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Chapter 1 
 

Introduction of pulmonary drug delivery and drug 
carriers 
 

 

 
 

This doctoral thesis is a study to develop polysaccharide-based temperature-responsive microparticles and 

to evaluate the feasibility application of these microparticles in pulmonary administration. In chapter 1, general 

methods for drug administration and drug carriers are introduced and possibility of applying novel drug carriers to 

pulmonary administration are described. 

  

 

1. General methods for drug administration 
  

There are a variety of drug-administration methods, including oral, intravenous, transdermal, and 

pulmonary administrations. The pharmacological effects in the body and the duration of drug effect vary greatly 

depending on the method of administration. Because each of these administration methods has its own advantages 

and challenges, it is necessary to select the administration method that is appropriate for the patient's situation. In 

section 1, general methods for drug administration are introduced. 

 

1.1. Oral administration[1–5] 
 

 The oral administration is advantageous owing to its simple administration form and low cost. A number 

of oral administration formulations have been developed to achieve therapeutic effects at home. There are various 

forms of orally administered materials such as liquid tablets, capsules, pills, and chewable tablets. However, drugs 

are exposed to the environments at a wide range of pH levels and come into significant contact with both digestive 

enzymes and gastrointestinal-tract contents. Therefore, in oral administration, drugs may exhibit insufficient 

pharmacological effects because of their denaturation, and furthermore, drugs can require considerable time before 

their pharmacological effects take hold in the body. Most of the orally administered drug is eliminated from the body 

due to poor absorption of the drug from the intestinal wall and metabolism in the liver (first pass metabolism). Oral 

administration may not be effective for urgent diseases because of the long time required for the onset of drug effect 

after oral administration. 
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1.2. Intravenous administration [6–10] 
 

 Intravenous administration is a fast-acting method because drugs are administered directly into blood 

vessels. Intravenous administration has the great advantage of avoiding the first pass metabolism in the liver and 

maximizing drug efficacy without denaturing the drug. In contrast, it is very difficult for patients to inject themselves 

at home, and specialized equipment and techniques are essential. Therefore, the problem with intravenous 

administration is the heavy burden on the patient. Because the drug effect occurs immediately after the drug is 

administered into blood vessels, the amount of drug administered to patients should be carefully determined, and 

attention should be paid to the occurrence of side effects and anaphylactic shock in patients. 

   

1.3. Transdermal administration[11–15] 
 

 In transdermal administration, drugs are delivered into the body by penetrating through skin. The major 

advantage of transdermal administration is that it avoids the reduction of drug efficacy due to the first pass metabolism. 

In addition, a sheet-like material can be used to intensively administer drugs on the target tissue (local administration). 

In contrast, transdermal administration is limited by the rate at which drugs penetrate skin. The problem with 

transdermal administration is that adhesives and patch materials (drug absorption enhancer) contained in sheet-like 

materials can cause irritation to the skin. 

 

1.4. Pulmonary administration[16–23] 
 

 Pulmonary administration is a method of inhaling drugs and absorbing them into the body via the lungs. 

The method has many advantages, three of which are highly prominent: (1) a simple administration (inhalation), (2) 

highly efficient absorption[24–26] due to both an enormous surface area (100 m2) and a highly permeable membrane 

(0.1–1 µm in thickness) in alveoli, and (3) no denaturation owing to the absence of digestive enzymes in the alveoli 
[26]. However, the problem with pulmonary administration is that it is difficult to deliver drugs to the alveoli due to 

the size and density of drugs. Currently, inhalation drugs approved in Japan include drugs for chronic obstructive 

pulmonary disease (COPD) (Symbicort®, Advair®) and influenza (Relenza®, Inavir®), which exhibit drug effects in 

the bronchi. The pulmonary administration method requires efficient drug delivery to the deep lungs. 
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Fig. 1-1 General methods for drug administration and their characteristics. 

 

2. Drug carriers 
 

 In drug administration, drug carriers have been developed to deliver drugs only to the target tissues, known 

as drug delivery system (DDS), because administration of only drugs causes drug denaturation and side effects[27–30]. 

In section 2, I describe two types of drug carriers with different sizes and the advantages of each type of drug carrier.  

In addition, I will discuss the materials that are currently used to form drug carriers. 

   

2.1. Microparticles[27,31–39] 
  

Drug carriers with a size greater than 1 µm are defined as microparticles[34]. Microparticles are commonly 

applied in oral and pulmonary administration. Drugs are encapsulated in microparticles, which has the advantages of 

(1) to (5). (1) Drug denaturation is inhibited because drugs avoid the direct effects of pH changes and enzymes[31,34,36]. 

(2) The odor and bitterness of the drugs are suppressed[32,38]. (3) Drugs are delivered only to the target tissue[34]. (4) 

The release of drugs from microparticles is sustained for a certain time period, reducing the frequency of drug 

administration[33,36,37]. (5) Reproducibility of drug efficacy is high because the drug is uniformly dispersed inside the 

microparticles and the amount of drug delivered is constant[34]. 

These microparticles are formed by mixing and stirring of solvents and are inexpensive to form[31]. Inside 

the microparticles, various interactions occur such as chemical bonds, entanglement of molecular chains, and 

electrostatic interactions[31,39]. 
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Fig. 1-2 Advantages of microparticles in DDS (drug delivery system). 

 

2.2. Nanocarriers[27,36,40–52] 
 

 Nanocarriers have diameters ranging from several nanometer to several hundred nanometer. Nanocarriers 

are often utilized for oral and intravenous administration. Nanocarriers can take the form of (1) to (3): (1) 

nanoparticles[36,40–43] with an inorganic or polysaccharide core, (2) polymeric micelles[44–49] with a self-assembled 

surfactant (block copolymer), and (3) liposomes[27,50–52], which are spherical vesicles with a lipid bilayer. These 

nanoparticles accumulate in tumor tissues via enhanced permeation and retention (EPR) effect in blood vessels, and 

can release drugs only to tumor tissues. Therefore, the nanocarriers have low toxicity to cells other than the tumor 

tissue and are expected to reduce side effects. 

Nanoparticles with inorganic and polysaccharide cores have particle diameters ranging from tens to 

hundreds of nanometers[36,40–43]. These nanoparticles are formed by chemical bonding, electrostatic interaction, and 

physical interaction between molecules. Nanoparticles do not form spontaneously; they are formed but by applying 

external forces such as heating, homogenization, or sonication. Nanoparticles can encapsulate hydrophilic or 

hydrophobic drugs, and the nanoparticles themselves often have unique properties such as antimicrobial properties, 

electrical charge, and magnetism. The unique properties of nanoparticles are based on the properties of the excipients 

(inorganics and polysaccharides) that form the nanoparticles. 
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Polymeric micelles are formed by self-assembly of polymeric surfactants and are several to several tens of 

nanometers in diameter[44–49]. Because the core of polymeric micelles is hydrophobic, polymeric micelles 

preferentially encapsulate hydrophobic drugs such as anticancer agents and anti-inflammatory agents via 

hydrophobic interactions. Therefore, polymeric micelles can efficiently deliver hydrophobic drugs to tumor tissues. 

The release rate of encapsulated drugs can be controlled by the composition of polymeric surfactants[49]. 

Liposomes[27,50–52] are spherical vesicles with a phospholipid bilayer and have a diameter of approximately 

100-200 nm. Because the central core of liposomes is hydrophilic, they can encapsulate hydrophilic substances such 

as proteins and biologically active agents. Furthermore, liposomes can encapsulate both hydrophilic and hydrophobic 

substances because hydrophobic substances are encapsulated in a lipid bilayer. However, unlike polymeric micelles, 

it is difficult to form liposomes by self-assembly, and liposomes are formed by sonication. 

These nanocarriers will be material forms that can achieve DDS to preferentially deliver drugs to target 

tissues in blood vessels. 

 

Fig. 1-3 Structure of nanocarriers. 

 

2.3. Materials for drug carriers 
 

2.3.1 Hydrophilic polymers 
 

 Hydrophilic polymers for drug carriers include polysaccharides (e.g., carrageenan (CRG), chitosan (CS), 

hyaluronic acid (HA), alginate) or polypeptides (e.g., poly-L-lysine, polyarginine). 

 CRG, a linear sulfated polysaccharide that is extracted from red algae seaweed, is an anionic natural 

polymer in which 3,6-anhydro-D-galactose alternately repeats a-1,3 and b-1,4 glycosidic linkages[53–58]. As shown 

in Fig. 1-4, depending on the number of sulfone groups and the presence or absence of an anhydro bond, CRG falls 

into one of three classes: κ, ι, and λ. Co-existing metal salts and proteins greatly affect the physical properties of CRG. 

Furthermore, novel physical properties of CRG become manifest when the polymer is mixed with other 

polysaccharides. These properties have made CRG a widely popular component of gelling, thickening, and stabilizing 

agents in the food and medical industries[59,60]. In addition, aqueous solutions of polysaccharides form a gel at 
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appropriate temperatures (sol-gel transition), where a coil-helix transition occurs and a subsequent aggregation of 

helices forms physically crosslinked domains[59,60]. 

Fig. 1-4 Chemical structure of carrageenan (CRG). 

 

 To date, several CRG-based drug carriers have been reported[53,58,61–63]. Among them, as shown in Fig. 1-

5, Obaidat et al. prepared CRG microparticles with diameters of approximately 15-40 µm[53]. After the preparation 

of CRG microparticles, ibuprofen, which is an anti-inflammatory analgesic, was encapsulated in the microparticles 

in supercritical carbon dioxide. The CRG particles rapidly released ibuprofen and were expected to be applied for 

oral administration. 

