o/w emulsions. Then, due to the presence of organic salt species, 

which is the initiator of PS-PNIPAM synthesis, in the oil phase, w/o emulsions formed spontaneously inside the oil 

droplets because of osmotic pressure (Fig. 8 (a)). After solvent evaporation of this double emulsions, porous particles 

were obtained (Fig. 8 (b)). The mechanism of this method is different from those of the low-energy emulsification 

methods described so far. The preparation of w/o emulsion droplets with several hundreds of nanometers inherently 

requires high energy, such as ultrasound irradiation. However, this method is a cost-effective method because it 

eliminates the preparation of the porogens, the first step of emulsification. 

 

Fig. 8 The pictures of (a) an oil droplet containing spontaneously formed w/o emulsions and (b) resulting 

porous particle [63]. 

 

Lin et al. synthesized poly(4-vinylpyridine)-block-poly{6-[4-(4-butyloxyphenylazo)phenoxy]hexyl 

methacrylate} (P4VP-b-PAzoMA) as an amphiphilic block copolymer and they prepared o/w emulsions by using the 

synthesized polymer and sodium dodecyl sulfate (SDS) as co-surfactants [64]. o/w emulsions were observed to 

change over time and it was found that w/o emulsions spontaneously formed inside the oil droplets after the 

preparation of o/w emulsions, and eventually porous particles were formed (Fig. 9 (a, b)). Double emulsions and 

resulting porous microspheres were prepared through spontaneous emulsification under the various HLB values 

adjusted by using SDS and Span 60 as co-surfactants. As a result, porous microspheres, tremella-like aggregates, 

bowl-like aggregates, and wrinkled microspheres were formed in order of the HLB values (Fig. 9 (c-f)) [65]. This 

fact suggests that the stability of spontaneously formed w/o emulsions has a significant effect on the porosity of the 

particles. On the other hand, the formation mechanism of w/o emulsions has not been fully investigated. 

Kim et al. used two amphiphiles, P4VP-PS and SDS, to prepare porous particles with the porogens of 

spontaneously formed emulsion droplets and found that the increase in the volume fraction of P4VP leads to a 

significant decrease in interfacial tension [66]. Although it may have been a key factor to use single-chain hydrophilic 

polymers because both Kim’s team and Lin’s team used P4VP as a hydrophilic block of the surfactant, the details of 

the mechanism are still unclear. 
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Fig. 9 Optical microscopy images (a, b) showed the spontaneous formation of water droplets in an organic 

droplet. The picture was taken emulsified after (a) 0.5 min and (c) 8 min [64]. SEM images (c-f) showed 

the shape-changing of the particles formed from emulsions with different HLB values at (c) 36, (d) 30, (e) 

26, and (f) 20 [65]. 

 

An amphiphilic block copolymers consisting of hydrophilic poly(ethylene glycol) and hydrophobic 

poly(lactic acid) (PEG-PLA) was synthesized by Murakami and a technique to modify the biocompatible PEG chains 

on the surface of spherical nanoparticles was developed [67–69]. In the course of the investigation, it was 

unexpectedly discovered that decreasing the stirring speed by the homogenizer from about 20,000 rpm to around 

10,000 rpm (from high-energy input to low-energy input) not only increased the size of the particles, but also formed 

particles with a porous structure in just one-step mechanical emulsification (Fig. 10 (b, d, f)) [70]. The observation 

of o/w emulsions after the mechanical emulsification suggested that w/o emulsions were formed inside the oil 

droplets, and these w/o emulsion droplets were working as porogen. In other words, the w/o emulsions were already 

spontaneously formed when the organic solution of PEG-PLA and the pure water contacted with each other (Fig. 10 

(a, c, e)). This particle preparation method, which utilizes the spontaneously emulsifying property of amphiphilic 

polymers for the formation of surface and internal porous structures rather than the outline of microparticles, was 

first reported. w/o/w emulsions and the resulting porous particles have been used as a hydrophobic carrier which can 

contain hydrophilic substances. In conventional high-energy emulsification methods, w/o emulsions, which are 

primary emulsions, require higher energy input than o/w emulsions, which are secondary emulsions (e.g., ultrasonic 

irradiation and high-speed emulsification at 20,000 rpm). In other words, the high energy method has a problem in 

terms of the possibility of destroying hydrophilic substances and the high energy cost. In contrast, the novel 

preparation method for porous particles based on spontaneous emulsification is expected to solve these problems. 
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Fig. 10 Optical microscopy images of the (w/) o/w emulsions (a, c, e) and SEM images of the particles (b, 

d, f): scale bar shows 10 μm (black) and 5 μm (gray). Homogenization rate was (a, b) 8,000 rpm, (c, d) 

12,000 rpm, and (e, f) 16,000 rpm [70]. 

 

 

3. Porous Materials used in the medical field 

 

Recent studies have shown that it is possible to prepare porous particles by low-energy emulsification 

methods [63–66,70]. In particular, porous particles developed by Murakami are composed of polymers with low 

toxicity to living organisms and have a high potential for application as medical materials [70]. In this section, various 

forms of porous materials for medical applications are reviewed. 

 

3.1. Porous particles 

 

Porous particles are mainly used as drug carriers for drug delivery systems (DDS). In addition to their role 

as drug release carriers, their geometrically specific shapes have been utilized for various applications. The followings 

are examples of such applications. 

 

3.1.1. Tissue regeneration scaffold 

 

Many researchers have been trying to use porous particles as a scaffold for tissue regeneration, being 

common to two-dimensional porous materials. Whereas porous two-dimensional substrates are used by implanting 

pre-formed substrate into tissues, porous particles are injected by the tailored amount to fill the defect tissue (Fig. 11) 

[71]. If the defect site is too large, it is immobilized by in-situ gelation after injection, and the porous structure of the 

particles acts as a scaffold (Fig. 11 (c)). Porous particles used in this application can be broadly divided into two 

categories: solidified particles by sintering [72,73] and suspended particles in tissue solution [74–76]. 

As will be discussed in the section of two-dimensional porous materials, efficient cell growth and differentiation 

requires the transport of nutrients and oxygen into and out of the material. For this purpose, porous materials with 

high porosity and interconnected pores are required [77]. Compared to porous two-dimensional materials, porous 

particles are advantageous to provide interconnected structure in the system. This is because, in addition to the pores 

present on the surface of the particles, huge voids can be created between the particles [74,78]. 
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Fig. 11 Application of porous microparticles as tissue regeneration scaffold for (a) bone and cartilage, (b) 

nerve, and wound healing [71]. 

 

3.1.2. High speed chromatography 

 

Due to their large specific surface area, porous microspheres are suitable for adsorption and desorption of 

substances. Therefore, they can be used in high speed chromatography where high separation efficiency of various 

substances such as proteins and phytochemicals from complex mixtures is required. The requirement for this 

application is that the porous particles should have narrow particle size distribution, excellent mechanical strength, 

and scientific stability over a wide range of pH. Solid silica particles, polystyrene, and poly(acrylic acid) are good 

examples to be used [79]. Using porous particles that meet these requirements, the huge voids between the particles 

packed into the solid phase reduce the flow resistance and facilitate the mobile phase to pass. Moreover, the porous 

structure of the particles provides a huge surface area and efficient binding of solutes [79]. For example, Zhiguo et 

al. evaluated the chromatographic performance of silica-based media and polystyrene porous particles with respect 

to icariin separation from crude extracts. The results showed that the porous particles purified icariin with a purity of 

up to 90% at the pressure of less than 0.05 MPa and achieved a recovery of 99.9% in a single analysis [80]. In other 

words, it enabled efficient separation of the objective compound at low pressure. 

Liapis and McCoy developed a theoretical model to describe the adsorption-desorption process of a certain 

compound on porous particles when they are used in column chromatography [80,81]. To evaluate the dynamic 

behavior of the column, they used particle size, column length, fluid superficial velocities, intraparticle fluid 

velocities, the effective pore diffusion coefficient and the total number of active sites per volume of adsorbent. The 
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results showed that the size of the porous particles suitable for chromatography is 5-10 μm, the space between the 

porous particles is 600-800 nm, and the pore size of the particles is 80-150 nm as the optimum size. In addition, the 

depth of the pores was reduced to less than 1000 nm to achieve a high separation rate. 

 

3.1.3. Drug carrier for pulmonary delivery 

 

Many studies using porous particles as drug carriers have been reported since the 1990s [82]. Among the 

various medical applications, examples of studies of pulmonary administration have been focused on because the 

porous structure is considered to be most effectively utilized in this field. Pulmonary administration is an efficient 

method of delivering drugs to the deep sites of the lungs by inhalation. Lungs has a large surface area of more than 

100 m2 and the deeper the lung, the shorter the distance between epithelial cells and capillary blood vessels [82]. In 

addition, substances absorbed from the lungs can avoid initial hepatic metabolism [83]. These features provide 

numerous advantages over other drug delivery methods. 

The requirements for drug carriers for pulmonary administration include (i) high delivery efficiency to the 

deep site of the lungs and (ii) avoidance of clearance. Particles with an aerodynamic diameter (Eq. 2), which is 

calculated as the diameter of a sphere having unit density, of 1-5 μm are considered to be appropriate for delivery to 

the deep lung [84]. 

𝑑𝑎 = 𝑑𝑔√
𝜌𝑝

𝜆𝜌𝑠
     (Eq. 2) 

Where da is the aerodynamic diameter, dg is the geometric diameter, ρs is the unit particle density, ρp is the particle 

density, and λ is the shape factor of the particle. Particles with an aerodynamic diameter of less than 1 μm are likely 

to be re-exhaled by exhalation, particles of 5-10 μm are likely to be deposited in the pharynx and tracheobronchial 

tree, and particles larger than 10 μm are likely to be deposited in the oral cavity [85]. On the other hand, the two main 

clearances in the lung are phagocytosis by alveolar macrophages and mucus cilia in the airways [86]. Since the 

efficiency of drug absorption is highest in the deepest part of the lung, the alveoli, it is especially important to design 

particles to avoid phagocytosis. The uptake action of macrophages on particle properties has been evaluated in various 

ways (Table 1) [87][83,87]. 

 

Table 1 Strategy for enhancing or avoiding uptake from alveolar macrophages [83,87]. 
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Many types of drug carriers have been proposed to establish pulmonary DDS. Nanoparticles are one of the 

representative type of carrier proposed from earlier. They are classified as such, including polymeric nanoparticles 

[88], micelles [89], liposomes [90], lipid nanoparticles [91], dendrimers [92], and polymer-drug complexes [93]. 

Clearance by alveolar macrophages has little effect on foreign particles smaller than 200 nm [94]. Therefore, the use 

of nanoparticles had been considered to be effective in avoiding phagocytosis and many studies have been conducted 

[88,89]. However, nanoparticles require enormous energy to adequately aerosolize, and current medical dry powder 

inhalers are difficult to disperse nano-sized dry powder particles. Therefore, it should be noted that aerosol 

preparations using nanoparticles alone are limited to the spraying of colloidal suspensions by nebulizers [90,95]. 

Therefore, in recent years, some studies have been conducted to increase the aerosol efficiency by compositing drug-

encapsulated nanoparticles into microparticles [96–98]. PLGA nanoparticle-composite lactose particles developed 

by Ungaro et al. improved the flowability and delivering efficiency to the lung of dry powders in vitro (Fig. 12 (a)) 

[97]. 

Swellable microparticles are designed to acquire the ability to avoid phagocytosis after deposition in the 

deep lung [99–101]. Swellable microparticles are mainly composed of polysaccharides as particle-forming agents, 

and the preparation conditions are optimized to have a geometric diameter of 1-5 μm in the dry state [99–101]. 

Swellable particles swell to a particle size of more than 5 μm at the humid respiratory organs and can inhibit uptake 

by alveolar macrophages. Ni et al. showed that drug composite chitosan microparticle swelled in 5 minutes in a moist 

environment [99] (Fig. 12 (b)). However, the control of the swelling rate has not been investigated. Swellable particles 

need to swell rapidly just after deposition and the swollen particles should not block the bronchial tubes. Controlling 

the swelling rate is especially important for patients with cystic fibrosis, because their bronchial tubes are narrower 

than those of healthy peoples. 

As well as swollen microparticles, the dominant design of drug carriers for pulmonary delivery in recent 

years has been “large” porous particles. Edwards et al. were the first to propose the use of porous particles larger than 

5 μm [102]. They used “large” porous particles because particles with the geometric diameter of 1.5-3 μm are easily 

eliminated by phagocytosis [103]. Porous particles are likely to have a smaller particle density than non-porous 

particles of the same size due to the large number of voids on the surface and inside. The aerodynamic diameter of 

microparticles is inversely proportional to the particle density, as shown in Eq. 1. Therefore, it can be expected that 

porous particles with larger geometric diameters than 5 μm will exhibit smaller aerodynamic diameters. Their large 

porous particles achieved a high delivery efficiency to the lung that could not be achieved with conventional non-

porous particles [102] and also inhibited uptake by alveolar macrophages. Subsequently, large porous particles have 

been proposed by many researchers [104–107]. 

To summarize this section, the pulmonary delivery system requires two things: achieving high delivery 

efficiency of drug carriers to the lung and avoiding phagocytosis by alveolar macrophages. The aerodynamic diameter 

suitable for pulmonary delivery and the geometric diameter of the particles which are preferentially eliminated by 

alveolar macrophages are really close to each other. Therefore, several forms of drug carriers and approaches have 

been proposed including nanoparticles, hydrophilic swellable particles, and porous particles (Table 2). Porous 

particles, especially, are expected to archive both requirements due to the low particle density. In other words, among 

various drug delivery systems, the geometric properties of porous particles may be most skillfully utilized in 
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pulmonary delivery.  

 

 

Fig. 12 Recently reported drug carriers for pulmonary delivery ((a) nanoparticle composited in microparticle 

[97], (b) swellable microparticle [99], and (c) large porous particles [104]). TEM image of (a-1) nanoparticle 

and SEM image of (a-2) microparticle containing nanoparticle. Photograph of chitosan microparticle (b-1) 

before and (b-2) after swelling. SEM image of microparticle and fluorescent image of the particle deposited 

in the murine lung ((c-1) nonporous microparticle and (c-2) porous microparticle). 
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Table 2 Designs of drug carrier for pulmonary delivery and their characteristics. 

 

 

3.2. Two-dimensional porous materials 

 

While the porous particles are spherical in shape, this section describes two-dimensional porous materials 

such as substrates and films. The reason for noting “two-dimensional” is because it includes a porous thin “film”, a 

porous pattern on the surface of the cell culture “substrate”, and a tissue regeneration “scaffold” that forms a three-

dimensional layered structure with interconnected vacancies even in the thickness direction. 

 

3.2.1. Scaffold for tissue regeneration 

 

Materials used as scaffolds for tissue regeneration are very effective in being porous. This is because it 

facilitates the establishment of mesenchymal stem cells by existing as a temporary replacement for the extracellular 

matrix of the defective area in the body [108]. The materials for this purpose mainly include hydroxyapatite, 

polysaccharides, and polylactic acid. Hydroxyapatite is proposed as a scaffolding material, especially for bone tissue, 

because it is the same as the main constituent of hard tissue in the body. There are many reported examples of 

hydroxyapatite and it has already been shown that one of the important aspects of porous materials made from 

hydroxyapatite for bone regeneration is the interconnection of pores [77]. Interconnected pores facilitate cell and 

vascular penetration and ensure the internal growth of bone in the pores. In vitro, the required minimum 

interconnection size is around 20 µm, but the most suitable size for cell permeation is said to be above 40 µm [77]. 

In vivo, similarly, the size of the interconnected pores around 20 µm have been found to be necessary. It has also been 

Type of drug carrier Characteristics 

Nanoparticle [88–90,92,93] 

・Avoiding phagocytosis because of their small particle diameter. 

・Being afraid of particle aggregation. 

・Only few types of devices can be used. 

・Being afraid of re-exhaling from the lungs. 

  

Nanoparticle composited in 

microparticle [91,96,97]  

・Suitable size for deposition in the lungs. 

・Rapid breaking of microparticle is needed to avoid phagocytosis.  

  

Swellable microparticle 

[99–101] 

・Suitable size for deposition in the lungs. 

・Avoiding phagocytosis by swelling to larger than 5 μm 

・Rapid swelling is needed to avoid phagocytosis 

・Controlling the diameter of particle is needed to avoid blocking the airways.  

  

Large porous microparticle 

[102,104–107] 

・Suitable particle density for deposition in the lungs. 

・Hard to release a drug for a long time due to its large voids and phagocytosis. 
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suggested that robust calcification occurs when the interconnection size exceeds 50 μm [77,109]. 

Chitosan, a deacetylated compound of chitin, has been studied in a number of polysaccharide-based 

scaffold materials due to its high biocompatibility and high antimicrobial activity derived from its cationic nature. 

Porous structures of chitosan hydrogels, formed by freeze-drying and electrospinning methods, have excellent cell 

adhesion properties while they have poor mechanical strength [108]. Therefore, recent chitosan-based materials have 

been designed to include hard nanoparticles such as hydroxyapatite and ceramic in order to increase their mechanical 

strength [110–113]. 

PLA, which is highly biocompatible, is a synthetic polymer and is easy to obtain the desired mechanical 

strength and chemical modification. In fact, the modulus of elasticity of PLA is close to that of bone, making it an 

ideal material among synthetic polymers as a scaffold for bone tissue in terms of strength [114]. On the other hand, 

PLA is a hydrophobic polymer, and the property makes it difficult for water and living cells to penetrate the interior 

of PLA materials, leading to concerns about cell necrosis, bacterial adhesion, and biofilm formation [115,116]. 

Therefore, complexing PLA materials with hydrophilic polymers such as PEG have been proposed to improve the 

affinity between materials and cells [116,117]. Porous scaffold materials made from PLA have been more often 

reported in recent years because of advent of 3D printing method [116–119]. 3D printing method enables porous 

structure of PLA materials to be precisely controlled, whereas pores formed by the method are limited in size 

minimum to about 10 μm [120]. Mesopores are significantly important for tissue regeneration because the surface 

roughness promotes protein adsorption on the materials and cell adhesion to scaffolds [120]. Therefore, designing 

scaffolds that combine mesopores and macropores has been a challenge for this method. 

 

3.2.2. Cell culture substrate 

 

The scaffold material described in the previous section is an in-body implantable material that temporarily 

replaces the extracellular matrix of a defect in the body. In contrast, porous materials are also used as substrates for 

culturing cells in vitro. Traditionally, cells have been cultured on a flat substrate in a cell culture plate or flask. 

However, such cells cannot imitate in vivo natural tissue, resulting great deviation from in vivo experimental results. 

Therefore, a more in vivo-like environment cultured in vitro has been required to improve the accuracy of predicting 

the behavior of drug and help in understanding tissue morphogenesis [121,122]. For example, cells cultured in vitro 

can be used to assess various properties such as the mechanical strength of cells. Janshoff et al. cultured cells on a 

porous substrate with varying vacancies of 450-500 nm in diameter. They found that the mechanical strength of the 

cells was stiffer on the non-porous substrate and that the cell tissue flow was proportional to the porosity [123]. These 

findings could be important for improving the quality of artificially cultured cell structure closer to in vivo. One of 

the methods for the preparation of porous substrates is electrospinning, in which polymer solutions are spun into 

fibers [124,125]. Although this method is capable of creating interconnected pores in the gaps of the fibers, it has 

been suggested that the cells would grow in a linear pattern along the fibers and they do not fully mimic the biological 

environment [126,127]. The particulate leaching process, of which particles that serve as porogen templates are 

removed in the process, can produce a porous substrate without the presence of directionality like electrospinning. 

On the other hand, the interconnections between the pores may be limited, which may lead to the formation of isolated 
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cells [128,129]. One fabrication method by which spherical and interconnected pores can be formed is the emulsion-

template method [130–132]. Emulsion-template method is a porous scaffold obtained by solvent evaporation from a 

polymer solution with extremely high volume fraction of the internal water phase. Due to the high volume fraction 

of the dispersed aqueous phase, the porosity is extremely high and the pores are easily interconnected with each other. 

The high porosity of these scaffolds allows cells to occupy and form tissue-like structures, which more closely mimic 

the in vivo conditions. 

The porosity of the culture substrate is not necessarily only aimed at mimicking the shape of the 

extracellular matrix. Traditionally, cultured cells are detached by adding chelating agents after incubation in 

polystyrene dishes to partially disrupt ion channels and cell membrane proteins. Okano et al. developed a new 

technique of cell detachable substrate [121,122]. They successfully detached the cultured cell sheets by hydrophilize 

the substrate at low temperatures (20°C) owing to a temperature-responsive polymer, poly(N-isopropylacrylamide) 

(PIPAAm), grafted on a polystyrene substrate. They increased the rate of water infiltration by making the substrate 

porous, thus establishing a technique for rapid and high cell sheet preparation with high cell viability (Fig. 13) 

[121,122]. 

 

 

Fig. 13 (a) Average detached areas for cell sheets recovered from various substrates. (b) Illustration of cell 

sheet detachment through different types of substrates [122]. 
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3.2.3. Drug delivery systems 

 

Drug delivery systems based on porous two-dimensional materials have been studied mainly in applications 

related to tissue engineering. That is, porosity of the materials is thought to influence the amount of encapsulation of 

drug and release rate and it can be an advantage [133]. For example, porous fiber scaffolds prepared by 

electrospinning promoted osteogenic differentiation of human adipose-derived stem cells compared to non-porous 

fiber scaffolds [134,135]. This may be due to the accelerated rate of tricalcium phosphate release; the hydroxyapatite 

patches produced by Uchida et al. had both nano- and micro-sized pores. This patch achieved sustained release of 

antibiotics from the nano-sized pores and fast bone regeneration due to the micro-sized interconnected pores in the 

rabbit body [136]. These successful results were obtained due to the combination of two advantages: the reported 

importance of interconnected pores for efficient bone regeneration [137] and the reported effectiveness of pores for 

antibiotic adsorption [137,138]. 

It has also been studied in areas other than tissue regeneration [139–142]. Daban et al. prepared 

polyurethane films by the breath figure method, in which a porous structure is formed by phase separation of organic 

polymer solutions and condensed water droplets. They reported that this film with regular pores successfully 

controlled the release of atorvastatin calcium, a drug for hyperlipidemia, in proportion to the size of the pores (Fig. 

14) [143]. Recently, they have also reported the design of smart materials that release drugs stored in the vacancies 

in response to stimuli such as glucose and temperature in the body [143,144]. 

 

3.2.4. Biosensors 

 

A number of two-dimensional porous substrates have been investigated for the fabrication of biosensors to 

detect specific substances in living organisms. The predominant material in this field is silicon substrates [145–148]. 

Devices for detecting low molecular weight molecules such as water and oligopeptides, [145,147] and even devices 

for detecting proteins [149–151] and microorganisms [152,153] have been proposed. The development of multi-

sensors for simultaneous detection of two substances, glucose and lactic acid, by immobilizing enzymes using the 

positive charge and porous structure of chitosan fibers, has also been reported in recent years [148]. Pore size is a 

greatly significant factor in the design of these porous substrates. In order to fix enough amounts of signal-generating 

molecules such as antibodies and enzymes on the substrate, the pore size should be fabricated above the size of 

[154,155]. In addition to that, porosity of the sensor must also be considered because efficient penetration of 

biological fluids containing target molecules into the substrate is needed [154,156]. The proposals of Segal et al. in 

this area are particularly remarkable. Initially, they succeeded in detecting microorganisms by immobilizing 

antibodies on porous SiO2 substrates [152,153], and then immobilized a variety of detection molecules on these 

porous structures, including proteins [150,151,157], organophosphorous compounds [158], heavy metals [159], DNA 

[160], they have been successfully used to detect various biomolecules. Furthermore, this porous silicon substrate 

has a very wide range of applications in DDS [161–163] and bone regeneration [164]. 
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Fig.14 (a) Pore formation mechanism of breath figure method. (b) SEM image of porous polyurethane film 

prepared through 10 min of solvent evaporation at 70 % of relative humidity. (c) Effect of relative humidity 

on (c) pore size and (d) drug-release behavior of polyurethane film [143]. 

 

3.2.5. Membrane for material separation 

 

Porous membranes can be used as a tool for separating specific substances based on the size of the pores 

and the strength of interaction with the components of membranes. The porous ceramic filter fabricated by Zhou et 

al. increased the efficiency of microbial separation by introducing hydroxyapatite [165]. Some silicon wafer porous 

membranes have been fabricated as membranes to separate specific components of blood rather than for diagnostic 

purposes; Lee et al. have successfully separated plasma from blood using silicon wafers with pores about 1 μm in 

diameter [166]. For the separation of substances using membrane size, the use of hydrophilic polymer membranes 

with pores of several hundred nm developed by Minko et al. has been proposed [167–169]. 

  

3.3. Porous microneedle 

 

Transdermal administration is one of the major routes of drug administration, although subcutaneous 

injections are painful and require specialized skills [170]. There is also a risk of infection due to reuse of the needles 
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[171]. Microneedle can be a solution to these problems. Microneedle is a material consisting of a number of 

protrusions less than 1 mm in height fixed on a patch a few cm square [172]. This material makes only a very shallow 

depth of invasion when attached to the skin, which makes it less painful and easier to use [171]. Microneedle can be 

mainly used in two ways. They are materials for collecting biological fluids for diagnosis and materials for drug 

administration. They are introduced below. 

 

3.3.1. Biological fluid collectors 

 

Blood and interstitial fluids contain a variety of biomarkers such as metabolites, ions, proteins, and glucose. 

Therefore, a minimally invasive method of collecting these fluids would allow for efficient and easy diagnosis. 

Covering the microneedle surface with a porous layer allows the collection of biological fluids by capillary 

phenomenon depending on the shape of the pores and their hydrophilicity [172]. Verhoeven et al. showed that 

microneedles with pores can both deliver substances and extract compounds in the body at the same time [173]. In 

addition, Nishizawa et al. reported the first successful measurement of the components of biological fluids by 

connecting the needles to an external device [174,175]. However, these are still in the early stages of development, 

with fewer reported cases than the hollow microneedles, which were studied earlier [176–178]. 

 

3.3.2. Drug delivery 

 

Porous microneedles for DDS have been studied earlier than microneedles for biological fluid collection, 

and their fabrication methods range from coating metal microneedles with a porous layer [179–183], sintering of 

ceramics [173], pressing polymeric particles or polymer solutions into molds [184,185], and plasma etching [186]. 

However, there is a concern about reducing mechanical strength and consequent difficulty to penetrate the skin by 

pore patterning on microneedles [173]. In fact, previous studies have suggested the possibility of bending needle tips 

by applying a mechanical load [180,184]. Humrez et al. fabricated porous microneedles by dissolving monomers in 

a mixed organic solvent and designing them to form pores by phase separation with the poor solvent as the 

polymerization progressed [186]. By this method, microneedles with irregular pores but high mechanical strength 

were successfully fabricated. Ullah et al. fabricated microneedles covered with a PLGA porous layer by immersing 

the metal microneedles in w/o emulsion and showed that the drug release could be controlled by tuning the porosity 

of the microneedles [182]. Furthermore, they designed a smart material that can release drugs only in response to 

glucose and acidic environment in the body (Fig. 15) [181,183]. 
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Fig. 15 Mechanism of glucose-responsive insulin release from the porous microneedle (a) and SEM 

images of the microneedle (b, c) [181]. 

 

 

4. The aim of this thesis 

 

In this chapter, it was introduced that a variety of emulsions and emulsion-based microparticles have been 

proposed as substance-transport carriers. On the other hand, the preparation of tiny emulsion droplets of nanometer-

order size requires extremely high energy, which is a challenge due to the high energy cost and the concern of 

destroying the substances. Therefore, spontaneous emulsification, which is one of the low energy emulsification 
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methods using the chemical energy inherent in the system, has been attracting attention. Although the mechanism of 

spontaneous emulsification is not completely clear, each report has been partially successful in controlling the particle 

size of particles by tuning preparation conditions. Most of these previous studies have been on the development of 

o/w emulsions or particles using o/w emulsions as precursors. In other words, spontaneous emulsification has been 

studied as a method to shape the outline of particles. On the other hand, a new technique for preparing porous particles 

by using spontaneously formed w/o emulsions as porogens was recently reported by Murakami [70]. The academic 

significance of this report is that it is the first example of cost-effective preparation of porous materials by using the 

spontaneous emulsification for the preparation of porous structures rather than the outline of spherical particles. In 

this doctoral thesis, the development of porous materials prepared via spontaneous emulsification is reported on. The 

preparation method of the porous materials proposed in this study is shown in Fig. 16. 

 

 

Fig. 16 Preparation method of porous materials through spontaneous emulsification induced by PEG-PLA. 

 

Firstly, in chapter 2, the basic techniques of preparation of the porous particles are used to discuss the 

potential applications. As previously mentioned, the most effective use of the porous structure would be as a drug 

carrier for pulmonary delivery. It has been suggested that the porous particles have a large number of pores on the 

surface and inside [70] and are considered to have an extremely low density. In addition, the particle surface is 

modified by PEG, which is a hydrophilic non-ionic polymer, thereby having possible ability to avoid phagocytosis. 

Therefore, porous particles containing PEG-PLA are considered to be suitable for pulmonary delivery, combining 

high pulmonary delivery efficiency due to the low density and the ability to avoid phagocytosis of alveolar 

macrophages due to PEG modification. 

In chapter 3, the precise morphological control of particles by factors different from those previously 

reported by Murakami [70] was examined. The results of chapter 2 suggest that independent control of particle surface 

modification and particle morphology is necessary to improve the delivery behavior to deep lung. The previous report 

showed that the size of pores on the surface of the porous particles containing PEG-PLA is inversely proportional to 

the molecular weight of PEG block [70]. In this conventional approach, the modification state of the particle surface, 

which is thought to be related to the adhesion of the particles, and the morphology of the particles, which is thought 

to affect their aerodynamic behavior, are simultaneously altered. In other words, it was difficult to evaluate the effect 
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of each physical property on the aerodynamic behavior of the porous particles. Therefore, a method to control the 

porous structure independent of the molecular weight of the PEG block was investigated. In this chapter, a detailed 

morphological evaluation of the internal structure of the porous particles was investigated in addition to the surface 

morphology. 

In chapter 4, a method for fabricating the porous structure based on spontaneous emulsification is 

investigated for "film-type materials". The spontaneous emulsification process is a novel method for the fabrication 

of two-dimensional materials. The porous films prepared in this chapter were based on PLA, which has been used as 

a scaffold material for tissue regeneration due to its high biocompatibility. The potential of this novel material as a 

biomaterial was explored through fundamental studies on the formation of the porous structure. 