 
Fig.1-5 Scanning electron microscope (SEM) images (bar: 10 µm)and average diameter of CRG particles[53]. 

 

CS is a linear polymer prepared by deacetylating natural chitin, which is obtained from crustaceans, such 

as shrimp and crab[36,64–66]. CS has been reported to have antibacterial properties due to its intramolecular amino 

groups[36,64]. CS interacts with mucins on the surface of body tissues, so drug carriers based on CS exhibit adhesion 

to body tissues (e.g., oral and intestinal walls)[67]. CS has also been reported to improve the membrane permeability 

of the intestinal wall[65,68]. Due to these advantages, CS-based drug carriers have high performance in drug delivery. 

 

Fig. 1-6 Chemical structure of chitosan (CS). 

 

 CS has been applied to micro and nanoparticles[65,66,69–71]. Among them, Antoniou et al. prepared 

nanoparticles with diameters of 100-200 nm by electrostatic interaction between CS and tripolyphosphate (TPP)[69]. 
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A diameter of nanoparticles formed by CS and TPP was controlled by CS concentration, pH change, and salt 

concentration. The diameter of the nanoparticles is directly related to the efficiency of accumulation in tumor tissues 

by EPR effect and membrane permeability, and localized accumulation of the nanoparticles can be expected by 

controlling the diameter of the nanoparticles. 

 

Fig. 1-7 A transmission electron microscope (TEM) image of CS nanoparticles (bar: 200 nm)[69]. 

 

As shown in Fig. 1-8, poly-L-lysine is a polymer produced by the fermentation of lysine by Streptomyces 

albulus[72–75]. Poly-L-lysine also has a positive charge due to its intramolecular amino group, and is expected to be 

applied as antibacterial and anticancer agents[72–74]. 

 

Fig. 1-8 Chemical structure of poly-L-lysine. 

 

 Drug carriers based on poly-L-lysine were developed[36,76–79]. Among them, as shown in Fig. 1-9, Agazzi 

et al. prepared nanoparticles with diameters of approximately 200 nm formed from dendrigraft poly-L-lysine (DGL) 

and TPP[76]. DGL-TPP nanoparticle with diameters of approximately 200 nm was formed by the electrostatic 

interaction between the nanoparticles of a few nm formed from DGL and TPP. The DGL-TPP nanoparticles were 

disassembled by decreasing the electrostatic interaction between DGL and TPP due to pH change, and then DGL was 

disintegrated by the enzyme (trypsin) encapsulated in the DGL-TPP nanoparticles. Therefore, drugs were released 

from DGL-TPP nanoparticles in two steps. 
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Fig. 1-9 Drug release behavior and TEM image of DGL-TPP nanoparticles[76]. 

 

2.3.2 Synthetic polymer 
 

Synthetic polymers for drug carriers are, e.g., PLGA (poly(lactic-co-glycolic acid)), PLA (polylactide), and 

PCL (poly(e-caprolactone))[36,80–87]. These synthetic polymers are biocompatible and biodegradable, and their 

molecular weight is controlled. The synthetic polymers have a lower polydispersity index than natural polymers[83,86]. 

Therefore, the synthetic polymers are often utilized as excipients for DDS carriers, and they have high reproducibility 

of carrier formation[87]. Drug carriers based on synthetic polymers have been reported to have controlled long-term 

drug release characteristics ranging from one week to 60 days, depending on the composition of the synthetic 

polymer[80,82,86]. 

 

Fig. 1-10 Chemical structure of PLGA (poly(lactic-co-glycolic acid)), PLA (polylactide), and PCL (poly(e-

caprolactone)).  
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Fig. 1-11 SEM image (bar: 300 µm) and release behavior of drug form PLGA particles[81]. 

 

 As shown in Fig. 1-11, Kim et al. prepared microparticles with a diameter of approximately 40 µm from 

PLGA. Drugs were released from PLGA microparticles into the body of beagle dogs for three months[81]. It was 

shown that the release rate of drugs could be controlled by the composition of lactic acid and glycolic acid in PLGA. 

 

2.3.3 Inorganic materials 
 

Inorganic materials for drug carriers are, e.g., silica[88–95] and metals[96–101].  

 
Fig. 1-12 Shape of silica particles[90–95]. 

 

As shown in Fig. 1-12, silica particles are formed by siloxane bonds, and preparation methods of silica 

particles have a great influence on their shapes[90–95]. It has been reported that particles with various shapes can be 
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formed from the same material (silica), e.g., non-porous[90,91], porous[90,93–95], hollow[90,94], and core-shell[92]. 

Drug carriers formed from metals often have unique properties of the metals themselves. Among them,  

magnetic nanoparticles have been prepared from magnetite, iron, nickel, and cobalt[96–101]. The magnetic 

nanoparticles are applied in thermotherapy and medical diagnostic devices. By accumulating magnetic nanoparticles 

in tumor tissue by the EPR effect and then changing the magnetic field, the magnetic nanoparticles generate heat 

from magnetic energy and actively destroy the tumor tissue[96,97]. By NMR imaging, magnetic nanoparticles can 

enhance contrast in images between normal and tumor tissues and visualize organ function and blood flow[98,99]. 

 

3. Drug carriers for pulmonary administration 
 

 Pulmonary administration is very useful as the next generation drug administration route in the super-aging 

society because it exhibits high therapeutic efficacy at home. Drug carriers for pulmonary administration have more 

detailed requirements than drug carriers utilized for other medications. In section 3, I describe the requirements for 

drug carriers for pulmonary administration and the current preparation techniques of drug carriers for pulmonary 

administration. 

  

3.1. Requirements for drug carriers for pulmonary administration 
 

 The drug carriers used for the pulmonary administration need to satisfy the following (1) to (4) conditions 

for the delivery of drugs to alveoli: (1) biocompatibility[102], (2) proper control of the size of the carriers (1–5 µm in 

an aerodynamic diameter)[103–107], (3) an ability to avoid the immune system[102,107–109], and (4) rapid release of 

drugs[110]. When the drug carriers exhibit poor biocompatibility, the drug carriers will be eliminated from the body 

by the immune system before the drugs are released from the carriers. When the diameter of the drug carriers is larger 

than 5 µm, it is difficult for the drug carriers to deliver to the alveoli due to deposition in organs prior to the alveoli. 

In addition, the drug carriers smaller than 1 µm (nanocarriers) may be expelled from the body by exhalation[103]. The 

diameter of the drug carriers is an important factor for pulmonary delivery capacity, and their diameter should be 

finely controlled. The alveoli in the lungs contain alveolar macrophages as an immune system. The phagocytosis of 

alveolar macrophages is most active in the range of 1-3 µm[109], and the diameter of the drug carriers delivered to the 

lung overlaps with the phagocytic range of alveolar macrophages. Therefore, it is necessary to select materials and 

modify the surface of the drug carriers to avoid phagocytosis from alveolar macrophages. Pulmonary administration 

is suitable for the delivery of drugs with immediate effect because the absorption efficiency of drugs is very high. 

Thus, the drug carrier should release the drug rapidly. 
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Fig. 1-13 Requirements for drug carriers for pulmonary administration. 

 

3.2. Preparation techniques of drug carriers for pulmonary administration  
  

3.2.1. Emulsion-solvent evaporation technique 
 

 Emulsions are systems where stable small droplets (the dispersed phase) suspend in another immiscible 

solution (the continuous phase), e.g., dressings, mayonnaise[111–114] Emulsions are formed by applying external force 

(mechanical homogenization or sonication) to a mixture of two incompatible solvents[115–118]. The formation of o/w 

(oil-in-water) emulsion, in which oil droplets are dispersed in water, and w/o (water-in-oil) emulsion, in which water 

droplets are dispersed in oil, is affected by the volume ratio of the solvent and the nature of the mixed surfactants 

(hydrophilic and hydrophobic). In the emulsion-solvent evaporation technique, the dispersed phase of the emulsion 

forms the drug carriers. For this reason, o/w emulsions with highly volatile organic solvents as the dispersed phase 

are often used. 

 Silva et al. prepared lipid microparticles for pulmonary administration of o/w emulsions by emulsion-

solvent evaporation technique[119]. The lipid microparticles (glyceryl trimyristate and glyceryl behenate 

microparticles) exhibit biocompatibility and can predominantly encapsulate lipophilic drugs. The glyceryl 

trimyristate microparticles had a diameter of 6.84 ± 0.92 µm, a Span value of 2.56 ± 1.04 indicating the dispersion 

of the particles, and a density of 0.24 ± 0.002 g/cm3. The glyceryl behenate microparticles had a diameter of 25.62 ± 

1.30 µm, a span value of 2.94±0.90, and a density of 0.227 ± 0.007 g/cm3. 

 Edwards et al. prepared non-porous particles (diameter: 3.5 µm, density: 0.8 g/cm3) and porous particles 

(diameter: 8.5 µm, density: 0.1 g/cm3) from PLGA and PLAL-Lys (poly(lactic acid-co-lysine-graft-lysine))[120]. The 

inhalable fraction of these particles was 20.5 ± 2.5% for the non-porous particles and 50 ± 10% for the porous particles. 

Interestingly, the porous particles with an unsuitable particle diameter for pulmonary administration were more 

delivered to the deep lung than the non-porous particles with a suitable particle diameter for pulmonary administration. 