Chapter 5 summarizes the investigations in chapters 2-4. Throughout this doctoral thesis, several forms of 

cost-effective porous materials based on spontaneous emulsification have been successfully fabricated.  
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Chapter 2 
 

Preparation of the porous particles prepared via 

spontaneous emulsification and evaluation of the 

aerodynamic performance of the particles for 

pulmonary delivery 
 

 

1. Introduction 

 

 The particles for pulmonary delivery are required to have the ability to be delivered to the deep site of the 

lungs and stay there. The particles having the aerodynamic diameter of 1-5 μm is proper for reaching the deep site of 

lungs [1,2]. Aerodynamic diameter can be controlled by tuning geometric diameter, density, and shape factor of the 

particle because it is a function of these parameters (Eq. 1). 

𝑑𝑎 = 𝑑𝑔√
𝜌𝑝

𝜆𝜌𝑠
     (Eq. 1) 

 In this equation, da is the aerodynamic diameter, dg is the geometric diameter, ρp is the density of the 

particles, λ is the shape factor, and ρs is the value of 1.0 g/cm3. On the other hand, the most important ability for 

staying at the deep site of the lungs is to avoid the immune system in the lungs. There are numerous macrophages in 

alveoli, the deepest site of the lungs. alveolar macrophages phagocyte foreign substances and work on the substances 

of 1.5-3 μm preferentially [3,4]. Therefore, in terms of avoiding phagocytosis, it is desirable to use the particles as 

large as possible. However, these requirements are hard to archive at the same time because the values of the proper 

diameter of the particles for each required ability are far away from each other.  

 In order to archive these requirements, the feasibility of the porous particles prepared via “one-step 

emulsification” for pulmonary delivery was evaluated. This preparation method was unexpectedly discovered in a 

previous research by Murakami [5] by using the amphiphilic block copolymer, poly(ethylene glycol)-b-polylactide 

(PEG-PLA). The porous particles prepared by this method have many desirable characteristics (Fig. 1); (1) the surface 

of the particles are modified by PEG, one of the biocompatible polymers, (2) the particles are cost effectively prepared 

because of omitting the first step of mechanical emulsification, (3) the particles are expected to have the low density 

due to the pores on the surface and the inner structure. The third characteristic implies that the particles of greatly 

different dg and da could be prepared (Eq. 1). Therefore, the requirements for pulmonary delivery could be archived 
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by developing the highly porous particles having large dg (larger than 10 μm) and small da (1-5 μm). 

 In this chapter, the diameter and surface morphology of the porous particles were tried to control by tuning 

the emulsification rate and the composition of PEG-PLA. After preparing the porous particles having dg of 5 or 10 

μm, the density, the encapsulation ratio of rifampicin (RFP, a model drug for pulmonary tuberculosis), and 

aerodynamic performance of the particles were evaluated.     

 

 

Fig. 1 Omitting the first step of emulsification to prepare the porous particles by using spontaneous 

emulsification. 

 

Fig. 2 The chemical structure of rifampicin. 

 

 

2. Materials and Methods 
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2.1. Materials 

 

 Ethylene oxide (Sumitomo Seika Chemicals Co., Osaka, Japan) was purified by distillation in the presence 

of CaH2. DL-Lactide (Tokyo Chemical Industry Co., Tokyo, Japan) was recrystallized twice from ethyl acetate. 2-

methoxyethanol was distilled with sodium under reduced pressure. Potassium naphthalene was synthesized by mixing 

potassium and naphthalene in anhydrous tetrahydrofuran (THF) for 18 h. poly(lactic-co-glycolic acid (PLGA), 

monomer ratio of lactide/glycolide: 3, molecular weight: 10,000) was purchased from Wako Pure Chemical Industries 

(Osaka, Japan).Tween 85 was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Rifampicin was 

purchased from LKT laboratories, Inc. (Minnesota, USA). All the other reagents were of analytical grade and were 

used without further purification. 

 

2.2. Synthesis of methoxy-terminated PEG-PLA 

 

 PEG-PLA was synthesized according to a slightly modified version of a previously reported method [6,7]. 

the ring-opening polymerization of both ethylene oxide and DL-lactide was used in THF. 2-Methoxyethanol (0.403–

1.05 mmol) and potassium naphthalene (0.403–1.05 mmol) were mixed in THF for1 h. The purified ethylene oxide 

(123–133 mmol) was added to the obtained potassium 2-methoxyethoxide solution (total volume:50 mL). After 

stirring for 48 h, the THF solution of purified DL-lactide (12.8–23.8 mmol) was added to the solution. After the 

reaction, the resulting block copolymers were precipitated into cold 2-propanol, centrifuged at 10,500 rpm, and 

lyophilized in benzene. The average molecular weight of the obtained block copolymer was determined by the use 

of gel permeation chromatography (GPC) (column:TSKgel G3000HHR, TOSOH, Japan; eluent: N,N’-

dimethylformamide in the presence of 10 mM LiBr; flow: 1 mL/min; column temperature: 40◦C) and 1H-NMR (AL-

300, 300 MHz, JEOL Ltd., Tokyo; solvent: CDCl3). In a notation of PEGp-PLAq, p and q represent the Mn of the 

PEG and PLA blocks, respectively. 

 

2.3. Preparation of the porous and non-porous PLGA particles 

 

 The preparation of the porous PLGA particles proceeded according to the previously developed one-step 

emulsification method [5]. The solutions of PEG-PLA (5 mM) and PLGA (5 mM) were prepared in the mixed solvent 

of toluene and dichloromethane (d was adjusted to 1.0 g/cm3). Milli-Q water (53.76 mL) was added to the pre-mixed 

solution of PEG-PLA (1.12 mL) and PLGA (1.12 mL). The mixed solution was statistically placed for 3 min to 

spontaneously form w/o emulsions. Then, the solution was emulsified with a homogenizer (T-25 ULTRA-TURRAX 

Digital Homogenizer, IKA) for 10 seconds. The obtained w/o/w emulsions were added to Milli-Q water (144 mL) 

and stirred at 100 rpm for 12 h in order to evaporate the organic solvents and to form the particles. After 12 h, the 

purified particles were obtained by centrifuging and washing the suspension with Milli-Q water for three times (2000 

rpm, 10 min). Then, the suspension was lyophilized and the resulting powder of the porous particles was obtained. 

Non-porous particles were prepared by using Tween 85 instead of PEG-PLA. The particles loading RFP were 

prepared by solving RFP in initial PLGA solution (32.5 mM). 
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Fig. 3 The chemical structure of Tween 85. 

 

2.4. Observation of the surface morphology of the porous and non-porous PLGA 

particles 

 

The surface morphology of the porous particles was observed by using a scanning electron microscope (SEM, 

VE-9800, KEYENCE Co., Ltd., Japan, accelerating voltage: 1.0 kV). Suspension of the porous and non-porous 

particles was prepared by dispersing the dry powders of the particles in Milli-Q water. The suspension was dropped 

onto an aluminum plate and dried in desiccator for several hours. The obtained samples were coated by a thin platinum 

film (approximately 5 nm in thickness) under a reduced pressure with an MSP-1S ion-coater (Vacuum Device Inc., 

Ibaraki, Japan). The geometric diameter, pore diameter, and pore number were determined from SEM images (n = 

100). 

 

2.5. Determination the amount of the RFP loaded on the particles 

 

The amount of RFP loaded on the particles was determined by using a UV-vis spectrophotometer (V-630BIO, 

JASCO Corporation, Japan). The powder of the RFP loading particles (3 mg) was dissolved in dichloromethane (2 

mL). The absorbance of the solutions was measured by the UV-vis spectrophotometer (wavelength: 475 nm) and the 

concentration of RFP was calculated by using a calibration curve created with standard solutions of RFP. The drug 

loading (DL) and encapsulation efficiency (EE) were determined with Eqs. 2 and 3. 

DL (%) =  
𝑇ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑅𝐹𝑃 (𝑚𝑔/𝑚𝐿)

𝑇ℎ𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑡ℎ𝑒 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑚𝑔/𝑚𝐿)
× 100     (Eq. 2) 

EE (%) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑅𝐹𝑃 𝑙𝑜𝑎𝑑𝑒𝑑 𝑖𝑛 𝑡ℎ𝑒 𝑟𝑒𝑠𝑢𝑙𝑡𝑖𝑛𝑔 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 (𝑚𝑔)

 𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑅𝐹𝑃 𝑎𝑑𝑑𝑒𝑑 𝑡𝑜 𝑡ℎ𝑒 𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 (𝑚𝑔)
× 100     (Eq. 3) 

 

2.6. Determination of the tapped density of the porous and non-porous PLGA 

particles 
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The tapped density of the particles was determined according to previous reports (Fig. 4) [8,9]. A known 

weight of the particles (80–100 mg) was placed in a 5 mL-graduated cylinder. The cylinder was then mechanically 

tapped 1250 times (250 tappings/min). The tapped density of the particles was expressed as the ratio between the 

weight and the volume of the particles occupied after 1250 tappings. 

 

 

Fig. 4 Mechanism of tapping 5 mL-graduated cylinder. 

 

2.7. Evaluation of in vitro aerosol-dispersion performance of the porous and 

non-porous PLGA particles 

 

 In vitro aerosol-dispersion performance of the porous and non-porous PLGA particles was evaluated 

according to previous reports [10,11]. Dry powder of the particles (10 mg) was placed in a capsule made of 

hydroxypropylcellulose. The capsule was set into an inhalation device (Jethaler dual chamber type, Hitachi 

Automotive Systems. Ltd., Ibaraki, Japan) (Fig. 5(a), (b)). Then the particles are inhaled into an Andersen cascade 

impactor (AN-200, Tokyo dylec Co., Ltd., Tokyo, Japan) (Fig. 5(c)) for 5 s at the airflow of 28.3 L/min. At this 

airflow rate, the each stage in the cascade impactor indicates the cutoff diameters and deposition sites of the lungs as 

follows: stage 1(11 μm, nasal cavity); stage 2 (7.0 μm, pharynx); stage 3 (4.7 μm, trachea); stage 4 (3.3 μm, bronchi); 

stage 5 (2.1 μm, bronchi); stage6 (1.1 μm, alveoli); stage 7 (0.65 μm, alveoli); and stage 8 (0.43 μm, alveoli). Mass 

of the particles deposited on each stage was determined by measuring the weight of the stage plates before and after 

inhalation. Then mass median aerodynamic diameter (MMAD), emitted dose (ED), and fine particle fraction (FPF) 

was calculated. MMAD, the diameter that corresponds to 50% cumulative volume, was determined by using the 

approximation curve, which was created from diameter-cumulative volume plots. ED and FPF were defined as the 

values calculated with Eqs. 4 and 5 [12]. 

ED (%) =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑎𝑟𝑡𝑟𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑎 𝑐𝑎𝑝𝑠𝑢𝑙𝑒 − 𝐹𝑖𝑛𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑎 𝑐𝑎𝑝𝑠𝑢𝑙𝑒

𝑖𝑛𝑖𝑡𝑖𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑎 𝑐𝑎𝑝𝑠𝑢𝑙𝑒
× 100     (Eq. 4) 

FPF (%) =  
𝑀𝑎𝑠𝑠 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑜𝑓 𝑤ℎ𝑖𝑐ℎ 𝑑𝑎 𝑖𝑠 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 𝑡ℎ𝑎𝑛 5 𝜇𝑚

𝑇𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑒𝑑 𝑜𝑛 𝑎𝑙𝑙 𝑠𝑡𝑎𝑔𝑒𝑠
× 100     (Eq. 5) 
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Fig. 5 Apparatus for evaluation of aerosol-dispersion performance: (a) (b) structure of Jethaler; (c) 

appearance of a cascade impactor. 

 

 

Fig. 6 Structure of a cascade impactor and deposition sites corresponding to each stage. 



Chapter 2 Preparation of the porous particles prepared via spontaneous emulsification and  

            evaluation of the aerodynamic performance of the particles for pulmonary delivery   

47 

 

2.8. Observation of the morphology of the particles after inhalation 

 

The morphology of the porous and non-porous PLGA particles was observed with SEM after inhalation. 

The powder depositing on each stage of the cascade impactor was collected with a fragment of the double-sided 

carbon tape. The obtained fragment was attached onto an aluminum plate and coated by a thin platinum film 

(approximately 2.5 nm in thickness). The samples were observed by means of SEM. 

 

 

3. Results and Discussion 

 

3.1. Characterization of synthesized methoxy-terminated PEG-PLA 

 

 In this thesis, the block copolymer of PEG (hydrophilic polymer) and PLA (hydrophobic polymer) was 

used as a polymeric surfactant because both the polymers are biocompatible [13,14]. The characterization of 

synthesized PEG-PLA was analyzed with GPC and 1H-NMR. The molecular weight of PEG was determined with 

GPC by analyzing an aliquot of PEG solution before lactide solution was added. The molecular weight of PLA was 

determined with 1H-NMR spectrum of PEG-PLA (Fig. 7) by comparing the signal of PEG (peak b in Fig. 7) and 

PLA (peak d in Fig. 7). The characterization of methoxy-terminated PEG-PLA is shown in Table 1. The PEG-PLA 

with different compositions were obtained. 

 

 

Fig. 7 1H-NMR spectrum of synthesized PEG-PLA. 
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Table 1 Characterization of synthesized PEG-PLA. 

Code 
PEG   PLA   PEG-PLA 

Mn Mw/Mn  Mn   Mn Mw/Mn 

PEG3900-PLA1600 3900 1.07   1600  5500 1.10 

PEG6800-PLA1700 7800 1.06  3070  10870 1.07 

PEG7800-PLA3100 6800 1.07   1700   8500 1.08 

 

3.2. The morphology of the porous and non-porous particles 

 

 The porous and non-porous particles with dg of 5 or 10 μm were tried to obtain to evaluate the aerodynamic 

performance. The particles in this chapter were prepared under the conditions shown at Table 2 and their surface 

morphology is shown in Fig. 8. Fig. 8 indicates that porous particles can be obtained via one-step emulsification in 

the presence of PEG-PLA. This phenomenon was reported in a previous research [5]. These results strongly suggest 

that spontaneous emulsification occurs in the organic phase and this is specific characteristic of PEG-PLA. Therefore, 

this particle-preparing-method is a cost-effective one to obtain particles of specific surface morphology.  

 

Table 2 Preparation conditions of the porous and non-porous particles. 

Code Surfactants 

Volume fraction 

of organic 

solvents [v/v%] 

Homogenization 

rate [rpm] 

Presence 

of RFP 
dg [μm]  

 

Particle 1 Tween 85 4 3400 － 5.36±1.97  

Particle 2 Tween 85 4 4400 ○ 5.08±1.38  

Particle 3 PEG3900-PLA1600 4 7000 － 4.72±0.89  

Particle 4 PEG3900-PLA1600 4 7200 ○ 5.17±0.76  

Particle 5 PEG3900-PLA1600 4 4600 － 9.96±1.90  

Particle 6 PEG6800-PLA1700 4 8000 － 5.19±0.98  

Particle 7 PEG6800-PLA1700 4 10000 ○ 4.89±0.86  

Particle 8 PEG6800-PLA1700 4 5000 － 10.15±2.26  

Particle 9 PEG7800-PLA3100 4 8000 － 4.75±1.01  

Particle 10 PEG7800-PLA3100 4 9400 ○ 5.33±1.03  

Particle 11 PEG7800-PLA3100 4 6000 － 9.85±2.40  

 

The pore diameter (dp) and pore density of the porous particles are shown in Fig. 9. It was found out that 

dg increased and dp decreased as the molecular weight of PEG block increased when prepared under same 

homogenization rate. Increase of dg occurred due to increasing the viscosity of the organic solution as the molecular 

weight of PEG block increased. The presence of RFP also affected the dg of the particles. RFP could also increase 

the viscosity of the particles. The relation between the composition of PEG-PLA and dp can be explained by changes 

in the diameter of the w/o emulsions. The amount of the block copolymer that adsorbed on the interface of the 
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emulsion increased as the molecular weight of PEG increased, thereby decreasing the surface tension of the system.  