The advantage of the emulsion-solvent evaporation method is that it can produce spherical particles with a 

narrow diameter distribution. 
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Fig. 1-14 Porous particles based on PLGA for pulmonary administration, (A) SEM images (bar: 5 µm), (B) tapped 

density, and (C) aerosol-dispersion performance[121]. 

 

 W/o/w (water-in-oil-in-water) emulsions and o/w/o (oil-in-water-in-oil) emulsions are formed when w/o 

and o/w emulsions are used as the dispersed phase. Particles formed from these w/o/w and o/w/o emulsions have a 

unique surface morphology compared to particles formed from w/o and o/w emulsions. As shown in Fig. 1-14, 

Nishimura and Takami et al. developed porous particles from w/o/w emulsions[121,122]. The PLGA particles formed 

from w/o/w emulsions become porous on the surface and inside of the particles due to evaporation of internal water 

droplets of the w/o/w emulsion by freeze-drying. Therefore, the porous particles have a very low density (0.05 g/cm3) 

compared to non-porous particles (average density is 0.1-0.5 g/cm3). The surface morphology of the PLGA particles 

was successfully controlled from the emulsification conditions and surfactant composition, and high aerosol-

dispersion performance was achieved even at a particle diameter of approximately 10 µm, which is unfavorable for 

pulmonary delivery. 

From the above reports, it is very important to control the particle properties (surface morphology, diameter, 

and density) for pulmonary administration. 
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3.2.2. Spray-drying technique 
 

Particles are formed when a liquid or a mixture of solid and liquid is sprayed into a gas and dried rapidly 

by heating, which is the spray-drying technique. The particles are prepared by a spray dryer (Fig. 1-15). The diameter 

of the particles prepared by spray drying depends on the nozzle diameter of a spray dryer and solution conditions 

(e.g., drying and spraying rate, concentration, and pH). To date, the particles with diameters ranging from tens of 

nanometer to hundreds of micrometer have been prepared[20,123–125]. Surface morphology of the particles is also 

affected by drying rates and additives in solutions[126–128]. 

 
Fig. 1-15 Appearance of a spray dryer (Mini Spray Dryer B-290, Nihon BUCHI K.K.). 

 
Fig. 1-16 Effect of drugs encapsulated in particles, particle excipients, and additives to solvents on surface 

morphology and aerosol-dispersion performance of spray-drying based particles[20,123]. 

 

As shown in Fig. 1-16, Kadota et al. prepared particles by spray-drying a polysaccharide, highly Branched 

cyclic dextrin (HBCD). The HBCD particles have been successfully encapsulated with both rifanmpicin (RFP), 

which is a hydrophobic drug used in the treatment of pulmonary tuberculosis, and isoniazid (INH), which is a 
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hydrophilic drug[123]. They also prepared the particles with various surface morphologies from saccharides (lactose, 

sucrose, maltose, b-cyclodextrin (b-CD), methyl b-cyclodextrin (Mb-CD)). 

Takeuchi et al. prepared particles of PLGA encapsulating RFP and reported that the surface morphology of 

the particles changed significantly depending on the concentration of leucine[20]. Furthermore, they showed that the 

surface morphology of these particles was greatly affected by (1) to (3): (1) the drugs encapsulated in the particles, 

(2) the polymers that formed the particles, and (3) the additives to the solution. The particles with dimpled surfaces 

were more likely to be delivered to the deep lung than particles with non-porous surfaces, and the deposition rate of 

the particles in the treatment area for non-porous surface particles was 3-6%, while that for dimpled particles was 30-

55%. These results indicated that dimpled particles achieve higher aerosol-dispersion performance compared to non-

porous particles. 

 

Fig. 1-17 SEM images of microparticles containing nanoparticles (A: mannitol microparticles containing 

nanoparticles formed from tadalafil, B: PEG-modified CS microparticles containing PLGA nanoparticles)[129,130]. 

 

 In recent years, nanoparticles have been investigated for delivery to the deep lung, but it is difficult to 

deliver only nanoparticles to the deep lung due to the particles' diameter. Therefore, the administration of 

nanoparticles to the deep lung has been investigated by (1) preparation of microparticles containing nanoparticles 

formed by spray-drying an aqueous solution of dispersed nanoparticles, and (2) inhalation of a dispersion of 

nanoparticles in an aqueous solution. As shown in Fig. 1-17, Rad et al. prepared microparticles by spray-drying a 

mixture of nanoparticles formed from tadalafil, which is a drug for pulmonary hypertension, and an aqueous solution 

of mannitol (Man), which is a sugar alcohol[129]. El-Sherbiny et al. prepared PEG-modified CS microparticles 

containing PLGA nanoparticles[130]. The deposition rates of these particles in the treatment area were 64.2% for the 

mannitol microparticles and 30.2% for the PEG-modified CS microparticles, indicating that the nanoparticles were 

delivered to the deep lung with high efficiency by the contained microparticles. 
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Fig. 1-18 TEM images (bar: 100 nm) and aerosol-dispersion performance of particles formed by spray-drying w/o 

emulsion[131]. 

 

As shown in Fig. 1-18, Li et al. dissolved salbutamol sulfate, which is a bronchodilator, and insulin, which 

is a blood glucose suppressor, in lactose solution and dispersed each in isooctane to form w/o emulsions. The 

nanoparticles of less than 100 nm were prepared by spray-drying the w/o emulsions[131]. When the prepared 

nanoparticles were dispersed in an aerosol solution and inhaled, the deposition rates of salbutamol sulfate particles 

and insulin particles in the treatment area were 62.9 ± 1.5% and 65.1 ± 1.0%, respectively, showing very high values. 

In some cases, the nanoparticles are prepared by both emulsion and spray-drying techniques. 

 

3.2.3. Spray-freeze-drying technique[132–138] 
 

 The particles are formed by spraying an aqueous solution containing the drug in liquid nitrogen vapor and 

freeze-drying, which is the spray-freeze-drying technique. In spray freeze-drying technology, the particles are mainly 

formed by aqueous solutions, and freeze-drying removes the water, resulting in low-density particles with internal 

pores[132–134]. The diameter of the particles depends on a diameter of a dryer nozzle, flow rate of a atomizing gas, and 

viscosity and concentration of aqueous solutions[133,134,138]. Furthermore, a major advantages of the spray-freeze-

drying technique is that proteins and nucleic acids, which are denatured by external forces (heat, mechanical 

homogenization, sonication), can be encapsulated in the particles without denaturation[134–138]. It would be one of 

techniques to prepare high-performance particles with high therapeutic effect. 
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 Fig. 1-19 SEM images of particles formed by spray-freeze-drying[135–137]. 

 

As shown in Fig. 1-19, Fukushige et al. prepared porous microparticles for deliver nucleic acids to the lung 

(LPD-SFDP) by spray freeze-drying a complex (LPD) of liposomes, protamine (protein), DNA, and small interfering 

RNA (siRNA) with mannitol solution[135]. Furthermore, porous particles with enhanced cell uptake (LPDH-SFDP) 

were prepared by coating LPD with hyaluronic acid (HA) and then spray freeze-drying. The HA coating of the 

particles resulted in (1) no difference in the surface morphology of the particles, (2) a deposition rate of 30-40% in 

the treatment area, and (3) a twofold increase in cellular uptake. 

Okuda et al. prepared porous microparticles that delivered Plasmid DNA (pDNA) formed from polyaspartic 

acid (PAsp) and mannitol[136]. The deposition rate of the particles in the treatment area was 51.3 ± 6.2%. The 

formation of particles from PAsp enhanced the uptake of pDNA by the cells. 

Mohri et al. prepared microparticles that delivered pDNA formed from CS and mannitol[137]. The 

containing of CS in the microparticles reduced the physicochemical stress on pDNA inside the microparticles, 

indicating the possibility of delivering pDNA to the deep lung without denaturation. 
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Fig. 1-20 Effect of atomization gas flow rate on particle diameter (bar: 50 µm)[138]. 

 

As shown in Fig. 1-20, Liang et al. prepared porous microparticles by spray-freeze-drying a mixture of 

mannitol solution and siRNA or herring sperm DNA (hsDNA)[138]. They showed that flow rate of atomizing gas 

affected only a diameter of the particles, without affecting the surface morphology on the particles. Mannitol is widely 

used as an excipient for particles in spray-freeze-drying technique. Mannitol is biocompatible, has low hygroscopicity, 

and crystallizes easily during the freezing process, which enhances the structural stability of particles[139–141]. In other 

words, substances with a slow crystal nucleation or crystal growth rate during spray freeze drying are unsuitable as 

excipients for particles. 

 

4. Stimuli-responsive drug carriers 
 

 Drug carriers are expected to release drugs only at the target site. In addition to the drug carriers listed 

above, drug carriers that respond to external stimuli have been investigated. In stimuli-responsive drug carriers, the 

microstructure of the drug carriers changes rapidly in response to stimuli from the external environment, resulting in 

dissolution or deformation of the drug carriers. The control of drug release behavior utilizing these state changes has 

been investigated. In section 4, I will describe the advantages of "temperature," "light”, and “pH” responsive drug 

carriers among stimuli-responsive drug carriers. 
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4.1. Temperature-responsive drug carriers 
 

 The temperature-responsive drug carriers release the encapsulated drugs by changing the steric 

configuration and physical properties of the molecules forming the carrier in response to temperature. Drug carriers 

based on sol-gel transition at lower critical solution temperature (LCST) and upper critical solution temperature 

(UCST) have been reported[142–149]. 

 At below LCST, hydrogen bonding between the polymer and water causes the polymer to form random 

coils and dissolve. At above LCST, when the hydrogen bond between the polymer and water weakens and dehydration 

occurs from the hydrophobic part of the polymer, the polymer chains form aggregates[142–149]. Polymers that exhibit 

LCST include poly(N-Isopropylacrylamide) and methyl cellulose. UCST exhibits a phase transition in contrast to 

LCST. At below UCST, betaine type (amphoteric ion type) polymers form aggregates due to aggregation between 

polymers driven by intramolecular electrostatic interactions[144,145]. However, at above UCST, molecular motility 

increases and dissolves rather than the intramolecular electrostatic interaction. 

Fig. 1-21 A magnetic resonance imaging and drugs (doxorubicin) release behavior of temperature-responsive 

liposomes[148]. 

 

 As shown in Fig. 1-21, Kono et al. prepared temperature-responsive liposomes with a diameter of 

approximately 110 nm by grafting poly(2-(2-ethoxy)ethoxyethyl vinyl ether-b-octadecyl vinyl ether) (EOEOVE-b-

ODVE), which is a temperature-responsive polymer, onto the surface of the liposomes[148]. EOEOVE-b-ODVE 

showed LCST at approximately 40°C. At body temperature (approximately 37°C), EOEOVE-b-ODVE was 

hydrophilic and thus had a high affinity with liposomes and stabilized the surface structure of the liposomes. However, 

above the LCST, EOEOVE-b-ODVE became hydrophobic, which destabilized the surface structure of the liposomes 

and resulted the liposome to disintegrate. Thus, the drugs (doxorubicin) encapsulated in the liposome was released. 

Therefore, drugs were locally administered from liposomes by local heating (hyperthermia therapy) in the body[150,151]. 
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Fig. 1-22 SEM image (bar: 400 nm) and a drug (doxorubicin) release behavior of particles in response to 

temperature and reactive oxygen species[149].  

 

 As shown in Fig. 1-22, Yu et al. prepared nanoparticles with a diameter of approximately 240 nm that react 

with temperature and active enzymes by grafting poly(N-isopropylacrylamide-co-4-(benzyl acrylate) phenylboronic 

acid pinacol ester)( poly(NIPAM-co-BAPAE)) onto the surface of porous silica particles[149]. The nanoparticles 

encapsulated the drug (doxorubicin) by concentration gradient below LCST (37°C) and inhibited the release of the 

drug by hydrophobic interaction above the LCST. Thus, the release and internalization of drugs in stimuli-responsive 

carriers are greatly affected by temperature. Furthermore, reactive oxygen species (ROS) changed the conformation 

of molecular chains and accelerated the release rate of the drug from the nanoparticles. In the body, local release of 

the drug was expected to occur at sites where the amount of ROS was high (tumor tissue and inflammation sites). 

 

4.2. Photo-responsive drug carriers 
 

 In photo-responsive drug carriers, the encapsulated drugs are released when the structure of the molecules 

forming the carriers is altered by light irradiation (e.g., light-induced structural change of molecules via cis-trans 

isomerization reactions [152–154]). In addition, substances that convert light into heat are used to form photo-responsive 

drug carriers[152,155–159]. 

Fig. 1-23 SEM image (bar: 1 µm) and drugs (doxorubicin) release behavior of photo-responsive particles thermally 

generated by near-infrared light[158]. 

 

 As shown in Fig. 1-23, Zhang et al. prepared urchin-like hollow microparticles formed from ZnS 

microparticles and Bi2S3[158]. The hollow microparticles were encapsulated with 1-tetradecanol (phase change 
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material, PCM) which exhibits phase change at 38°C and drugs (doxorubicin). When the hollow microparticles were 

irradiated with near-infrared light at 808 nm, Bi2S3 absorbed the light and generated heat. As a result, the hollow 

microparticles destroyed the cells and the 1-tetradecanol inside the hollow microparticles changed phase and 

accelerated the release rate of the drugs. The drug was released from the hollow particles only while light was 

irradiated, and the release of the drugs was switched by light. Tumor tissues are reported to have less dilated blood 

vessels and are more vulnerable to heat than normal cells, and efficient treatment of tumor tissues can be expected 

by converting light into heat[150]. Because shorter wavelengths of irradiated light increase toxicity to cells, near-

infrared light has been widely used in recent years[152][160]. 

Fig. 1-24 SEM image (bar: 100 nm) and a fluorescent substance (rhodamine B) release behavior of mesoporous 

silica particles by cis-trans isomerization reaction. 

 

As shown in Fig. 1-24, Lu et al. prepared mesoporous silica particles with a diameter of approximately 300 

nm that released a fluorescent substance (Rhodamine B) by light-induced cis-trans isomerization reaction[159]. By 

modifying the pores of mesoporous silica particles with an azobenzene derivative, rhodamine B was rapidly released 

from the particles upon light irradiation at 413 nm. 

 

4.3. pH-responsive drug carriers 
 

 In pH-responsive drug carriers, the encapsulated drugs are released when the structure of the molecules 

forming the carriers or their intermolecular interactions change due to pH changes in the environment. pH-responsive 

drug carriers are formed from polymers with intramolecular amino groups and are affected by the pKa of the polymer. 

When the pH becomes lower than pKa, polymers change from hydrophobic to positively charged hydrophilic and this 

change in aqueous solubility has a significant effect on the release behavior of drugs from the drug carriers[76,161,162]. 

In tumor tissues, it is known that the pH is weakly acidic by substances, such as lactic acid and glutathione, produced 

during the metabolic process, and drugs can be released locally into the tumor in response to such changes[163,164]. In 

addition, during endocytosis, the pH changes to approximately 5-6, and drugs are released from the carriers in 

response to the pH change[163–165].  
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Fig. 1-25 SEM image (bar: 500 nm) and drugs (doxorubicin) release behavior of pH-responsive nanoparticles[166]. 

 

As shown in Fig. 1-25, Feng et al. prepared pH-responsive nanoparticles by grafting poly (allylamine 

hydrochloride) (PAH) and sodium poly(styrene sulfonate) (PSS) onto the surface of porous silica nanoparticles[166]. 

The nanoparticles rapidly released the drugs (doxorubicin) by desorption of PAH and PSS from the particle surface 

under weakly acidic conditions. Evaluation of histology showed that nanoparticles have lower systemic toxicity than 

free drugs, which could reduce side effects. 

Fig. 1-26 Release behavior of drugs (paclitaxel) in pH-responsive polymeric micelles formed from three different 

polymers[46]. 

 

 As shown in Fig. 1-26, Wu et al. prepared pH-responsive polymeric micelles with a diameter of 

approximately 110 nm from three different polymers, poly(ethylene glycol)-grafted histidine (PHIS-PEG), 1,2-

distearoyl-sn-glycero-3-phosphoethanolamine-polyethylene glycol-2000 (DSPE-PEG2000), and antinucleosome 

antibody (mAb 2C5)-modified DSPE-PEG3400 (DSPE-PEG3400-2C5)[46]. At pH=7.5, polymeric micelles were 

formed with the hydrophobic part of histidine as the core, but when the pH changed to acidic, the histidine protonated 

and the polymeric micelles disintegrated, thereby releasing the drugs (paclitaxel). 
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5. The aim of this thesis 
 

 In this doctoral thesis, I aim to develop "temperature-responsive microparticles" that rapidly release drugs 

in the body by an emulsion method utilizing the sol-gel transition phenomenon of polysaccharide. By emulsifying an 

organic solvent in which a surfactant is dissolved and an aqueous polysaccharide solution, a w/o emulsion is formed. 

When the resulted w/o emulsion is cooled, the polysaccharide performs the sol-gel transition and gel particles are 

formed. The resulted gel particles are then dried to form microparticles. The diameter of the microparticles depends 

on the emulsification rate and emulsification time, so the microparticles with diameters suitable for pulmonary 

administration are prepared. I have selected CRG to form a drug carrier. The formation of microparticles for 

pulmonary administration from CRG provides the advantages of (1) to (5). (1) k- and i-type CRGs are highly 

biocompatible in the lungs[56]. (2) The physical properties (surface morphology and rigidity) of the microparticles 

can be changed based on the unique properties of k- and i-type CRGs. (3) The encapsulation and release of positively 

charged compounds can be controlled by the electrostatic interaction of sulfate groups in the CRG molecule. (4) 

Because CRG swells by absorbing water, the microparticles swell by absorbing body fluids, which will increase the 

diameter of the microparticles and may avoid phagocytosis from alveolar macrophages. (5) After the microparticles 

are delivered to the lungs, the drugs are released from the microparticles by body temperature without any special 

heating. Thus, the CRG microparticles to be developed in this doctoral thesis (1) are simple to administer, (2) are 

fast-acting drug carriers that respond to body temperature and release drugs, and (3) have a high potential advantage 

in urgent diseases such as seizures and abnormal increases of blood glucose levels. As aging populations around the 

world grow, the CRG microparticles will be the next generation of drug carriers that can be administered by patients 

themselves to provide highly effective home treatment (Fig. 1-27). 
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Fig. 1-27 The aim of this thesis. 