One of the driving forces to induce spontaneous emulsification is the Brownian-motion based collision of water 

molecules on the interface of water and organic phase. Therefore, small water droplets, which have low kinetic energy, 

could be formed in the organic phase as the interfacial decreased.   

 

 

Fig. 8 The surface morphology of the particles used for evaluation of aerosol-dispersion performance. 

 

 

Fig. 9 The pore diameter and pore density of the porous PLGA particles. 

 

3.3. Determination the quantity of RFP in the porous and non-porous particles 

 

 Fig. 10 shows DL and EE of the porous and non-porous PLGA particles. DL and EE were deferent only 

slightly between the non-porous and porous particles (i.e., the surfactant used was Tween 85 or PEG-PLA). The 

difference of these values among the porous particles (i.e., they are different in the composition of PEG-PLA) was 

also small. It is speculated that the little change and very low values of DL and EE was due to the characteristic of 

RFP. RFP can be partly solved in water because RFP has hydroxy groups. Therefore, RFP could be easily solubilized 
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Fig. 10 The drug loading and encapsulation efficiency of RFP on the porous and non-porous particles. 

 

in water phase and DL and EE decreased. This characteristic might also affect the morphology of the porous particles. 

Fig. 9 demonstrates that dp of the particles decreased and the pore density increased when RFP coexisted in the initial 

organic solutions. It is speculated that transferring of RFP from organic to water phase during statically placing of 

water and organic phase promoted the collision of water molecules onto the water-organic solution interface and 

forming a large number of small water droplets in the organic phase. As the result, the particles of small dp and large 

pore density with RFP were obtained.    

 

3.4. Determination of the tapped density of the porous and non-porous particles 

 

 Fig. 11 shows the tapped density of the porous and non-porous particles. The tapped density of the non-

porous particles was about 0.11-0.14 g/cm3 and the values are as large as that of the microparticles in many previous 

reports [9,15–18]. By contrast, the density of the porous particles showed extremely low values due to the highly 

porous structure. As shown in Eq. 1, da is proportional to square root of the density. Indeed, da of the microparticles  

 

 

Fig. 11 The tapped density of the porous and non-porous particles. 
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was lower than dg because of the low density (below 1.0 g/cm3) [9,15–18]. Therefore, the porous particles are 

expected to demonstrate very low da than dg and high efficiency to be delivered to the lungs due to the ultra-low 

density.  

 

3.5. In vitro aerosol dispersion performance of the porous and non-porous 

particles 

 

 Fig. 12 shows MMAD of the porous and non-porous PLGA particles. Fig. 12 demonstrates that the porous 

particles had the greatly lower values of MMAD than non-porous particles. The non-porous particles (Particles 1 and 

2) showed the larger MMAD (about 9 to 14 μm) than dg (about 5 μm), whereas the large porous particles (Particles 

5, 8, and 11) showed the smaller MMAD (about 5 μm) than dg (about 10 μm). This great experimental performance 

of the porous particles for inhalation was consistent with an anticipation; that is due to extremely low density of the 

porous particles (shown in Fig. 11). Theoretically, MMAD is proportional to not only the density of the particles, but 

also the surface morphology of the particles, and consequently theoretical values of MMAD was anticipated by using 

Eq. 6 [19]: 

MMAD ≅  𝑑𝑔√
𝜌𝑝(1 − 𝜀)

𝜌𝑠
     (Eq. 6) 

where dg is the geometric diameter, ρp is the density of the particles, ε is the porosity of the particles, and ρs is the 

value of 1.0 g/cm3. The value of ε can be calculated by using Eqs. 7 and 8: 

𝜀 =  
𝑆𝑝

𝑆0
     (Eq. 7) 

𝑆𝑝  =  𝑠𝑝𝜌𝑝𝑜𝑟𝑒𝑆0     (Eq. 8) 

where S0 is the surface area of the non-porous particles having the same dg, Sp is the total area of the pores, sp is the 

average area of pores, and ρpore is the density of the pores. Eq. 5 indicates that MMAD would decrease as the porosity 

of the particles increased (the largest value is 1) when particles having almost same dg and ρp are used. Table 3 shows  

 

 

Fig. 12 MMAD of the porous and non-porous particles. 
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Table 3 The porosity of the porous and non-porous PLGA particles. 

Code ε [-] 

Particle 1 0.00 

Particle 2 0.00 

Particle 3 0.42 

Particle 4 0.33 

Particle 5 0.38 

Particle 6 0.14 

Particle 7 0.30 

Particle 8 0.16 

Particle 9 0.17 

Particle 10 0.26 

Particle 11 0.14 

 

the ε for all the particles used in this chapter and consequently the order of MMAD of the particles could be 

theoretically estimate, from least to greatest, as follows: Particle 3 < Particle 9 < Particle 7 < Particle 10 < Particle 4 

< Particle 6 << Particle 2 < Particle 1 for the particles with dg of approximately 5 μm; Particle 5 < Particle 11 < 

Particle 8 for the particles with dg of approximately 10 μm. On the other hand, the experimental order of MMAD of 

the particles did not correspond to the theoretical order (Particle 7 < Particle 10 < Particle 9 < Particle 4 < Particle 3 

< Particle 6 << Particle 2 < Particle 1 for the particles with dg of approximately 5 μm; Particle 8 < Particle 11 < 

Particle 5 for the particles with dg of approximately 10 μm). It is speculated that the inconsistency between the order 

of theoretical and experimental MMAD occurred due to the lack of consideration of shape factor (λ) in Eq. 6. In many 

reports, experimental MMADs were approximately 1.3-1.8 times as large as theoretical MMADs calculated under 

the assumption that λ is 1 [9,15–18], whereas the experimental MMADs were 4.7-5.8 times as large as theoretical 

MMADs for the particles with dg of approximately 5 μm and the experimental MMADs were 2.8-3.7 times as large 

as theoretical MMADs for the particles with dg of approximately 10 μm. The results strongly demonstrate that the 

porous particles showed the larger deference between theoretical and experimental MMADs than the microparticles 

in those reports and that λ should not be defined only from the outline of the particles. The porous particles could be 

considered to have the specific internal structures because they are obtained by means of a unique method, 

spontaneous emulsification-solvent evaporation-method. Therefore, the specific internal structures of the porous 

particles might be responsible for the specific MMAD values. 

 Fig. 13 shows the deposition ratio of the particles on the respiratory organs defined by the deposition ratio 

on each stage. The non-porous particles (Particles 1 and 2) mostly deposited on the nasal cavity, whereas the porous 

particles (Particles 3 to 11) deposited approximately 20-40% on the nasal cavity and mostly deposited on the bronchi. 

This result is presumably due to the deference in adhesive force of the particles. The force necessary to disperse an 

aggregation of non-porous particles is larger than that of porous particles [20]. Therefore, the cause of the great 

difference in the deposition ratio on the nasal cavity is presumed to be the difference in the amount of aggregation 
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Fig. 13 The deposition ration of the porous and non-porous particles on the respiratory organs. 

 

of the particles. When comparing the porous particles with dg of 5 and 10 μm, the deposition ratio of the particles 

with dg of 5 μm was higher on the trachea and alveoli and lower on the nasal cavity and bronchi than that of 10 μm. 

After passing the upper stage of a cascade impactor (i.e., removing the aggregations of the particles), the characteristic 

of a individual particle is considered to be reflected strongly on the aerosol-dispersion performance. Consequently, 

the difference in the deposition ratio among the porous particles was caused mainly by the difference in dg because 

dg is strongly related to the aerodynamic diameter (Eq. 1).  

 

Fig. 14 (a) ED and (b) FPF of the porous and non-porous particles on the respiratory organs. 
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Fig. 14 shows ED and FPF of the non-porous and porous particles. As shown in Fig. 14 (a), the non-porous showed 

the higher ED than the porous particles by comparing the particles with dg of approximately 5 μm. In addition, the 

residual porous particles in a capsule after inhalation was aggregated. These results indicate that the adhesive force 

between a capsule and the porous particles was larger than the force between a capsule and the non-porous particles 

and consequently releasing from a capsule was hard for the porous particles. When comparing ED of the porous 

particles made from the same compositions of PEG-PLA, the particles with dg of approximately 10 μm (Particles 5, 

8, and 11) showed the highest ED. This is because larger particles are considered to receive larger force from the 

airflow and leave from the wall of a capsule (Fig. 15). 

 

 

Fig 15 Effect of the geometric diameter of microparticles on the force of airflow. 

 

 FPF, fine particle fraction, express the delivery efficiency of microparticles to deep sites of the lungs 

(deeper than the trachea). Fig. 14 (b) demonstrates FPF of the porous and non-porous particles. The non-porous 

particles showed approximately only 20% of FPF, whereas the porous particles showed over 40% of FPF even the 

porous particles with dg of approximately 10 μm (Particles 5, 8, and 11). The difference in FPF between the particles 

made from the same compositions of PEG-PLA (Particles 3 and 5; Particles 6 and 8; and Particles 9 and 11) was 

almost correspond to the difference in the deposition ratio on stage 1 for the same combination of the samples (Figs. 

13 and 14 (b)). The results revealed that the porous particles exhibited the higher delivery efficiency to the deep site 

of the lungs than the non-porous particles and the difference in FPF occurred mainly due to the difference in 

aerodynamic behavior on the upper stages.  

 The specific aerodynamic performance of the porous particles Figs. 12-14 can be discussed more deeply in 

terms of the adhesive force of the materials in this experiment. Fig. 16 illustrates the relationship between the 

aerodynamic performance and the surface morphology of the paticles. The experimental MMAD was not as small as 

the theoretical one, whereas the porous particles outperformed the non-porous particles. Generally the cause of 

aggregation of the microparticles are Van der Waals force [21], the capillary force of a liquid bridge [22], and electro 

static force [23]. Especially, Van der Waals force and the capillary force of a liquid bridge are predominant factors 

for cohesiveness of micro-scale particles [24]. Van der Waals force (F) is express as follows [21]: 
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𝐹 =  
𝐴𝑑𝑔

12𝐻2
+ 

𝐴

6𝜋𝐻3
𝜋𝑟3     (Eq. 9) 

where A is the Hamaker constant, H is the distance between the surface of two particles, and r is the radius of the 

contact area. In the present study, the surface of the porous particles was modified by PEG chains because PEG 

worked as the surfactant. Therefore, in the samples of the porous particles, H is presumed to be larger values than H 

in the samples of non-porous particles; that is smaller F values. On the other hand, PEG chains form the hydrogen-

bond with water molecules. This characteristic might increase the adhesive force between the porous particles and 

the inner wall of the capsule through water molecules because the capsule is made from hydroxypropylcellulose, one 

of the hydrophilic polymers. Therefore, the porous particles are considered to be easy to disperse the powder of the 

particles owing to PEG chains on the surface and to be difficult to pull apart due to the hydrophilicity of the capsules. 

 

 

Fig. 16 Effect of the surface morphology of the PLGA particles on the cohesiveness of the particles. 

 

3.6. Observation of the porous and non-porous particles after inhalation 

 

 the porous and non-porous particles deposited on the stages of the cascade impactor were collected to 

observe the morphology of the particles by means of SEM. The SEM images of the particles deposited on each stage 

are shown in Figs. 17-20. For Particles 5, 8, 11, a large number of the porous particles with dg of approximately 10 

μm were observed at the stages 1-3, whereas small number of the particles with dg of approximately 10 μm were 

observed below the stage 4. That is presumably because the particles formed the aggregations by the capillary force  
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Fig. 17 The surface morphology of the PLGA particles after inhalation prepared with Tween 85. 

 



Chapter 2 Preparation of the porous particles prepared via spontaneous emulsification and  

            evaluation of the aerodynamic performance of the particles for pulmonary delivery   

57 

 

 

Fig. 18 The surface morphology of the PLGA particles after inhalation prepared with PEG3900-PLA1600. 
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Fig. 19 The surface morphology of the PLGA particles after inhalation prepared with PEG6800-PLA1700. 
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Fig. 20 The surface morphology of the PLGA particles after inhalation prepared with PEG7800-PLA3100. 
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of a liquid bridge and the characteristic of individual particles was not reflected on the aerosol dispersion performance. 

On the stages 6-8, the non-porous particles with dg of less than 2 μm (likely derived from o/w emulsions) and the 

porous particles with dg of more than 3 μm for Particles 3-11 were observed. Especially the non-porous ones were 

observed mainly on the stage 6. This is presumably because non-porous particles tend to form large aggregation due 

to the strong adhesive force. The SEM images shown in Fig. 17-20 demonstrate that the porous particles outperformed 

the non-porous particles in terms of pulmonary delivery and the deposited particles are expected to have the ability 

to stay in the deep sites of the lungs for a long time because the deposited porous particles have the enough dg to 

avoid phagocytosis of the alveolar macrophages.        

 

 

4. Conclusions 

 

 In this chapter, the surface morphology of the porous particles prepared via one-step emulsification-solvent 

evaporation-method was successfully controlled by tuning the compositions of PEG-PLA and the homogenization 

rates. The porous particles showed the extremely low tapped density and consequently they were expected to be used 

for the application of pulmonary drug delivery. Indeed, the porous particles outperformed the non-porous particles in 

terms of pulmonary delivery and SEM observation of the particles after inhalation revealed the porous particles might 

have the ability to avoid phagocytosis because the porous particles deposited on the lower stages (stages 6-8) had dg 

of more than 3 μm. On the other hand, the difference in the aerodynamic performance between the porous particles 

could not been clarified regardless of the difference in the surface morphology of them. The reason why the difference 

was not unraveled was presumably because there were several factors which change at the same time when the porous 

particles were prepared; that is the length of PEG chains on the surface of the particles and the surface morphology 

(the pore diameter and the pore density) of them. In addition, the internal structure of the particles was not observed 

in detail in this chapter. Therefore, another factor should be found to control the surface morphology and the internal 

structure of the porous particles in order to unravel the correlation between the characteristic and the aerodynamic 

performance of the porous particles and improve the aerosol-dispersion performance. 
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Chapter 3 
 

Effect of the composition of organic solvent on 

pore formation for porous particles prepared with 

emulsification-solvent evaporation method 
 

 

1 Introduction 

 

the feasibility of the porous particles to be applied for pulmonary delivery has been shown in Chapter 2 

and a paper [1] because of the higher delivery efficiency than the non-porous particles. However, the difference in 

aerodynamic performance among the porous particles was not revealed regardless of the difference in the surface 

morphology. This is presumably because many factors contribute to aerosol dispersion performance, such as surface 

morphology, surface modification, and internal structure. In this PEG-PLA containing system, spontaneous 

emulsification-solvent evaporation-method, the surface morphology of the porous particles (i.e., the pore diameter 

and pore density) have been controlled by tuning the molecular weight of PEG. This means the multiple factors 

change at the same time related to aerosol dispersion performance. Hence, It is necessary to find out another factor 

for independent control of the surface morphology of the porous particles in order to establish the most suitable 

preparation conditions of the particles for pulmonary delivery. 