 

In chapter 2, I tried to prepare CRG particles having a proper diameter, show their temperature-responsive 

behavior, and aerodynamic properties in order to achieve a highly efficient delivery of the particles to the lungs. I 

evaluated both of the factors affecting the preparation of the CRG particles and their in vitro aerosol-dispersion 

performance. In chapter 3, I reported (1) the development of temperature-responsive carageenan particles by 

changing the melting point of the polymeric surfactants (amphiphilic block copolymers that stabilize emulsions) used 

in particle formation by varying the composition of the block copolymers and using the melting of the surfactants 

oriented on the particle surface as the driving force for particle dissolution, and (2) the investigation of the release 

properties of the particles. In chapter 4, based on the knowledge of chapters 2 and 3, I challenged the encapsulation 

of cationic nanoparticles with the CRG particles by electrostatic interaction between the sulfate groups of CRG and 

the cationic nanoparticles to enhance the functionality of CRG particles. I evaluated the release properties of multiple 

inclusions from the CRG particles for application as a drug carrier for pulmonary administration with improved drug 

selectivity and the ability to deliver more than two different drugs. 
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Chapter 2 
 

Temperature-Responsive Polysaccharide Particles 
for Pulmonary Drug Delivery: Preparation of the 
Particles and Evaluation of Temperature-
responsiveness and Aerosol-dispersion 
Performance 
 

 

1. Introduction 
 

 As shown in chapter 1, in recent years, much attention has been paid to pulmonary administration[1–7], i.e., 

the administration method by which drugs are delivered to the lungs. The method has many advantages, three of 

which are highly prominent: (1) a simple administration (inhalation), (2) highly efficient absorption[8–10] due to both 

an enormous surface area (100 m2) and a highly permeable membrane (0.1–1 µm in thickness) in alveoli, and (3) no 

denaturation owing to the absence of digestive enzymes in the alveoli[10]. The drug carriers used in the pulmonary 

administration need to satisfy the following four conditions for the delivery of drugs to alveoli: (1) an aerodynamic 

ability to reach alveoli, (2) biocompatibility and ability to avoid the immune system[11], (3) proper control of the size 

of the carriers (1–5 µm in an aerodynamic diameter) [12], and (4) rapid release of drugs[12]. To date, there are various 

techniques for preparing particles suitable for use in pulmonary administration (e.g., spray drying, spray freeze drying, 

and emulsion formation) [13–17] . However, research has yet to identify particles satisfying all of the above conditions. 

 Carrageenan (CRG), a linear sulfated polysaccharide that is extracted from red algae seaweed, is an anionic 

natural polymer in which 3,6-anhydro-D-galactose alternately repeats a-1,3 and b-1,4 glycosidic linkages. 

Depending on the number of sulfone groups and the presence or absence of an anhydro bond, CRG falls into one of 

three classes: κ, ι, and λ. Co-existing metal salts and proteins greatly affect the physical properties of CRG. 

Furthermore, novel physical properties of CRG become manifest when the polymer is mixed with other 

polysaccharides. These properties have made CRG a widely popular component of gelling, thickening, and stabilizing 

agents in the food and medical industries[18,19]. In addition, aqueous solutions of polysaccharides form a gel at 

appropriate temperatures (sol-gel transition), where a coil-helix transition occurs and a subsequent aggregation of 

helices forms physically crosslinked domains[18,19].  

 In chapter 2, I prepare drug carriers for pulmonary administration: temperature-responsive polysaccharide 
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particles prepared through an emulsion formation and a subsequent sol-gel transition of polysaccharides (Fig. 2-1). 

The particles are obtained by the cooling of w/o (water-in-oil) emulsions prepared from an aqueous polysaccharide 

solution and a surfactant-dissolving organic solvent. Although it has been reported that κ-CRG particles can be 

prepared through an emulsion formation and a subsequent sol-gel transition of polysaccharides[20], the control of the 

diameter of the particles is difficult, so that there has been no application of such particles to pulmonary 

administration. Furthermore, although the resulting particles was expected to show a temperature-responsiveness, 

there have been no report to clarify the temperature-responsive collapse of the particles. Therefore, in chapter 2, I 

tried to prepare CRG particles having a proper diameter, show their temperature-responsive behavior, and 

aerodynamic properties in order to achieve a highly efficient delivery of the particles to the lungs. I evaluated both 

of the factors affecting the preparation of the CRG particles and their in vitro aerosol-dispersion performance. 

 

Fig. 2-1 Preparation of thermosensitive polysaccharide particles via sol-gel transition. 

 

 

2. Materials and Methods 
 

2.1. Materials 
 

 k-Carrageenan (k-CRG), potassium chloride, calcium lactate, and toluene were purchased from Wako Pure 

Chemical Industries (Osaka, Japan). Span40 (sorbitan monopalmitate), Span20 (sorbitan monolaurate), and Tween85 

(polyoxyethylene sorbitan trioleate) were purchased from Tokyo Chemical Industry (Tokyo, Japan). SunSoft 

No.25CD (propylene glycol monostearate), and SunSoft No. 623 M (glyceryl monooleate citrate) were purchased 

from Taiyo Kagaku (Mie, Japan). RYOTO sugar ester S-1570 (sucrose monostearate) was purchased from Mitsubishi 

Chemical Foods (Tokyo, Japan). Block copolymers, poly(ethylene glycol)-b-poly(ε-caprolactone) (PEG-PCL) [21,22] 

and poly(ethylene glycol)-b-poly(lactic acid) (PEG-PLA)[23–25] were synthesized according to a previously reported 

method with a slight modification. All the other reagents were of analytical grade and were used without further 

purification. 

 

2.2. Effect of surfactants on the formation and stability of s/o (solid-in-oil) 
suspension 
 

 κ-CRG (concentration: 1.2 w/v%) and cation (calcium lactate or potassium chloride, concentration: 32 
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mM) were dissolved in Milli-Q water (95°C, 40 mL). The mixture was stirred at 18,000 rpm for 30 minutes and 

placed in a water bath (80°C). I prepared the organic solvent by mixing toluene (10 mL) and the surfactant in a test 

tube. Then, I obtained a w/o emulsion by emulsifying an organic solvent containing surfactants and water containing 

both κ-CRG and cations with a high-speed homogenizer (NS-51K and NS-10, Microtec Co., Ltd., Japan). An s/o 

(solid-in-oil) suspension was obtained by gradually cooling the w/o emulsion in a water bath at room temperature. I 

observed the morphology of the s/o suspension with an optical microscope (BX41N-32, OLYMPUS, Japan). Span40, 

Span20, Tween85, SunSoft No.25CD, SunSoft No. 623M, and RYOTO sugar ester S-1570 were used as low-

molecular weight surfactants, whereas PEG-b-PCL (PEG Mn: 3200, PCL Mn: 8300; PEG Mn: 3500, PCL Mn: 6000; 

PEG Mn: 3400, PCL Mn: 4700; PEG Mn: 4500, PCL Mn: 3500) and PEG-b-PLA (PEG Mn: 2100, PLA Mn: 5200; PEG 

Mn: 2700, PLA Mn: 4500; PEG Mn: 3400, PLA Mn: 4800; PEG Mn: 4100, PLA Mn: 3400) were used as high-molecular 

weight surfactants (Fig. 2-2). The HLB (hydrophile-lipophile balance) values of the surfactants were determined to 

be 20×(Mh/Mw), where Mh and Mw were respective molecular weights of hydrophilic groups and (hydrophilic + 

hydrophobic) groups of the molecules (Griffin’s method)[26]. 

 

Fig. 2-2 Chemical structures of SunSoft No.25CD, Span40, SunSoft No.623M, Span20, RYOTO sugar ester S-

1570, Tween85, PEG-PCL, and PEG-PLA 
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2.3. Preparation of κ-CRG particles and observation of their surface morphology 
 

In order to remove the excessive surfactants present in s/o suspension obtained in section 2.2., I repeated a 

toluene addition and subsequent centrifugation (2000 rpm, 20 min) three times. κ-CRG particles were obtained after 

natural drying in a perfluoro alkoxylalkan (PFA) beaker. I prepared the specimens for SEM observation by placing 

the sample particles on an aluminum plate coating a thin platinum film (approximately 10.0 nm in thickness) on the 

sample under a reduced pressure with an MSP-1S ioncoater (Vacuum Device, Ibaraki, Japan). The surface 

morphology of the κ-CRG particles was observed with a scanning electron microscope (SEM, VE-9800, KEYENCE, 

Japan, accelerating voltage: 1.3 kV). The geometric diameter was determined from SEM images (n=100). In addition, 

I evaluated the effects of the concentration of the κ-CRG (1.2, 2.5, and 5.0 w/v%) on the surface morphology of the 

particles. 

 

2.4. Evaluation of the temperature-responsiveness of the κ-CRG particles 
 

The temperature-responsiveness of the κ-CRG particles was evaluated by a dynamic light scattering (DLS) 

measurement, a laser diffraction measurement, and optical microscope observation. First, the w/o emulsion was 

obtained by the emulsification (12,000 rpm, 5 min) of toluene containing PEG-PCL (PEG Mn: 3500, PCL Mn: 6000; 

0.5 mM) and water containing κ-CRG (concentration was different for each measurement) and potassium chloride 

(32 mM) with a high-speed homogenizer. Then, s/o suspension was obtained after cooling of the w/o emulsion 

solutions at room temperature in a water bath. The κ-CRG particles were prepared by the removal of an excess amount 

of surfactants and a subsequent natural drying. 