Many researchers have been trying to control the morphology of the porous particles obtained from 

multiple emulsions and they discussed the effect of many factors such as the compositions of polymers, organic 

solvents, and solvent evaporation conditions on the morphology of the porous particles. However, only a few reports 

remark on both the surface morphology and the internal structure, and consequently the detail of pore forming 

mechanism has been remained unclear [2–6], whereas some reports partly achieved controlling the morphology of 

the porous particles by using osmotic pressure [7–9]. You can change the volume of water droplets in the o/w 

emulsion-droplets by arranging the difference in the concentration of salt between internal water droplets and external 

water phase. However, this method could not be applied to the system containing PEG-PLA because w/o emulsions 

are hard to form in the presence of salts because salts would prevent spontaneous emulsification. On the other hand, 

some researchers utilized the phase separation of good and poor solvents for particle forming polymers [10–12]. They 

achieved to form smaller pores on the surface and internal structure of the particles by decreasing poor solvent/good 

solvent ratio and consequent decrease of phase separation. The decrease of phase separation shortens the time to grow 

the poor solvent droplets (porogens in these systems) in an o/w emulsion droplet. These reports imply the rate of 

solvent evaporation is one of the key factors for the particle morphology. Mathematical or experimental investigation 
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of the solvent evaporation rate was conducted in some reports [13–18]. However, the effect of solvent evaporation 

rate on the morphology of the particles was not illustrated even by Deluca [16–18], who did both mathematical and 

experimental ways of evaluation. 

In this chapter, both the surface morphology and internal structure of the porous particles were evaluated 

in detail. And then, another factor other than the molecular weight of PEG was tried to find out to control the 

morphology of the porous particles and clarify the pore forming mechanism. 

 

2. Material and Methods 

 

2.1. Materials 

 

 As a polymeric surfactant, methoxy-terminated PEG-PLAs with various compositions were used by the 

scheme written in Chapter 2. In a notation of PEGp-PLAq, p and q represent the Mn of the PEG and PLA blocks, 

respectively. As a particle forming polymer, PLGA (poly(lactide-co-glycolide), monomer unit ratio of 

lactide/glycolide: 3, molecular weight: 10,000) was used and it was purchased from FUJIFILM Wako Pure Chemical 

Corporation (Osaka, Japan). Guaranteed reagent of dichloromethane (DCM) and toluene were purchased from 

FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan) and used without further purification. 

  

2.2. Measurement of the interfacial tension between water and organic solutions 

 

The interfacial tension between water and organic solution was measured with pendant drop method [19,20]. 

Toluene-DCM mixed organic solvent (TD-OS) was prepared in various mixing ratio with or without PEG3200-

PLA7300 (0.1 mM). The solution was added into the glass tube (Fig 1). An organic droplet arose on the tip of the 

metal tube in the glass cell filled with Milli-Q water by opening the plug of the glass tube. a picture of an organic 

droplet was taken just before leaving the tip of the metal tube and calculated the value of interfacial tension with Eq. 

1: 

𝛾 =  
𝑔∆𝜌(𝑑1)2

𝐻
     (Eq. 1) 

where γ is the interfacial tension, g is the gravity acceleration, Δρ is the difference in the liquid density between 

organic and water phase, d1 is the diameter at the equatorial plane of the droplet, and 1/H is the correction value, 

which was calculated by Stauffer and Porter [19,20] where the value of S is given by using Eq. 2: 

𝑆 =  
𝑑2

𝑑1
     (Eq. 2) 

where d2 is the diameter at the plane at a distance d1 from the tip of the drop. 

 

2.3. Preparation of the multiple emulsions and porous particles 

 

The w/o/w emulsions and the porous particles were prepared with a slightly modified version of the method  
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Fig. 1 The apparatus for measuring the interfacial tension. 

 

written in Chapter 2. The organic solutions of PEG-PLA (5 mM) and of PLGA (5 mM) were prepared by solving 

them in TD-OS (toluene content was 50 to 80v/v%). 0.28 mL of each solution was mixed in a test tube and then water 

(13.44 mL) was added. The test tube was settled for 3 min in order to spontaneously obtain w/o emulsions. The 

obtained solution was emulsified (3 min, 8000 rpm) with a high-speed homogenizer (T-25 ULTRA-TURRAX Digital 

Homogenizer, IKA). The obtained w/o/w emulsions were poured into a beaker with water (36 mL) and the solution 

was then stirred at 100 rpm for 12 h to allow the organic solvent to diffuse into a continuous water phase and then 

evaporate into the air. the beakers with different liquid-gas interfacial areas from 13.3 cm2 to 57.7 cm2 were used and 

they were put on water bath to arrange the temperature from 10°C to 40°C for the purpose of evaluating the effect of 

the liquid-gas interfacial area and the temperature on the morphology of the porous particles. The purified particle 

suspension was obtained by centrifuging the porous particles-impurities mixed suspension at 2000 rpm for 10 min 

and washing them with Milli-Q water three times. The resulting suspension was lyophilized for 12 h and the powder 

of the particles was obtained.   

 

2.4. Observation of the morphology of the obtained emulsions and particles 

 

the sample of w/o/w emulsions was prepared by dropping the aliquot of w/o/w emulsions on a slide glass 

and covered by a thin glass plate. The obtained sample was observed by using a fluorescence microscope (BZ-9000, 

KEYENCE Co., Ltd., Japan) in bright field. 

The surface morphology and internal structure of the porous particles were observed by using a scanning 

electron microscope (SEM) (VE-9800, KEYENCE Co., Ltd., Japan, accelerating voltage: 1.0 kV). For observing the 

surface morphology, the powder of the particles was attached onto a fragment of a double-sided carbon tape. The 

unused side of the obtained fragment was attached on an aluminum plate and coated with a thin platinum film 
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(approximately 10 nm in thickness) under a reduced pressure with an MSP-1S ion-coater (Vacuum Device Inc, Ibaraki, 

Japan). The internal structure of the particle was observed by breaking the particles into pieces. The powder of the 

particles was embedded in a block of agar gel. The block was frozen in liquid N2 and smashed into pieces with a 

hammer. The broken small pieces were collected on a fragment of a carbon tape placed on an aluminum plate and 

the obtained sample were coated with a thin platinum film (approximately 10 nm in thickness). 

 

2.5. Evaluation of the residual organic solvent 

 

 For the purpose of monitoring the amount of residual TD-OS in the process of solvent evaporation, a gas 

chromatography-mass spectrometry (GC-MS) was used. The w/o/w emulsions were prepared with PEG9400-

PLA6000 and TD-OS with a toluene content of 50%. 0.3 mL of the emulsions was collected every 30 min in the 

process of solvent evaporation. These samples were diluted 2–10 times with water and analyzed by GC-MS (GC: 

6890 series, Agilent Technologies, USA). A JMS-700 MS system (JEOL Ltd., Tokyo) was used with an InertCap 1 

column (GL Sciences Inc., Tokyo, Japan) with a length of 30 m, internal diameter of 0.25 mm, and thickness of liquid 

phase of 0.25 μm, and He carrier gas. The heating rate was shifted from 10 °C/min (30 to 50°C) to 40 °C/min (50 to 

240°C). 

In addition, the change in the transmittance of w/o/w emulsions over time at a certain wavelength was also 

determined. 0.4 mL of the w/o/w emulsions was collected every 30 min into a glass cell and the transmittance was 

measured with UV-vis spectrophotometer (V-630BIO, JASCO Corporation, Tokyo, Japan; wavelength: 660 nm). 

 

2.6. Determination of the composition of the porous particles 

 

 The composition ratio of each component in the porous particles was evaluated by analyzing the 1H-NMR 

spectra of the particles and each component. The powder of the porous particles was solved in CDCl3 and the 1H-

NMR spectrum was obtained. The obtained spectrum includes the specific signals of each component; that is 4.72ppm 

for methylene groups of PLGA and 3.64ppm for methylene groups of PEG in PEG-PLA. The molar ratio of PLGA 

and PEG-PLA was determined by comparing the integral ratios of them considering the number of 1H and 

consequently, the composition ratio of each component (w/w) was determined. 

 

 

3. Results and Discussion 

 

3.1. Interfacial tension between water and organic phase 

 

The effect of toluene content in TD-OS and PEG-PLA on the interfacial tension between water and organic 

phase and the density of the organic solvent is shown in Fig. 2. The interfacial tension in the system including PEG-

PLA was lower than that without PEG-PLA in each composition of TD-OS. This result demonstrates that PEG-PLA, 

composed of hydrophilic PEG block and hydrophobic PLA block, worked as a polymeric surfactant in this system. 
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The interfacial tension decreased as the toluene content in TD-OS increased, which indicates that as a surfactant, 

PEG-PLA works better in toluene than in DCM. However, the interfacial tension increased when the toluene content 

rose from 80v/v% to 100v/v%. This specific behavior was triggered by the change of intermolecular interaction of 

organic solvents because the behavior appeared regardless of the presence of PEG-PLA. Experimental and theoretical 

values of interfacial tension in various ternary systems was compared by Wang [21]. Theoretical values of interfacial 

tension were calculated by using Eq. 3: 

∑(𝑥𝑖
𝛼

𝑖

𝑥𝑖
𝛽

)1/2exp {𝛾(𝑣𝑖
𝑖𝑛𝑡)

2
3(𝑁A)

1
3/(𝑅𝑇)} = 1     (Eq. 3) 

where i expresses the component i, α and β mean organic or water phase, xi
α is the molar ratio of i in the phase α, xi

β 

is the molar ratio of i in the phase β, γ is the interfacial tension, vi
int is the partial molar volume of i in the interfacial 

mixture, NA is the Avogadro’s number, R is the gas constant, T is the absolute temperature. Eq. 3 indicates that the γ 

values for water-mixed organic solvent (solvent1 and solvent2) systems should be between the values of water-

solvent1 and water-solvent2 systems. However, when n-heptane and carbon tetrachloride were mixed, the γ was lower 

than that for each water-organic solvent system under a certain mixing ratio [21]. This indicates that the mixing of 

organic solvents with different molecular structures can increase the partial molar volume of i near the interface. A 

similar phenomenon occurred in this experiments, where the mixing of two organic solvents with different molecular 

structures, toluene and dichloromethane, affected γ. Consequently, γ showed a concave curve with increasing toluene 

fraction in the mixed organic solvent (Fig. 2). 

 

Fig. 2 Effect of the composition of TD-OS on the interfacial tension (IT) between water and organic 

phase. 

 

3.2. Effect of the composition of TD-OS on the morphology of w/o/w emulsions 

 

Interfacial tension strongly affects the stability of emulsions. Therefore, it was speculated that the  
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Fig. 3 Effect of the composition of TD-OS on the internal structure of w/o/w emulsions. 
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composition of TD-OS would strongly affect the morphology of w/o/w emulsions and subsequently obtained porous 

particles. W/o/w emulsions were observed with an optical microscope (OM). The OM images are shown in Fig. 3. 

The number of water droplets in an organic droplet increased as the toluene content in TD-OS increased due to 

decrease of the interfacial tension (shown in Fig. 2). The Brownian motion-based collision of water molecules on the 

water-oil interface is considered to be one of the driving forces for spontaneous emulsification [1]. In the system of 

low interfacial tension, small water droplets could be formed in an organic phase because small amount of water 

molecules would have enough kinetic energy to form w/o emulsion droplets. Fig. 3 also shows that the number of 

water droplets in an organic droplet increased and the diameter of them decreased as the molecular weight of PEG 

block increased. The same tendency appeared in the previous reports [1,22]. PEG-PLAs can easily absorb on the 

water-organic interface as the molecular weight of PEG block because the hydrophilicity of PEG-PLAs increase. 

Consequently, the interfacial tension would greatly decrease and a large number of smaller w/o emulsions would 

form.   

 

3.3. Effect of the composition of TD-OS on the surface morphology and internal 

structure of the resulting particles 

  

The morphology of the particles composed of PLGA and various compositions of PEG-PLA was observed 

by means of OM and SEM (Fig. 4). All of the particles shown in Fig. 4 were prepared under the same solvent 

evaporation conditions (temperature: 25°C; liquid-gas interfacial area: 19.9 cm2). SEM images in Fig. 4 have shown 

that there were dimples and/or pores on the surface of the particles because w/o emulsion droplets worked as porogen. 

On the other hand, OM images have suggested that several kinds of internal structures were obtained; a particle which 

has a dimpled surface layer and a large shadow at the center, a particle which has a honeycomb-like outer layer and 

one or more shadow(s), and a particle of uniformly honeycomb-like structure. It was speculated that the shadow(s) 

in a particle was a large hollow formed due to a large water droplet or a densely packed core composed of polymers. 

Then the cross section of the particles was observed (Fig. 5). The direct observation of the internal structure by means 

of SEM revealed that the shadow(s) observed in a particle was the densely packed core(s). From the results, the 

porous particles were classified into three kinds of the structures as follows (the graphical images of them are shown 

in Fig. 6):  

(1) the particles with dimple surface and a totally filled internal core (D-F)  

(2) the particles with porous surface and topically filled/porous internal core (P-FP)  

(3) the particles with porous surface and totally porous internal core (P-P).  

By using this classification method, the particles in Fig. 4 could be described as shown in Table 1. This classification 

method suggests that the volume of the densely packed core decreases (and finally disappears) as the initial toluene 

content in TD-OS and/or the molecular weight of PEG increases. Both these factors induce decrease of interfacial 

tension, thereby improving the stability of emulsion droplets. Hence, it was expected that the morphology of the 

porous particles prepared thorough w/o/w emulsions can be precisely controlled by tuning the stability of w/o/w 

emulsions and that the composition of solvent might be a key factor to independently control the morphology of the 

particles from the molecular weight of PEG. 
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Fig. 4 OM and SEM images of the particles prepared under different conditions in the compositions of TD-

OS and/or PEG-PLA. 
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Fig. 5 Effect of the compositions of TD-OS and/or PEG-PLA on the internal structure of the porous particles. 
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Table 1 The classification of the particles with the types of the internal structures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 6 Graphical images of the surface and internal structure of the porous particles. 

 

3.4. Effect of solvent evaporation rate on the morphology of the particles 

 

The results shown in the previous section indicate that the stability of the w/o/w emulsions greatly affected 

the morphology of the final porous particles, where the spontaneous emulsification was controlled by the composition 

of the PEG-PLA and mixed organic solvents. It is difficult to apply these results to other systems because PEG-PLA 

is a key factor in the spontaneous emulsification process. Therefore, to demonstrate the general applicability of this 

method, the morphology of the particles was attempted to control by tuning the evaporation of the organic solvents, 

which is a common factor in all methods for preparing porous particles via emulsion-solvent evaporation. There are 

two possible factors affecting the evaporation of organic solvents: the liquid-gas interfacial area and temperature. 

 

3.4.1. Liquid-gas interfacial area 

  

Organic solvents are gradually removed from w/o/w emulsions through two steps: (1) molecules of the 

organic solvents diffuse into water phase from the water-oil interface; (2) Suspending organic molecules vaporize 

into air from the water-air interface. The rate of the second step increases as the liquid-gas interfacial area increases. 

The compositions 

of PEG-PLA 

Initial toluene content in TD-OS [%] 

50% 70% 80% 

3300-3300 D-F D-F P-P 

3400-5600 D-F D-F P-P 

3200-9200 D-F P-FP P-FP 

5600-2900 D-F P-P P-P 

6000-5600 D-F P-FP P-FP 

6600-8500 D-F P-FP P-FP 

9000-3000 P-FP P-P P-P 

9400-6000 P-FP P-FP P-P 

9200-9400 P-FP P-FP P-P 
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The solubility in water and vapor pressure of each organic solvent at 25°C are described as follows; toluene: 0.52 g/L 

and 3.5 kPa; DCM: 17.2 g/L and 56.0 kPa [23–25]. From these physical properties, it was hypothesized that both the 

toluene fraction in the mixed organic solvent and the stability of the w/o emulsion droplets would increase rapidly 

during solvent evaporation with a high gas-liquid interfacial area (i.e., using a large beaker), because of the high 

volatility of DCM. Accordingly, it was expected that P-P particle with a honeycomb-like inner structure would 

preferentially form instead of D-F and P-FP particles with a totally or partially filled core as the cross-sectional area 

of the beaker increases. 