The particles prepared from s/o suspension containing κ-CRG (1.2, and 5.0 w/v% in a water phase) were 

dispersed in Milli-Q water (0.1 w/v%) for the determination of the particles’ diameter with a DLS measurement 

(Zetasizer Nano-ZS, Malvern Instruments, UK) from 30 to 92°C (2°C/min). The particles prepared from s/o 

suspension containing κ-CRG (5.0 w/v% in a water phase) were dispersed in Milli-Q water (0.1 w/v%) for the 

determination of the particles’ diameter with a laser diffraction measurement (LA-300, HORIBA, Japan) from 30 to 

70°C, 5°C/min. The particles prepared from s/o suspension containing κ-CRG (5.0 w/v% in a water phase) were 

dispersed in Milli-Q water (0.1, 1.0, 2.5, and 5.0 w/v%) for observation with an optical microscope (BX 53, 

OLYMPUS, Japan) and a temperature raising device (HS 82 Hot Stage Controller, Mettler Toledo International, 

Japan). 

 

2.5. In vitro aerosol-dispersion performance of κ-CRG particles 
 

I prepare the w/o emulsion by undertaking the emulsification (12,000 rpm, 5 min or 16,000 rpm, 10 min) 

of toluene containing PEG-PCL (PEG Mn: 3500, PCL Mn: 6000; 0.5 mM) and water containing κ-CRG (concentration 

was different for each measurement) and potassium chloride (32 mM) with a high-speed homogenizer. Then, s/o 

suspension was obtained after cooling of the w/o emulsion solutions at room temperature in a water bath. The κ-CRG 

particles were prepared by the removal of an excess amount of surfactants and a subsequent natural drying. Aerosol-
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dispersion performance of the particles was evaluated in vitro according to previous reports[15,27]. Each particle (ca. 

20 mg) was placed in a capsule made of hydroxypropylcellulose. The capsule was set into an inhalation device, a 

Jethaler dual chamber type (Hitachi Automotive Systems Measurement, Kanagawa, Japan, Fig. 2-3)[28]. The particles 

were released into an Andersen cascade impactor (AN-200, Tokyo Dylec, Tokyo, Japan, Fig. 2-3) for 10 sec at the 

airflow rate of 28.3 L/min. At this airflow rate, the effective cutoff diameters and deposition sites at each stage in the 

cascade impactor were, in line with the manufacturer’s pamphlet, as follows (Fig. 2-4): 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); stage 6 

(1.1 µm, alveoli); stage 7 (0.65 µm, alveoli); and stage 8 (0.43 µm, alveoli). I determined the deposition ratio of each 

stage by measuring the weights of particles before and after inhalation. On the basis of the deposition ratio values, I 

determined the mass median aerodynamic diameter (MMAD), emitted dose (ED), and fine particle fraction (FPF) as 

follows. MMAD, the diameter that corresponds to 50% cumulative volume (i.e., a situation where 50% of the 

particles by weight are smaller than the MMAD), was determined from the approximation curve, which itself 

stemmed from diameter-cumulative volume plots. ED and FPF were obtained by the following equations[29]: 

 

ED =	 !"#$#%&	(%))	#"	*%+),&-)./#"%&	(%))	#"	*%+),&-)	
!"#$#%&	(%))	#"	*%+),&-)

× 100	[%]     (1) 

FPF = 	0%))	12	+%3$#*&-)	12	45#*5	6!	#)	)(%&&-3	$5%"	7	89
:1$%&	(%))	12	+%3$#*&-)	%$	%&&	)$%;-)

× 100	[%]     (2) 

 

where da is an aerodynamic diameter. The particles after inhalation were observed by SEM. To collect the 

particles deposited at each stage, I adhered them to a fragment of carbon tape. I prepared the specimens for SEM 

observation (accelerating voltage: 1.3 kV) by placing the fragment on an aluminum plate and coating a thin platinum 

film (approximately 10.0 nm in thickness) on the sample under a reduced pressure with an MSP-1S ioncoater. 
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Fig. 2-3 Apparatus for evaluation of aerosol-dispersion performance: (A) (B) structure of DPI device (Jethaler) ; 

(C) appearance of a cascade impactor.  

 

Fig. 2-4 Structure of a cascade impactor and deposition sites corresponding to each stage. 
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3. Results and Discussion 
 

3.1. Effect of surfactants on the formation and stability of s/o suspension 
 

Emulsions are systems where stable small droplets (the dispersed phase) suspend in another immiscible 

solution (the continuous phase)[30–33]. The formation and stability of emulsion droplets are greatly affected by the 

surfactant present at the two-phase interface. In chapter 2, I evaluated the effect of surfactants on the formation and 

stability characterizing s/o suspensions that had been prepared from κ-CRG and surfactants with various HLB values. 

HLB value is an index showing the emulsion-forming ability of surfactants. Low and high HLB values were ascribed 

to lipophilic and hydrophilic surfactants, respectively. In general, w/o emulsions were obtained using surfactants with 

HLB values ranging between 3 and 8, whereas o/w emulsions were obtained using surfactants with HLB values 

between 9 and 18 (Fig. 2-5). 

 
Fig. 2-5 Effect of HLB value on the formation of emulsions

 

Fig. 2-6 Optical microscope images of s/o suspensions prepared in the presence of surfactants (bar: 10 μm) 
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Fig. 2-7 Optical microscope images of s/o suspensions prepared in the presence of surfactants (bar: 10 μm; A–B 

represents a block copolymer with a composition of PEG Mn (A) and PCL or PLA Mn (B)). 

 

Figs. 2-6 and 2-7 show the optical microscope images of the s/o suspensions prepared in the presence of 

either low-molecular-weight or high-molecular-weight surfactants. As shown in Figs. 2-6 and 2-7, the stability of s/o 

suspensions were low in most of the cases where low-molecular-weight surfactants with an HLB less than 8 were 

suitable for forming w/o emulsions and where low-molecular-weight surfactants with and HLB higher than 9 were 

unsuitable for forming w/o emulsions. In addition, aggregates formed when surfactants having branched hydrophilic 

parts in the molecules (SunSoft No. 623M and Tween85) were used. I assume that the following phenomena occur 

when s/o suspensions coexist with polysaccharides: (1) polysaccharides in water droplets (as a main component of 

particles) inhibit an alignment of surfactants at solid-liquid interfaces, and (2) the contact of polysaccharides with 

organic solvents at unstable oil-water interfaces and the subsequent formation of aggregates occur when surfactants 

having branched hydrophilic parts in the molecules are used. 

A highly stable and uniform s/o suspension was formed only in the presence of Span20 (HLB value: 8.6), 

which is considered to have a low ability to form w/o emulsions. Although, in general, a stable w/o emulsion was 

obtained when surfactants having an HLB value ranging from 3 to 8 was used, the changes in the density and 

ionization state of the aqueous phase affected the ability of surfactants to form w/o emulsions. For example, stable 

w/o emulsions were obtained even with surfactants having HLB values greater than 6 when the density of the aqueous 

phase increased and the ionization state changed regarding the coexistence of ZrO(Ac)2[34]. In addition, the ionization 
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state of the aqueous phase affected the stability of the w/o emulsion, and consequently, it was necessary to select 

suitable surfactants in consideration of the ionization state of water[35]. Therefore, in my experiments, only Span20 

formed stable w/o emulsions even though it generally had a low ability to form w/o emulsion for two reasons: (1) the 

density of the aqueous phase in w/o droplets was higher than water owing to the presence of dissolving κ-CRG, and 

(2) the charge of the aqueous phase in w/o droplets was negative because κ-CRG has sulfone groups in the molecule. 

These results suggest that the stability of w/o emulsions (and s/o suspensions formed by cooling w/o emulsions) 

increases only when suitable surfactants with both an appropriate HLB value and an appropriate structure are used 

and when the surfactants have a low molecular weight. 

By contrast, as shown in Figs. 2-6 and 2-7, highly stable s/o suspensions were formed regardless of the 

HLB value, structure, and composition of the surfactants when the surfactants had a high molecular weight. In 

addition, the molecular weight of the surfactants affected the stability of the s/o suspensions, and stable s/o suspension 

with a spherical shape was formed when high-molecular-weight surfactants were used (data not shown). These results 

suggest that stable w/o emulsions form as a result of the entanglement between the polymer chains of the surfactants 

(aligned at the oil-water interfaces) and κ-CRG molecules. 

 

3.2. Preparation of κ-CRG particles and observation of their surface morphology 

 

Fig. 2-8 Effect of surfactants and additives on the surface morphology of the κ-CRG particles (bar: 10 μm; PEGA-

PCLB represents a block copolymer with a composition of PEG Mn (A) and PCL Mn (B)). 

 

Fig. 2-8 shows the effect of additives (cations) and surfactants on the surface morphology of κ-CRG 
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particles. I used a natural drying to dry the particles to simplify the preparation process. A large number of particles 

having a dimpled surface were observed when a high-molecular-weight surfactant was used, whereas a small number 

of particles were observed when a low-molecular-weight surfactant was used. The zeta potential of the particles 

obtained in chapter 2 was -44.1±0.78 mV for the particles prepared in the following condition: κ-CRG concentration 

was 5.0 w/v%, surfactant used was PEG-PCL (PEG Mn: 3500, PCL Mn: 6000), emulsification condition was 12,000 

rpm × 5 min). The value is comparable to that of κ-CRG particles in another report[36]. Because the zeta potential is 

important factors affecting the particles’ delivery and retention during a pulmonary administration, further detailed 

study evaluating zeta potential of the particles is necessary in the future. 