The effect of liquid-gas interfacial area on the morphology of the particles prepared with PEG-PLAs of 

which the molecular weight of PLA block was around 6,000 is shown in Fig. 7 (prepared at 25°C). From the results 

of Figs. 4 and 7, the types of the particles can be described as Table 2. In the systems of 50v/v% initial toluene content, 

the morphology of the particles was hardly affected by interfacial area because an organic droplet in these systems 

had smaller number of w/o emulsion droplets than the systems of other toluene contents; that is, there were only few 

porogens in w/o/w emulsions. The images of the particles prepared with TD-OS of 50v/v% toluene also exhibited 

that most of the pores were concentrated in only a part of the particle surface. The reason why this specific structure  

 

Fig. 7 Effect of the liquid-gas interfacial area in the process of solvent evaporation on the morphology of 

the porous particles. 
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Table 2 Summary of the effect of the liquid-gas interfacial area on the types of particle structure. 

 

 

 

 

 

 

 

 

 

 

 

 

*All of the samples were prepared at 25°C 

formed is illustrated with the Stokes equation [26]: 

𝑢 =  
2𝑟2∆𝜌𝑔

9𝜂
     (Eq. 4) 

where u is the sedimentation velocity, η is the viscosity of continuous phase, r is the radius of emulsion droplets, Δρ 

is the difference in the density of dispersed and continuous phase, and g is the gravity acceleration. Eq. 4 suggests 

that a large difference in the density of dispersed and continuous phase accelerate the emulsion droplets move and 

concentrate to the upper or lower side of continuous phase. As shown in Fig. 2, the system of water (ρ = 1.0 g/cm3) 

and TD-OS of 50v/v% toluene has the largest difference in density in the range investigated in Figs. 4 and 7. Thus, 

the w/o emulsion droplets, in such a system, tend to gather on a certain side of an organic droplet and shaped the 

particles which had inclined dimples on the surface. By contrast, the morphology of the particles was greatly affected 

by change of the liquid-gas interface in the systems of 70 or 80% initial toluene content. In these systems, the volume 

of internal core(s) decreased (and finally disappeared) as the liquid-gas interfacial area increased; in other words, D-

F tended to disappear whereas P-FP and P-P were likely to be obtained. The effect of liquid-gas interfacial area shown 

in Figs. 4 and 7 correspond to a tendency predicted at the beginning of this section. Therefore, the hypothesis that the 

stability of w/o emulsions has predominant effect on the morphology of the particles was further confirmed in the 

next section. 

 

3.4.2. Temperature 

 

It was hypothesized that increasing the temperature would result in fast removal of DCM (i.e., a fast 

increase in the toluene fraction in TD-OS) due to the high volatility and low boiling point of DCM. The effect of 

temperature on the morphology of the particles prepared with PEG-PLAs of which the molecular weight of PLA 

block was around 6,000 is shown in Fig. 8 (prepared with the liquid-gas interfacial area of 19.9 cm2). From the results  

The compositions 

of PEG-PLA 

Initial toluene 

content [%] 

Liquid-gas interfacial area [cm2] 

13.3 19.9 57.7 

3400-5600 

50 D-F D-F D-F 

70 D-F D-F P-P 

80 D-F P-P P-P 

6000-5600 

50 D-F D-F D-F 

70 D-F P-FP P-FP 

80 P-FP P-FP P-FP 

9400-6000 

50 D-F P-FP D-F 

70 P-FP P-FP P-P 

80 P-FP P-P P-P 
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Fig. 8 Effect of the temperature in the process of solvent evaporation on the morphology of the particles. 

 

Table 3 Summary of the effect of the temperature on the types of particle structure. 

The compositions 

of PEG-PLA 

Initial toluene 

content [%] 

Temperature [°C] 

10 25 40 

3400-5600 

50 D-F D-F D-F 

70 D-F D-F P-P 

80 D-F P-P P-P 

6000-5600 

50 D-F D-F D-F 

70 P-FP P-FP P-FP 

80 D-F P-FP P-P 

9400-6000 

50 D-F P-FP P-FP 

70 P-FP P-FP P-P 

80 P-FP P-P P-P 

*All of the samples were prepared with the liquid-gas interfacial area of 19.9 cm2 
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of Figs. 4 and 8, the types of the particles can be described as Table 3. The results shown in Figs 4 and 8 demonstrate 

that temperature in the process of solvent evaporation affects the morphology of the particles as well as interfacial 

area; that is, the volume of internal core(s) decreased (and finally disappeared) as the temperature increased in the 

process of solvent evaporation. When PEG aqueous solutions are placed at high temperature, PEG chains tend to 

dehydrate [27,28]. In other words, the affinity of PEG chains of PEG-PLA with water decreases as it is placed at high 

temperature. Furthermore, the viscosity of liquids is inversely proportional to temperature [29], which means that 

high temperature causes decreasing the viscosity of organic solvents and makes it easier for w/o emulsion droplets 

to unite each other according to Eq. 4. These general theories imply that the stability of w/o emulsions would decrease 

and consequently D-F would easily form as the temperature increases. However, the series of results indicate the 

opposite tendency from the prediction described above (i.e., a decrease in the volume of inner core with increasing 

temperature). This contradiction strongly suggests that the change in the composition of the mixed organic solvents 

affects both the emulsification and evaporation (i.e., particle formation) processes, and has a greater effects on the 

morphology of the porous particles than the change in the surface activity of the surfactants and/or the viscosity of 

the liquids. 

The effect of temperature on the particle morphology was also considered with respect to the molecular 

weight of PEG-PLA. For example, when the initial toluene fraction was 80v/v%, the morphology of the particle 

drastically changed from D-F to P-P in the presence of PEG3400-PLA5600, whereas it changed only slightly from 

P-FP to P-P in the presence of PEG9400-PLA6000. This was probably due to the difference in the stability of the 

spontaneous w/o emulsions. As the PEG chains contribute to the stabilization of spontaneous w/o emulsions, it can 

be assumed that the ability of the block copolymers to stabilize w/o emulsions increases as follows: PEG3400-

PLA5600 < PEG6000-PLA5600 < PEG9400-PLA6000. Therefore, the change in the solvent evaporation condition 

affects the stability of w/o emulsions as follows: PEG3400-PLA5600 > PEG6000-PLA5600 > PEG9400-PLA6000. 

PEG6000-PLA5600 had only a moderate effect on the stability of the w/o emulsions. When PEG6000-PLA5600 was 

used and the initial toluene proportion was 80v/v%, the change in the particle morphology was as follows: P-FP → 

P-FP → P-FP (13.3 → 19.9 → 57.7 cm2, respectively) and D-F → P-FP → P-P (10 → 25 → 40°C, respectively). 

This implies that the temperature has a greater effect on (1) the rate of solvent evaporation and/or (2) the change in 

the composition of TD-OS than the interfacial area. To clarify which factors was dominant, the time dependence of 

the residual ratio of the organic solvent (i.e., evaporation behavior of each organic solvent from the mixed organic 

solvent) is discussed in the next section. 

 

3.5. Evaluation of solvent evaporation rate 

 

3.5.1. Monitoring the amount of the residual organic solvent with GC-MS 

 

The time dependence of the total amount of residual organic solvent and the toluene content in TD-OS is 

shown in Fig. 9. Fig. 9 (a) shows that the solvent evaporation rate increased as the interfacial area or temperature 

increased. Moreover, Fig. 9 (b) shows that toluene fraction in TD-OS increased as the interfacial area or temperature 

increased as the DCM evaporates faster than toluene from the mixed organic solvents due to its high volatility. This  
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Fig. 9 Effect of the interfacial area or temperature on the time-dependent change in (a) the residual ratio 

of TD-OS and (b) the toluene fraction in TD-OS. 

 

is because DCM was eliminated more quickly than toluene due to its high volatility. Fig. 9 (b) also shows that the 

increase in the toluene fraction was greater for a change in temperature from 10 to 40°C than for a change in the 

interfacial area from 13.3 to 57.7 cm2. This suggests that, under the experimental conditions used here, temperature 

had a greater effect on the increase in the toluene fraction in the mixed organic solvent than the interfacial area. These 

results, and those shown in Figs. 7 and 8 (i.e., the temperature had a greater effect on the morphology of the porous 

particles than the interfacial area) strongly suggest that the changes in the morphology of the porous particles was 

mainly dependent on changes in the composition of the mixed organic solvent rather than the rate of solvent 

evaporation. 

 

3.5.2. Comparison of solvent evaporation rate with UV-vis spectrophotometer 

 

Although the w/o/w emulsion solution is a milky white color immediately after its formation, the 

transparency of the solution increases as the solvent evaporation proceeds. Therefore, the change in transmittance of 

the solution over time was used as a measure of solvent evaporation. Fig. 10 (a) shows the effect of solvent 

evaporation conditions on the change in transmittance over time. Compared to the conditions used for the results in 

Section 3.3 (25°C, 19.9 cm2, black circles), the time when the transmittance significantly changed became shorter as 

the interfacial area (pink circles) or temperature (blue circles) increased, whereas it became longer as the interfacial 

area (orange circles) or temperature (green circles) increased. As these experimental factors affect the solvent 

evaporation rate, the times required to observe a change in the transmittance should reflect changes in the solvent 

evaporation rate. Fig. 10 (b) shows the effect of the PEG-PLA composition on the change in transmittance of w/o/w 

emulsions. The saturation values of transmittance after a complete elimination of the organic solvents differed for 

each PEG-PLA composition because the physical properties (such as the diameter and morphology) of the resulting  
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Fig. 10 The effect of the (a) solvent evaporation conditions and (b) composition of the block polymers on 

the change in transmittance over time. 

 

particles are different. In contrast, the time when the transmittance significantly changed was similar for the three 

types of PEG-PLA. This indicates that the solvent evaporation conditions greatly affect the solvent evaporation rate, 

irrespective of the composition of PEG-PLA.  

Fig. 11 shows the weight percentage of PEG-PLA in the porous particles prepared under various solvent 

evaporation conditions. Fig. 12 shows the effect of the molecular weight of the PLA block on the weight percentage 

of PEG-PLA in the particles. These results revealed that the dominant factor determining the polymeric composition 

of the porous particles was the molecular weight of the PLA block, while the solvent evaporation conditions had only 

a minor effect. Therefore, when the solvent evaporation conditions were changed, the corresponding changes in the 

particle morphology were not a result of compositional changes, but rather due to changes in the stability of the 

spontaneous emulsions. 

 

 

 

Fig. 11 Effect of the solvent evaporation conditions on weight ratio of PEG-PLA in the porous particles. 

Toluene content in TD-OS was (a) 50v/v%, (b) 70v/v%, and (c) 80v/v%. Solvent evaporation conditions 

were A: 10℃-19.9 cm2, B: 40℃-19.9 cm2, C: 25℃-13.3 cm2, and D: 25℃-57.7 cm2, respectively. 
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Fig. 12 Effect of the molecular weight of PLA on the weight ratio of PEG-PLA in the porous particles. The 

samples were prepared under the condition of 25℃ and 19.9 cm2. 

 

3.6. Strategy to control the surface and internal morphology of porous particles 

 

The results described above indicate that the surface morphology and internal structure of the porous 

particles prepared through emulsion-solvent evaporation-method can be controlled by tuning the composition of 

mixed organic solvent before and/or after emulsification. Particle formation mechanism depending on the 

composition of mixed organic solvent is summarized in Fig. 13. The structure of porous particles changes from D-F 

to P-FP and finally to P-P by raising the toluene content in TD-OS in the process of emulsification or by quickly 

raising the toluene content in TD-OS in the process of solvent evaporation. This means that changing the ratio of one 

solvent which is effective to stabilize w/o emulsions in the mixed organic solvent has predominant effect on particle 

morphology no matter before or after preparing w/o/w emulsions.  

The mechanism for the formation of D-F particles when the spontaneous w/o emulsions are unstable is 

proposed as follows. When w/o/w emulsions are prepared under condition where the spontaneous w/o emulsions are 

unstable, inner water droplets frequently agglomerate or diffuse into the outer water phase. Hence, it was assumed 

that the number of water droplets is higher near the interface between an organic droplet and the outer water phase 

than the amount in the center of an organic droplet. Therefore, a dense core composed of hydrophobic polymers is 

easily formed at the center of an organic droplet, while pores are formed only near the particle surface because of the 

existence of porogens. The gradient in the concentration of organic solvent molecules in a spontaneous o/w emulsion 

droplet is described using the relationship reported by Sjöström (Eq. 5) [24]. When organic solvent molecules diffuse 

into the outer water phase from the surface of organic droplets, a concentration gradient occurs in the spontaneous 

o/w emulsion droplet. The time required to eliminate over 90% of the concentration gradient of toluene molecules in 

the o/w emulsion droplet (t90) can be calculated using (Eq. 5): 
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Figure 13. Summary of the effect of the preparation conditions on the morphology of the resulting particles 

through changing the stability of w/o emulsions. 

 

𝑡90 =  
0.3𝑟2

𝐷PLGA/toluene
      (Eq. 5) 

where r is the radius of a droplet and DPLGA/toluene is the mutual diffusion coefficient between PLGA and toluene. 

PLGA is the main component of the particles in this system. Although DPLGA/toluene has not been reported because 

toluene is not a good solvent for PLGA, the value has been reported for some other organic solvents; that is, the order 

of 10-8 to 10-12 m2 s-1 [30–32]. Additionally, the diameter of the porous particles is the order of 10-6 m and 

consequently t90 would take the value of 3.0×10-5 to 3.0×10-1 s. Moreover, the time for the next toluene molecules 

diffusing into outer phase (tdif) was calculated by using Eq. 6 [24]: 

𝑡dif =  
𝜌𝑟2

3𝐶sol𝐷tol/wat
     (Eq. 6) 

where ρ is the density of toluene (866.9 kg m-3), Csol is the solubility of toluene in water (0.515 kg m-3), and Dtol/wat 

is the diffusion coefficient of toluene in water (9.5×10-10 m2 s-1). By using these parameters and Eq. 6, tdif is estimated 

as 5.9×10-1 s. Hence, since, t90 < tdif, it was concluded that the concentration gradient of toluene can be cancelled 
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immediately before the subsequent toluene molecules increase the gradient by diffusing into outer water phase from 

water-oil interface. Therefore, PLGA is not expected to precipitate close to the water-oil interface because of the 

micro-Brownian motion of inner water droplets. Consequently, PLGA molecules preferentially precipitate at the 

center of the organic droplet, forming D-F particles.  

In contrast, in the case of a toluene-rich composition, the inner water droplets do not significantly 

agglomerate or diffuse to the outer water phase. Under such conditions, stable water droplets uniformly exist inside 

the spontaneous w/o emulsion droplets and there are no localized regions of high PLGA concentrations to form dense 

cores. Consequently, these emulsions would form P-FP or P-P particles.  