 

Fig. 2-9 Effect of additives and the concentration of κ-CRG on the (A) surface morphology of κ-CRG particles 

(bar: 5 μm or 2 μm in the enlarged image) and (B) the geometric diameter of the κ-CRG particles (error bar shows 

standard deviation (n = 100)). 
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Fig. 2-9 shows the effect of additives (cations) and the concentration of κ-CRG on the surface morphology 

and the geometric diameter of κ-CRG particles. As shown in Fig. 2-9, the number of spherical particles increased and 

the geometric diameter became slightly larger, as the concentration of κ-CRG increased and cations were added. The 

results obtained in Figs. 2-6, 2-7, 2-8, and 2-9 suggest that there are two possible important factors affecting the 

formation of spherical κ-CRG particles: (1) the formation of physically crosslinked domains inside the particle by 

the increase of concentrations of polysaccharides and cations and (2) the formation of a stable solid-liquid interfaces 

by using high-molecular-weight surfactants. 

For the first factor, cations and polysaccharides play important roles in forming stable polysaccharide 

particles (Fig. 2-10). In general, cations[37–39] and polysaccharides increase the rigidity of the polysaccharide gels 

because they act as cross-linkers and main chains to form gels. In my study, the concentration of κ-CRG greatly 

affected the surface morphology of the particles; that is, dimpled particles having a distorted shape were formed when 

the concentration of κ-CRG was low. The dimpled surface morphology presumably derived from a decrease of the 

particles’ interior crosslinking density due to a decrease of the κ-CRG concentration. Therefore, at a low κ-CRG 

concentration, dimpled particles having a distorted shape were obtained because the amounts of water evaporated 

from the particles increase during a natural drying process. Takami et al., have reported that “dimpled” poly(lactide-

co-glycolide) (PLGA) microparticles was obtained by mixing an water and an organic solvent containing PLGA[40]. 

Furthermore, Mohamed et al. reported the dimpled DNA-loaded PLGA microcapsules was obtained by using two 

surfactant series based on hydrophilic-hydrophobic balance and the molecular weight of surfactants[41]. However, the 

mechanism of the dimple formation was still unclear in these cases (PLGA, a hydrophobic polymer) and the present 

study (κ-CRG, a hydrophilic polysaccharide). 

For the second factor, high-molecular-weight surfactants play important roles in forming stable and 

spherical polysaccharide particles with controlled diameters. In my results, as shown in Fig. 2-6, it was difficult to 

obtain stable s/o suspensions when low-molecular-weight surfactants were used, whereas it was easy to obtain highly 

stable s/o suspensions regardless of the HLB value, structure, and composition of the surfactants when high-

molecular-weight surfactants were used. These results seem to derive from the difference between the hydrogen 

bonding forces of the polysaccharide chain and those of surfactants. Previous research had already reported that the 

viscosity of polysaccharide solutions increases when PEG coexists with the polysaccharide and that this increase is 

due to the formation of hydrogen bonding between polysaccharide and PEG[42,43]. In hydrophilic parts of surfactants, 

PEG with a molecular weight of 3500 has 79 oxygen atoms, whereas Span20 has 5 oxygen atoms. Furthermore, the 

number of surfactants aligned at the particle surfaces was limited, as was clear from the finding that branched low-

molecular-weight surfactants reduced the stability of s/o suspension (Fig. 2-6). Therefore, strong hydrogen bonding 

seems to have formed between κ-CRG and PEG molecules in the aqueous phase, when there was PEG-PCL having 

a molecular weight and oxygen content that were suitable for alignment at the particle surfaces. In addition, a 

concentration gradient of surfactants formed between the solid-liquid interface and the organic phase after the 

removal of excessive surfactants dissolving in the organic phase. In such a gradient, the desorption of high-molecular-

weight surfactants would likely be harder from particle surfaces than the of low-molecular-weight surfactants, 

because of strong hydrogen bonding between polysaccharides and surfactants on the solid-liquid interfaces (Fig. 2-

10). 
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Fig. 2-10 The important factors affecting the formation of spherical κ-CRG particles. 

 

3.3. Evaluation of the temperature-responsiveness of the κ-CRG particles 

 
Fig. 2-11 Effect of temperature on the diameter of κ-CRG particles using DLS. 
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Fig. 2-12 Effect of temperature on the diameter of the κ CRG particles by laser diffraction measurements. 

 

Temperature responsiveness of particles is important for their use with effective drug-release properties in 

pulmonary administration. Temperature responsiveness of κ-CRG particles was evaluated by three methods: DLS 

measurement, laser diffraction measurement, and optical microscope observation. 

Fig. 2-11 shows the effect of temperature on the Z-average diameter and the substantial scattering intensity 

of the κ-CRG particles by DLS. By the comparison with a weight-average particle diameter, Z-average particle 

diameter (hydrodynamic particle size)[44], which is easy to calculate from the laser intensity by DLS, was affected by 

high-molecular-weight compounds. Substantial scattering intensity, obtained by irradiating particles with light 

through a Brownian-moving, indicates the number of particles in a dispersion medium. As shown in Fig. 2-11, the Z-

average particle diameters obtained by DLS were smaller than the geometric diameters observed by SEM (Fig. 2-9). 

This result was presumably attributable to the general phenomenon wherein light—when scattered by the dimpled 

structures of the surfaces of κ-CRG particles—affected the DLS-based diameters because laser irradiation determines 

the particle diameters in DLS measurements. In addition, regardless of the κ-CRG concentration in the particle-

formation stage, both the Z-average particle diameters and substantial scattering intensity decreased at about 55°C. I 

presume that the particles collapsed at over 55°C because there was no significant change in either the Z-average 

particle diameters or substantial scattering intensity. 

Fig. 2-12 shows the effect of temperature on the diameter of the κ-CRG particles by laser diffraction 

measurements. The particle diameter shown in Fig. 2-12 was almost the same as the geometric diameter determined 

by SEM (Fig. 2-9) at temperatures ranging from 25 to 50°C. The particles collapsed at temperature between 50 and 

55°C because no particles were detected at over 55°C. This result was consistent with the results shown in Fig. 2-11. 

In addition, κ-CRG particles collapsed after seeming to have slightly swelled because the particle diameters increased 

just before the collapse. It was generally reported that, in alveoli, the deposited particles with an aerodynamic 
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diameter of 1-3 µm are phagocytosed if they are recognized by alveolar macrophages[45,46]. Thus, κ-CRG particles 

having a diameter of over 3 µm can be used as drug carriers capable of releasing drugs stably in the alveoli. 

 
Fig. 2-13 Effect of temperature on the shape change in the κ-CRG particles evaluated by an optical microscope 

(bar: 50 μm). 
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Fig. 2-13 shows the effect of temperature on the diameters of κ-CRG particles by direct observation with 

an optical microscope. As shown in Fig. 2-13, although a large number of the κ-CRG particles were observed at 30°C, 

almost no κ-CRG particles were observed at over 52°C. Moreover, there were no changes in the appearance of the 

solution after 52°C; that is, no aggregation was observed. From the results uncovered by DLS measurement, laser 

diffraction measurements, and optical microscope observation (Figs. 2-11, 2-12 and 2-13), I can see that κ-CRG 

particles obviously collapsed at 52°C. In my preliminary experiments based on differential scanning calorimetry 

(DSC), I observed that the sol-gel transition of κ-CRG had temperature of 59°C (1.2 w/v %) and 73°C (5.0w/v%) in 

the presence of potassium chloride (32 mM) (detailed data not shown). It seems, therefore, that the collapse 

phenomenon of κ-CRG particles shown in Figs. 2-11, 2-12 and 2-13 did not occur via sol-gel transition because the 

κ-CRG particles collapsed at 52°C in all cases independent of κ-CRG concentrations, of solution concentrations 

where the κ-CRG particles were dispersed, and of particle diameters. One possibility is that the melting point of the 

surfactants may have affected the dissolution temperature of the κ-CRG particles. As will be discussed in chapter 3, 

the polymeric surfactant oriented on the surface of the κ-CRG particles may have dissolved due to the driving force 

of the melting point of the surfactant, and the κ-CRG particles may have finally dissolved.  
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3.4. In vitro aerosol-dispersion performance of κ-CRG particles 
 

 
Fig. 2-14 The surface morphology (bar: 5 μm) and the deposition ratio of the κ-CRG particles on the respiratory 

organs (error bar shows standard deviation, n = 3). The particles were prepared from κ-CRG and PEG-PCL (PEG 

Mn: 3500, PCL Mn: 6000). The κ-CRG concentration and rate and time of emulsification were 5.0 w/v%, 

12,000 rpm, and 5 min (black bar), and 5.0 w/v%, 16,000 rpm, and 10 min (gray bar), 2.5 w/v%, 16,000 rpm, and 

10 min (red bar), respectively. 