 

 

4. Conclusion 

 

In this chapter, the way of controlling particle morphology was investigated by changing preparation 

conditions except for the composition of PEG-PLA. As a result, it was found out that the composition of mixed 

organic solvent is significantly related to the morphology of the porous particles. concretely, the highly porous 

structure tends to form by raising the content of an organic solvent which is effective to stabilize porogens (w/o 

emulsion droplets) no matter before and after preparing w/o/w emulsions. Moreover, the effect of solvent evaporation 

conditions (liquid-gas interfacial area and temperature) on the changing behavior of the composition of TD-OS over 

time was consistent to the prediction. The study in this chapter consistently indicates that by controlling the stability 

of porogens (w/o emulsions) in the organic phase by tuning the composition of the mixed solvent before or after 

preparing w/o/w emulsions, the particle morphology can be precisely controlled. Furthermore, “organic solvent” is a 

universal factor for emulsification-solvent evaporation-method as opposed to PEG-PLA, a specific factor for this 

PEG-PLA-containing-system. Therefore, the way of controlling the morphology of the porous particles shown in this 

chapter might be applied to other particle preparation systems of emulsification-solvent evaporation-method. The 

controlling method for particle morphology independent of the concentration and the composition of polymers would 

be an effective factor to investigate and improve the aerodynamic performance and the release behavior of the drugs 

of the particles having complicated surface and internal structure.    
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Chapter 4 
 

Establishment of a novel method for preparing a 

film-type biomaterial with highly porous structure 

by using spontaneous emulsification 
 

 

1. Introduction 

 

In Chapter 2 and 3, the feasibility of the porous particles for the application as a drug carrier for pulmonary 

delivery and the formation mechanism of the porous structure was revealed. These chapters were concerned about a 

particle-type porous material. However, the most important point in these reports is that spontaneous emulsification 

was skillfully used by tuning the compositions of PEG-PLA for preparing a highly porous biomaterial for the first 

time in the world. Indeed, most precursors of the nano- or microparticles prepared via spontaneous emulsification 

were o/w emulsions; in other words, spontaneous emulsification was used for formation of the outline rather than the 

internal structure of the spherical particles [1–4]. Even after the novel technique was reported by Murakami for the 

first time [5], there are still few reports using spontaneous emulsification for the formation of the porous structure of 

the particles [6–8].  

In this chapter, it was expected that this unique technology, controlling spontaneous emulsification for the 

preparation of porous structure of the particles, could be also applied to fabricate a film-type material with highly 

porous structure. Porous two-dimensional materials have been applied to medical fields such as a scaffold for tissue 

regeneration [9,10], a platform for sustainable drug release [11,12], and a substrate for cell culture [13,14]. Therefore, 

if a porous film was successfully prepared by using spontaneous emulsification, this porous film could be a useful 

and novel biomaterial. The scheme proposed in this study to prepare a film-type porous material is shown in Fig. 1. 

It was expected that a porous film would form on the surface of water in a container by evaporating organic solvents 

without any mechanical emulsification. this proposal as a novel cost-effective method for preparing a film-type 

porous biomaterial was tried to established by investigating the effect of various preparation conditions on the surface 

morphology and internal structure of the polymeric films and considered the feasibility of the films for application 

as a new biomaterial. 
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Fig. 1 A novel proposal of preparation method for a highly porous film using spontaneous emulsification. 

 

 

2. Material and Methods 

 

2.1. Materials 

 

PEG-PLA was continuously used as a polymeric surfactant. In a notation of PEGp-PLAq, p and q express 

the Mn of PEG and PLA block, respectively. As a film-forming polymer, PLA (Mw: 75,000-120,000) or poly(ε-

caprolactone) (PCL) (Mw: 70,000-100,000) was used and they were purchased from Sigma-Aldrich Japan (Tokyo, 

Japan) and FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), respectively. Guaranteed reagent of toluene 

and dichloromethane were used as organic solvent and were purchased from FUJIFILM Wako Pure Chemical 

Corporation (Osaka, Japan) and used without further distillation. 

 

2.2. Preparation of the polymeric films on the surface of water 

 

 a polymeric porous film was tried to obtain by casting polymer solution on the surface of water and 

subsequent solvent evaporation. 5w/v% solutions of PLA and various compositions of PEG-PLA were prepared in 

toluene-dichloromethane mixed solvent (8:2 (v/v)). The pre-mixed organic solution (0.2 mL of each solution was 

mixed) was gently poured onto a glass vessel (inner diameter: 32.4 mm) filled with pure water (5 mL). The vessel 

was statically placed for 48 h at 25°C in order to spontaneously form w/o emulsions and evaporate the mixed organic 

solvent. After solvent evaporation, a polymeric thin film was obtained on the surface of water. The wet film was 

collected and suspended for 12 h in order to naturally dry it. Additionally, a thin film was tried to prepare by using 

PCL and/or PEG3200-PCL2800 instead of PLA and/or PEG-PLA. 

 

2.3. Observation of the surface morphology of the films 
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 Both sides (the side at liquid-gas interface and water-oil interface) of the obtained films were observed by 

means of a scanning electron microscope (SEM) (VE-9800, KEYENCE Co., Ltd., Japan, accelerating voltage: 1.0 

kV). A naturally dried film was cut and attached onto a fragment of double-sided carbon tape of which the other side 

was attached to an aluminum plate. The obtained plate was coated with a thin platinum film (in thickness of 

approximately 10 nm) under a reduced pressure with an MSP-1S ion-coater (Vacuum Device Inc, Ibaraki, Japan).  

 

2.4. Observation of the internal structure of the films 

 

 The internal structure of the films was confirmed by observing the cross-section of the films. The film was 

cut with scissors after freezing it for 1 min in liquid N2 such that the internal structure would be maintained as it was 

even after cutting. The fragment of the film was collected and processed as a sample for SEM observation by the 

same manner described in section 2.3. 

 

2.5. Determination of the composition of the porous films 

 

 The composition ratio of each component in the porous films was evaluated by analyzing the 1H-NMR 

spectra of the films and each component. The porous films were solved in CDCl3 and the 1H-NMR spectrum was 

obtained. The obtained spectrum includes the specific signals of each component; that is 5.16ppm for alpha hydrogen 

of carbonyl groups of PLA and 3.64ppm for methylene groups of PEG in PEG-PLA. The molar ratio of PLA and 

PEG-PLA was determined by comparing the integral ratios of those signals considering the number of 1H atms and 

consequently, the composition ratio of each component (w/w) was determined. 

 

2.6. Evaluation of the effect of temperature and humidity on the morphology of 

the films 

  

 It was predicted that temperature is one of the key factors for controlling the morphology of porous structure 

because the hydrophilicity of PEG depends on the temperature [15,16]. A PLA film was prepared at 10°C or 35°C by 

placing a vessel filled with the organic solution on the surface of water in a water bath (relative humidity near the 

samples was approximately 70%). Additionally, a PLA film was prepared in low humidity at 10°C to investigate the 

effect of humidity. a plastic box was cooled to 10°C by blowing cold air into the box (relative humidity near the 

samples was approximately 40%). A vessel containing water and organic solution was put in a small plastic box and 

the small box was placed in the pre-cooled box such that the airflow would not directly hit the vessel and affect the 

process of film formation. 

 

 

3. Results and Discussion 
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Fig. 2 Appearance of the PLA films. The films were made (a) without PEG-PLA and with (b) PEG3300-

PLA3300, (c) PEG3400-PLA5600, (d) PEG3200-PLA9200, (e) PEG5600-PLA2900, (f) PEG6000-

PLA6400, (g) PEG6600-PLA8500, (h) PEG9000-PLA3000, (i) PEG9400-PLA6000, and (j) PEG9200-

PLA9400. 

 

3.1. Observation of the appearance and the morphology of the films 

 

A vessel containing water and organic solution was placed for 2 days and obtained a polymeric thin film. 

The appearance of the films is shown in Fig. 2. The film made without PEG-PLA (Fig. 2 (a)) was transparent, whereas 

most parts of the films made with PEG-PLA (Fig. 2 (b-j)) were white. A transparent film on a glass slide was obtained 

by casting and evaporating the organic solution of PLA and/or PEG-PLA (data not shown). Thus, the white color of 

the films (Fig. 2 (b-j)) might result from the structure of the films rather than the components themselves. In the 

process of solvent evaporation on the surface of water, the organic phase looked white because the light hit 

spontaneously formed w/o emulsions of which the diameter was 0.5-2 μm [5] and scattered. Therefore, it was 

expected that the films made with PEG-PLA included the highly porous structure and that their porous structure 

scattered the light. The white color of the films was deeper in the edge than in the center, which is because of the 

coffee-ring effect [17]. In a vessel, the evaporation rate of the organic solvent is higher in the edge than in the center 

of the organic solution. The difference in the evaporation rate of the organic solution caused the capillary flow from 

the center to the edge of the organic solution. Spontaneously formed water droplets and PEG-PLA orientating on the 

water-oil interface of the water droplets were moved by that outward flow. As a result, the number of water droplets 

was higher and the white color was deeper in the edge than in the center.  

 The surface morphology of both sides of the films is shown in Fig. 3. Fig. 3 demonstrates that numerous 

pores were formed by using PEG-PLA. It has been reported that by using PEG-PLA as a polymeric surfactant, w/o 

emulsions are spontaneously formed in an organic phase and they form pores on the surface and the inside of the 

microparticles [5,18]. The results shown in Fig. 3 and some previous reports indicate that spontaneously formed 

water droplets worked as the porogens for the obtained materials. This enables us to illustrate the reason for the 

difference in the morphology of the films between both sides. It has been said with the Stokes equation (Eq. 1) [19]  
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Fig. 3 Effect of compositions of PEG-PLA on the surface morphology of the side of liquid-gas interface 

(left) and water-oil interface (right) of the PLA films.  
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that emulsion droplets settle out rapidly as the diameter of a droplet increases: 

𝑢 =  
2𝑟2∆𝜌𝑔

9𝜂
     (Eq. 1) 

where u is the sedimentation velocity, η is the viscosity of continuous phase, r is the radius of emulsion droplets, Δρ 

is the difference in the density of dispersed and continuous phase, and g is the gravity acceleration. During porous 

particle formation, because the organic solvent evaporates during the uniform mixing of an organic solvent and water, 

the effect of spontaneous w/o emulsion droplets sedimentation does not occur, and pores of approximately the same 

size formed throughout particles. However, in forming porous films, a polymeric film was prepared on the surface of 

the aqueous layer by allowing the film to stand without mixing an organic solvent and water. Therefore, it is 

considered that many large pores derived from spontaneous w/o emulsion droplets with a large diameter were formed 

on the oil-water interface side, while few numbers of small pores were formed on the gas-liquid interface side. SEM 

images for a wide range of the locations in the films in Fig. 3 demonstrate that porous structure spreads throughout 

the films. It was found that on the side of water-oil interface of the films made with a block copolymer of which Mn 

of PEG block was approximately 3,000 and/or of which Mn of PLA block was approximately 3,000, there were both 

pores smaller than 1 μm and larger than 3 μm. The reason could be illustrated in terms of the process of spontaneous 

emulsification and the stability of emulsion droplets according to the previous reports [5,18]. When PEG-PLA of 

which Mn of PEG block was approximately 3,000 was used, fewer PEG-PLAs orientate on the water-oil interface 

because of lower hydrophilicity than PEG-PLA of which Mn of PEG block was more than 6,000. The reduction in 

the number of molecules oriented to the oil-water interface reduces the effect of decreasing interfacial tension, which 

is the driving force for spontaneous emulsification. The resulting spontaneous emulsion droplets are likely to be large 

due to their low stability. On the other hand, when PEG-PLA of which Mn of PLA block was approximately 3,000 

was used, the emulsion droplets tended to merge with each other by collision because the PLA layer oriented outside 

of the spontaneous w/o emulsion droplets was thin. In other words, the growth of spontaneous emulsion droplets is 

thought to increase emulsion droplet size. Furthermore, as shown in Fig. 3, as both sides of the films are porous, it 

can be expected that the inside of the films will also have a porous structure. Fig.4 shows SEM images of PLA films 

cross-section, indicating that the films have a porous structure inside them.  

 

3.2. Evaluation of the composition of the porous films 

 

 Fig. 5 shows the PEG-PLA fraction and the yield of the porous films. Fig. 5 demonstrates that both values 

increased as Mn of PLA block of PEG-PLA increased. The results were caused because the hydrophobicity of PEG-

PLA is proportional to Mn of the PLA block. A surfactant having PEG chains as the hydrophilic groups spontaneously 

shifts from organic phase to water phase and this shift causes spontaneous formation of o/w emulsions [1,20,21]. In 

this system, a slight cloudiness was observed in the water phase as well as cloudy organic phase while placing a 

vessel. Thus, it was speculated that certain amounts of o/w emulsions were formed in the water phase. However, as 

Mn of PLA block increased, the entire hydrophilicity of PEG-PLA decreased, thus increasing the number of PEG-

PLA molecules distributed to the organic phase. For this reason, the composition ratio of PEG-PLA and the yield of 

the films was proportional to Mn of the PLA block.  
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Fig. 4 The cross section of the polymeric films taken by means of SEM. The films were made (a) without 

PEG-PLA and with (b) PEG3300-PLA3300, (c) PEG3400-PLA5600, (d) PEG3200-PLA9200, (e) 

PEG5600-PLA2900, (f) PEG6000-PLA6400, (g) PEG6600-PLA8500, (h) PEG9000-PLA3000, (i) 

PEG9400-PLA6000, and (j) PEG9200-PLA9400. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5 Effect of the molecular weight of the PLA block of PEG-PLA on (a) composition ratio of PEG-PLA 

and (b) yield of the porous films. Molecular weight of PEG block was 3200~3400 (black), 5600~6600 (red), 

and 9000~9400 (blue), respectively. 

 

3.3. Effect of the combination of hydrophobic block and material-forming 

polymer on the morphology of the materials 

 

 Effect of the combination of the hydrophobic block of surfactants and film-forming polymers on the 

morphology of the films is demonstrated in Fig. 6. Two film-forming polymers (PLA and PCL) and two block 

copolymers with different hydrophobic blocks (PEG-PLA and PEG-PCL) were examined. When the hydrophobic 

block of the block copolymer and the film-forming polymer had the same composition (i.e., PEG-PLA and PLA or 
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PEG-PCL and PCL), the resulting film had a structure in which the pores were interconnected inside the films. By 

contrast, when the hydrophobic block of the block copolymer and the film-forming polymer had different 

compositions (i.e., PEG-PLA and PCL), the resulting film had a dimpled surface and no interconnected pores inside 

the film. Furthermore, for the combination of PEG-PCL and PLA, no films were formed on the water layer after two 

days. To confirm the generality of these phenomena, the tests were also run using porous particles instead of porous 

films (Fig. 7) in which almost the same phenomena were observed; particles with porous structures for the 

combination of PEG-PLA and PLA or that of PEG-PCL and PCL, particles with a dimple surface and densely packed 

core for the combination of PEG-PLA and PCL, and particles with non-spherical shapes for the combination of PEG-

PCL and PLA were obtained. Figs. 6 and 7 strongly suggest that the combination of the hydrophobic block of a 

surfactant and hydrophobic material-forming polymer greatly affects the morphology of materials. The stability of 

w/o emulsions increased when hydrophobic molecules having the similar chemical structure to the hydrophobic block 

of a surfactant coexist in an organic phase [22,23]. In this system, w/o emulsions work as porogens for a polymeric 

film. Therefore, in the system containing the same hydrophobic block of surfactant and film-forming polymer, a large 

number of w/o emulsions stayed in an organic phase for a long time and formed the highly porous structure of a film 

due to the high stability of w/o emulsions.    

Fig. 6 Effect of combination of surfactant and film-forming polymer on the appearance (left), surface 

morphology of the side of liquid-gas interface (center), and water-oil interface (right) of the polymeric films. 

 

3.4. Effect of temperature on the morphology of the films 

  

It was speculated that temperature greatly affects the stability of spontaneously formed w/o emulsions and 

the morphology of the films because hydrophilicity of PEG chains greatly depends on temperature [15,16]. Fig. 8 

shows the effect of temperature on the morphology of the films made from PEG-PLA with four different compositions. 

Firstly, a great change was found in appearance between the films made at 25°C and 35°C. At 35°C, a thin film was 

not obtained in the system containing PEG3300-PLA3300 and PEG3200-PLA9200, whereas a film of which the 

center is much thinner than the edge was obtained in the system containing PEG9000-PLA3000 and PEG9200- 
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Fig. 7 Effect of combination of surfactant and particle-forming polymer on the surface morphology (left) 

and internal structure (right) of the polymeric particles. 

 

PLA9400 (Fig. 8 (d, f)). The reason for the results in the system of 35°C was because coffee-ring effect occurred 

more strongly than in the system of 25°C. In the system where the temperature of a substrate (i.e., the substrate is 

water in this system) is below 40°C, the direction of Marangoni flow is from the edge to the center [24,25], which 

means that the direction of Marangoni flow corresponds to the direction of capillary flow described in section 3.1. 

Therefore, at 35°C, the concentration gradient of the polymers in the organic solution between the center and the 

edge was larger than at 25°C, thereby forming a film which was thinner in the center and thicker in the edge. The 

morphology of the side of water-oil interface also changed when the films were made at 35°C. The interconnected 

pores were observed on the films made at 25°C and 10°C (Figs. 3 and 8 (c, e)), whereas such a structure was not 

found during the observation of the films made at 35°C (Fig. 8 (d, f)). This is presumably because the hydrophilicity 

of PEG decreased at higher temperatures, and consequently, the number of spontaneously formed emulsion droplets 

did not increase as much as the number of pores connected to each other.  

On the other hand, an unexpected change was found in morphology of the films made at 10°C. All of the 

films made at 10°C (Fig. 8 (a, b, c, e)) had many micropores (larger than 5 μm) on the side of liquid-gas interface. 

These micropores did not existed on all of the films made at 25°C and 35°C and these micropores were found for the 

first time when the side of liquid-gas interface of the films made at 10°C was observed. It is quite unlikely to consider 

that these micropores were derived from the spontaneously formed water droplets because large water droplets is 

presumed to settle out toward water-oil interface and form the large pores on the side of water-oil interface rather 

than liquid-gas interface as described in Fig. 3. Therefore, Fig. 8 indicates that the micropores on the side of liquid- 

gas interface were derived from another mechanism. A major possibility is that these micropores were formed by a 

mechanism similar to that used in the breath figure method. The breath figure method involves preparing a sheet with 

a honeycomb-like structure and is based on the following procedures [26]: (1) casting of a polymer-dissolving organic  
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Fig. 8 Effect of the temperature on the appearance and morphology of the PLA films (top: appearance, 

middle: the side of gas-liquid interface, and bottom: the side of water-oil interface). The films were made 

with (a) PEG3300-PLA3300, (b) PEG3200-PLA9200, (c, d) PEG9000-PLA3000, and (e, f) PEG9200-

PLA9400. The films were made at (a, b, c, e) 10°C and (d, f) 35°C. 

 

solvent on a substrate; (2) evaporation of the organic solvents under high-humidity airflow (generally more than 

60%of relative humidity); (3) condensation of water droplets on the surface of the organic solvents by removing the 

heat due to vaporization; and (4) formation of a polymeric sheet with micropores derived from the water droplets on 

the side of the liquid–gas interface. In this experimental system, although a high-humidity airflow was not used, the 

sheet formed under a high relative humidity during the organic-solvent evaporation at 10°C because the vessel where 

the sheet formed was placed in a water bath with a relative humidity of ca. 70%. In addition, as a water bath was set 

in the environment at such a low temperature, water vapor in the air was likely to be in a state of condensation. 

Therefore, water droplets condensed in air appeared on the surface of the organic solvent near the air–liquid interface 

and might have acted as pore-forming agents. 

 

3.5. Effect of humidity on the morphology of the films 

 

It was speculated that the micropores were derived from the water droplets condensed on the liquid-gas 

interface. In this section, this hypothesis was confirmed by preparing PLA films under the conditions of 10°C and 

the low relative humidity (approximately 40%). SEM images of both sides of the films are shown in Figs. 9 and 10. 

It was found that micropores formed on the liquid-gas interface side of the films under high relative humidity 

conditions, even in the absence of PEG-PLA, which is necessary for the formation of spontaneous emulsions, whereas 

micropores did not form on the surface under low relative humidity conditions. These results strongly suggest that 
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Fig. 9 Effect of the humidity on the morphology of the side of liquid-gas interface of the films. 
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Fig. 10 Effect of the humidity on the morphology of the side of water-oil interface of the films. 
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the formation of micropores on the liquid-gas interface side of the films is not dependent on the presence or absence 

of PEG-PLA during film preparation, but it is highly dependent on the relative humidity. Indeed, many reports about 

the breath figure method revealed that pores could be formed at the relative humidity of more than 60% and that pore 

diameter was proportional to relative humidity (3-20 μm) [11,12,27–31]. In particular, in the system where PLA was 

used as a film-forming polymer, the pore diameter was 3-10 μm [31], which was almost the same pore size as this 

system (Fig. 9). These reports and the results strongly indicate that under the conditions of high humidity and low 

temperature, micropores could be formed on the side of liquid-gas interface due to condensed water droplets even in 

the absence of airflow. Besides, the cross section of the films (Fig. 11) shows that there are micropores near the side 

of the liquid-gas interface, whereas there are small pores (approximately 1 μm) near the side of the water-oil interface. 

Thus, it was concluded that spontaneous emulsification and condensation could be used at the same time in order to 

form a porous structure. 

 

 

Fig. 11 SEM images of the cross section of the films prepared at 10°C. The relative humidity was 

approximately (top) 70% and (bottom) 40%. 

 

Fig. 12 shows the pore formation mechanism and the illustration of difference in pore size between both 

sides of the PLA films. Under the conditions of high temperature (more than 25°C) or both temperature and relative 

humidity are low (less than 10°C and less than 40%, respectively), only spontaneously formed w/o emulsions, which 

were formed by PEG-PLA, work as porogens. Water droplets (with a diameter of 0.5-2 μm [5]) tend to settle down 

and merge near the water-oil interface. Therefore, pore size on the side of the water-oil interface was larger than on 

the side of the liquid-gas interface. On the other hand, both spontaneously formed w/o emulsions and condensed 

water droplets work as porogens under the conditions of low temperature (less than 10°C) and high humidity (more 

than 60%). Spontaneously formed water droplets probably behave similar to the system of high temperature or low 

temperature and low humidity. Furthermore, water vapor condenses on liquid-gas interface and form micropores. 

Thus, pore size on the side of water-oil interface was smaller than on the side of liquid-gas interface. By using 

spontaneous emulsification, a film with unique structure was successfully obtained: different in pore size between 

both sides of the films. Moreover, condensation of water vapor can be used under the conditions of low temperature 
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and high humidity, which enables us to control the pore size of the films in a wider range.  

 

 

 

Fig. 12 Pore formation mechanism and illustration of difference in pore size between both sides of the 

PLA films.  

 

 

4. Conclusion 

 

 An easy and cost-effective method have been established for preparation of the porous particles utilizing 

spontaneous emulsification [5,18]. It was expected that spontaneous emulsification could be applied to preparation 

for another shape of porous material. Indeed, a porous film was successfully obtained by utilizing spontaneous 

emulsification in this study. Moreover, it was revealed that the combination of the hydrophobic block of a surfactant 

and the hydrophobic material-forming polymer is a dominant factor for the formation and the morphology of a film. 

the effect of temperature and humidity on the morphology of the films was also investigated. As a result, a film having 

micropores of more than 5 μm on the side of the liquid-gas interface was unexpectedly obtained under the conditions 

of low temperature and high humidity. By observing the cross section of the films including a film made without 

PEG-PLA, it was strongly suggested that both spontaneous emulsification near water-oil interface and condensation 

of water vapor on liquid-gas interface can be used at the same time for preparing porous structure; in other words, 

the pore size of the porous film can be controlled in a wide range of about several hundred nm to 10 μm by tuning 

the composition of the amphiphilic block copolymer, temperature, and humidity. In conclusion, the porous film 
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should be expected to be applied as a novel biomaterial such as a platform for sustainable drug release and a substrate 

for cell culture by controlling its porous structure. 
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Chapter 5 
 

General conclusion of this thesis 
 

 

This doctoral thesis is a study of the preparation of porous materials using a low energy emulsification 

method. Emulsions have been used in familiar areas such as food and cosmetics from before. In chapter 1, the usage 

of emulsions, especially in the medical field, is reviewed. Emulsions used in the medical field are mainly nanometer-

sized ones. This means that they require extremely high-energy input such as ultrasound irradiation and high-speed 

agitation. Therefore, the use of emulsions as carriers for transporting substances encapsulated in the dispersed phase 

has been a challenge because of the risk of destroying the encapsulated substances. Therefore, a low-energy 

emulsification method was focused on. The low-energy emulsification method uses intrinsic chemical energy in the 

system and requires little or no external energy input. Therefore, it has attracted attention as a method for 

encapsulating drugs in the dispersed phase without destroying their structure. Spontaneous emulsification, one of the 

low-energy emulsification processes, is considered to occur due to non-uniformity of temperature at the interface or 

due to non-uniformity in the local concentration of surfactant adsorbed on the interface. Droplets spontaneously form 

against the continuous phase due to interfacial turbulence that occur to resolve these non-equilibrium conditions. 

Studies using spontaneous emulsification have mostly dealt with “o/w type” emulsions. This is due to the fact that 

the emulsion-evaporation method is the predominant method for preparing nanoparticles. That is, it is more 

convenient to use emulsions in which the organic solvent is the dispersed phase because it is necessary to use volatile 

solvents that can be removed from the emulsions. Therefore, spontaneous emulsification has been used as a 

convenient way to shape the outline of “spherical” particles. 

On the other hand, Murakami recently discovered by chance that dissolving PEG-PLA in an organic solvent 

induces “w/o type” spontaneous emulsification. Using this phenomenon, w/o/w emulsions were successfully 

prepared from spontaneously formed w/o emulsions and pure water in a one-step mechanical emulsification and 

obtained porous particles using them as precursors. This is the first report on the use of spontaneous emulsification 

to form a porous structure rather than a particle’s spherical outline. This method is a low-energy consuming and 

simple preparation method because it can spontaneously complete the preparation of w/o emulsions, which in the 

conventional method requires the application of extremely high energy. Moreover, because the energy applied is low, 

the possibility of destruction of the encapsulated material is low. In other words, the application of spontaneous 

emulsification to the preparation of porous materials is useful. 

Porous materials are used in various kinds of applications in the medical field. The second half of chapter 

1 reviewed their various forms and applications. Particle type porous materials can be most skillfully used as drug 

carriers for pulmonary DDS. Drug carriers for pulmonary delivery should have high delivery efficiency to the lungs 

and even have the ability to avoid phagocytosis by alveolar macrophages. Porous particles are considered to have a 
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lower particle density than non-porous particles. Therefore, it is expected to have both an aerodynamic particle 

diameter suitable for pulmonary delivery and a geometric particle diameter suitable for avoiding phagocytosis from 

alveolar macrophages. Two-dimensional porous materials can be used in many situations such as tissue regeneration 

scaffolds, drug delivery systems, and biosensors. In other words, two-dimensional porous materials are widely used 

in the medical field, both inside and outside the body. Microneedles are a patchy material consisting of many small 

protrusions less than 1 mm in height. By making the surface of non-porous microneedles porous or creating 

microneedles with a porous structure, new applications are emerging, such as biological fluid collectors using 

capillary action or stimuli-responsive smart materials, instead of conventional microneedles for drug administration 

only. possible. As described above, porous materials have a very wide range of applications as biomaterials. In other 

words, if porous materials can be fabricated by using spontaneous emulsification, which is a low energy 

emulsification method, they will be very useful in various fields. In later chapters, the preparation of porous materials 

using spontaneous emulsification, especially for particulate and film materials, is reported. 

In Chapter 2, the feasibility of these particles as drug carriers for pulmonary delivery was evaluated based 

on the basic techniques for porous particles that have been previously reported. Porous particles with different surface 

morphology and with a geometric diameter of 5 μm or 10 μm were prepared. These particles were then evaluated for 

their basic properties. The results showed that the porous particles had an extremely low density (about 0.03 g/cm3). 

The pulmonary delivery efficiency of the prepared particles was evaluated in vitro. The results showed that 5 μm 

porous particles and even 10 μm porous particles had higher delivery efficiency to the lungs than 5 μm non-porous 

particles. Particularly high deposition rates were observed in the bronchi, which are difficult to reach with 

conventional particles. In other words, the porous particles were found to have a high delivery capacity to the deep 

lung due to their low particle density, while having a geometric diameter that may be advantageous in avoiding 

phagocytosis. On the other hand, the correlation between the surface morphology and the aerodynamic behavior of 

the particles was not detailed. One possible explanation for this is that the morphology of the particles changes 

simultaneously with the modification by PEG on the surface of the particles, which is considered to be involved in 

the adhesion force of the particles. In this chapter, the surface morphology of the particles was tuned by adjusting the 

molecular weight of PEG block. Therefore, the simultaneous changes in both the modified state of the particle surface 

and the particle surface morphology, which are considered to affect aerodynamic behavior, made it difficult to 

elucidate the effects of each factor on the aerodynamic behavior. 

Therefore, in Chapter 3, a method to precisely control the morphology of the porous particles was 

investigated. The morphology of the porous particles is controlled in a way that is independent of PEG molecular 

weight. In this chapter, particular attention was paid to the properties of organic solvents. The mixing ratios of toluene 

and dichloromethane mixtures were varied. It was found that as the mixing ratio of dichloromethane increased, the 

number of voids inside the particles decreased and cores formed. Further investigation suggested that the internal 

structure of the particles changed in this experimental system depending on the ratio of favorable (toluene) and 

unfavorable (dichloromethane) solvents for the stability of the emulsions. That is, the porous structure can be 

precisely controlled by varying the mixing ratio of organic solvents before and the removal rate of organic solvents 

after preparation of w/o/w emulsions, respectively. Using this method, it will be possible to independently control 

the PEG-modified state of the particle surface and the morphology of the particles and to evaluate the aerodynamic 
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behavior of the porous particles in detail.  

In Chapter 4, the incorporation of a porous structure into a film-type material using spontaneous 

emulsification was investigated. In the preparation of the porous particles, particles of several μm were prepared by 

applying moderate energy. On the other hand, in this chapter, a polymeric solution is gently dropped onto pure water 

and the organic solvent is removed without any artificial emulsification. It was expected that a film-like porous 

material would form on the water surface by this method. The results of the study showed that the porous films with 

larger interconnected pores on the water-oil interface side than on the gas-liquid interface side were obtained. After 

further investigation, the film was formed at low temperature (10°C) and high humidity (70%), the unique porous 

film with a few micrometers of pores derived from spontaneously formed emulsions at the water-oil interface and 

huge pores of more than 10 μm derived from condensed water droplets at the gas-liquid interface was formed. The 

structure with both small pores (about 1 μm) and large pores (more than 10 μm) is greatly advantageous for cell 

culture, which means that this porous film can be used as a new biomaterial. In other words, this porous film has 

potential applications as a novel biomaterial.  

In the above chapters, the fabrication of porous materials based on spontaneous emulsification and their 

applications has been discussed. For the porous particles, outstanding results were obtained, showing promise as drug 

carriers for pulmonary DDS. It was also newly possible to precisely control the porous structure by factors 

independent of the composition of the block copolymers. As a result of fundamental investigations to prepare the 

newly proposed porous film materials, the films with unique porous structure were successfully fabricated. In 

summary, particle and film type porous biomaterials have been successfully fabricated using spontaneous 

emulsification. This study is a pioneering method for the preparation of low energy emulsions for porous materials 

with low energy cost and easy encapsulation of materials. 
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