 

Fig. 2-14 shows the cascade impactor-based evaluation of the deposition ratio related to the κ-CRG 

particles on the respiratory organ (nasal cavity, pharynx, trachea, bronchi, and alveoli). I evaluated the deposition 

ratio by using three kinds of particles: particles having a geometric diameter of 5.14 ± 2.82 µm (κ-CRG concentration: 

5.0 w/v%, emulsification: 12,000 rpm, 5 min), particles having a geometric diameter of 3.76 ± 1.66 µm (κ-CRG 

concentration: 5.0 w/v%, emulsification: 16,000 rpm, 10 min), and particles having a geometric diameter of 1.84 ± 

0.62 µm (κ-CRG concentration: 2.5 w/v%, emulsification: 16,000 rpm, 10 min). By changing the emulsification 

conditions, I obtained the particles having different geometric diameters. The emulsion solution was mechanically 

emulsified by a homogenizer during the preparation of the particles. Consequently, a shear stress both greatly affected 

the emulsion droplets dispersing in toluene and decreased the diameters of the particles. For the first particles, ED, 

FPF, and MMAD were 91.8 ± 5.1%, 33.0 ± 3.3%, and 8.52 ± 1.20 µm, for the second particles, ED, FPF, and MMAD 

were 29.6 ± 11.1%, 52.1 ± 7.8%, and 4.93 ± 0.86 µm, and for the third particles, ED, FPF, and MMAD were 31.9 ± 

11.6%, 50.1 ± 9.0%, and 5.2 ± 1.6 µm. These results shown that the κ-CRG concentration and emulsification 
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conditions (corresponding to particles’ geometric diameters) affected the ED and FPF, suggesting that the particles 

having a geometric diameter suitable for pulmonary administration were delivered to the deeper sites in lung. As 

shown in Fig. 2-14, the κ-CRG particles exhibited characteristic delivery behavior: although the κ-CRG particles 

deposited in the nasal cavity, they were delivered more to the alveoli than to the pharynx and bronchi. The dimpled 

surfaces of κ-CRG particles are thought to induce the particles’ characteristic delivery behavior. During an inhalation, 

the Magnus effect occurs, i.e. an aerodynamic lift force affects a spinning sphere in a uniform flow. In general, 

aerodynamic lift force induced by the Magnus effect is expressed by the following equations[47,48]. 

 

CL ≡ 2L/(ρU2d) = f (α, Re)        (4) 

 

where CL is a lift coefficient, α is a rotational speed ratio defined by Nd/U, Re is a Reynolds number defined as ρUd/μ, 

U is a fluid velocity, ρ is a fluid density, L is a lift force, d is a particle diameter, N is rotational speed, and μ is a 

viscosity coefficient. The equation shows that particles having dimpled surfaces induce a turbulent flow at a lower 

speed than particles having smooth surfaces because of a low Reynolds number. A turbulent flow both prevents 

separation of airflows from particle surfaces and maintains the Magnus effect. Furthermore, it has been known that 

particles having dimpled surfaces fly into airflows easily because of both dimple-induced disturbances of boundary 

layers on surfaces and the consequent decrease in the air resistance pulling the particles backward[47,49–51]. On the 

other hand, it is difficult to execute the highly efficient delivery of particles to alveoli even though the particles exhibit 

high FPF values[52–54]. In some other reports, even when the particles had high FPF values (ranging from 50 to 70%), 

the amount of deposition on the stage corresponding to alveoli was low, whereas the amount of deposition on the 

stage corresponding to bronchi was high. In contrast, in the present study, the particles exhibiting high FPF values 

delivered predominantly to the alveoli. My results clearly demonstrate that κ-CRG particles with dimpled surfaces 

obtained in the present study can likely serve as drug carriers targeting alveoli. 
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Fig. 2-15 SEM images of the polymeric particles on the site of deposition. The particles were prepared from κ-CRG 

and PEG-PCL (PEG Mn: 3500, PCL Mn: 6000). The κ-CRG concentration and rate and time of emulsification were 

5.0 w/v%, 12,000 rpm, and 5 min, and 5.0 w/v%, 16,000 rpm, and 10 min, 2.5 w/v%, 16,000 rpm, and 10 min (red 

bar), respectively. 

 

Fig. 2-15 shows SEM images of the κ-CRG particles on the site of deposition after inhalation through the 

cascade impactor. As shown in Fig. 2-15, the aggregates of the particles were deposited in the capsule, nasal cavity, 

and pharynx. Particles prepared under the emulsification condition of 16,000 rpm×10 min tended to form aggregates, 

whereas unaggregated small particles were delivered to alveoli. An aggregation of materials is generally caused by 

some forces including Van der Waals force[55] and electrostatic force[56]. In particular, Van der Waals force, which is 

dominant in the aggregation phenomenon of fine particles, is theoretically expressed as[55]: 

 

𝐹 = <=
>?@"

+ <
AB@#

𝜋𝑟C        (5) 

 

where F is Van der Waals force, A is the Hamaker constant, H is the separation distance between two 

particle surfaces, and r is the radius of the contact area. Apparently from this equation, the aggregation of particles 

was reduced when their surfaces were dimpled because F decreases as H increases. On the other hand, it is generally 

understood that polysaccharide particles are easy to aggregate (for example, polysaccharide particles prepared by 

spray drying exhibit both low fluidity and high aggregability[14–16]). The high aggregability of the polysaccharide 

particles obtained in this study suggests that the intermolecular interaction of polysaccharide is most dominant and 

that the particles are not completely covered with the surfactants. As shown in Figs. 2-14 and 2-15, although the 

particles prepared under the emulsification condition of 12,000 rpm×5 min were released from the capsules (i.e., ED 

was very high, ca. 92%), the large mass of the particles deposited in the nasal cavity and pharynx because the particles 

formed aggregates, and consequently, the FPF value was considered to be low (ca. 33%). By contrast, regarding the 
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particles prepared under the emulsification condition of 16,000 rpm×10 min, their release from the capsules was 

difficult (i.e., ED was only ca. 30%) because of the unexpected formation of large aggregates. Furthermore, in both 

cases, the MMAD of the particles exhibited a larger value than their geometric diameter. This result suggests that the 

density of the particles is considered to be high according to the following equation[57]: 

 

𝑀𝑀𝐴𝐷 ≅  𝑑D6
E$
E%
        (6) 

 

where dg is geometric diameter, rp is particle density, and r1 is 1 g/cm3. There have been many reports[52,58–

60] showing that “porous” particles having a low density (less than 0.4 g/cm3) easily fly into the airflow, so that the 

particles are delivered to alveoli. However, interestingly, my results show that the κ-CRG particles tend to be 

delivered to alveoli despite the particles’ high density. One possible explanation of this result hinges on the “dimpled” 

surface of the κ-CRG particles. There have been a few report concerning dimpled hydrophobic (such as PLGA) 

microparticles[40,41] having a hydrophobic core where hydrophobic drugs can be loaded. However, since the 

polysaccharide microparticles can contain hydrophilic drugs[36], the dimpled κ-CRG microparticles can be used as 

drug carriers that can deliver hydrophilic drugs to the lungs. Furthermore, there is a possibility that the optimization 

of emulsification conditions further reduces the particles’ MMAD because the conditions affect the particles’ 

geometric diameters. 

 

 

4. Conclusion 
 

In chapter 2, I have prepared drug carriers for pulmonary administration: temperature-responsive 

polysaccharide particles prepared through an emulsion formation and a subsequent sol-gel transition of 

polysaccharides. The particles are obtained by the cooling of w/o emulsions prepared from an aqueous polysaccharide 

solution and a surfactant-dissolving organic solvent. I found that highly stable s/o suspensions were formed regardless 

of the HLB value, structure, and composition of the surfactants when high-molecular-weight surfactants were used. 

There are two possible important factors affecting the formation of spherical κ-CRG particles: (1) the formation of 

physically crosslinked domains inside the particle by the increase of concentrations of polysaccharides and cations 

and (2) the formation of a stable solid-liquid interfaces by using high-molecular-weight surfactants. I obtained stable 

polysaccharide particles with dimpled surfaces. From the results of my DLS measurement, laser diffraction 

measurements, and optical microscope observations, the κ-CRG particles in chapter 2 exhibited temperature 

responsiveness to collapse at 52°C. Furthermore, as a result of the in vitro aerosol dispersion performance of the κ-

CRG particles with the cascade impactor, I identified the characteristic delivery behavior of κ-CRG particles: the 

particles delivered more to the alveoli than to the pharynx and bronchi, despite their high density. From the 

perspective of material design, the present study shows that the “dimpled” κ-CRG particles can likely stay in the 

alveoli so that high therapeutic effects will likely occur in pulmonary administration. 
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Chapter 3 
 

Temperature-Responsive Polysaccharide Particles 
for Pulmonary Drug Delivery: Control of 
Dissolution and Release Properties 
 

 

1 Introduction 
 

As shown in chapter 1, pulmonary administration is a method of inhaling drugs and absorbing them into 

the body via the lungs[1–4]. The pulmonary administration is a very effective route of drug administration due to the 

various advantages of the pulmonary administration[5,6]. Pulmonary administration would be superior not only for 

pulmonary diseases but also for urgent diseases due to rapid absorption of drugs[7,8]. Drug carriers should release the 

drugs rapidly after reaching the alveoli to take advantage of the immediate effects of pulmonary administration. To 

date, drug carriers that respond to stimuli such as pH, light, and temperature have been developed[9–15]. In pH-

responsive drug carriers, the encapsulated drugs are released when the structures of the molecules forming the carriers 

or their intermolecular interactions change due to pH changes in the environment. In tumor tissues, it is known that 

the pH is changed by substances, such as lactic acid and glutathione , produced during the metabolic process, and the 

drugs can be released locally into the tumor in response to such pH changes[9,10]. In photo-responsive drug carriers, 

the encapsulated drugs are released when the structure of the molecules forming the carriers is altered by light 

irradiation (e.g., light-induced structural change of molecules via cis-trans isomerization reactions[11–13]). In addition, 

temperature-responsive drug carriers release the encapsulated drugs by changing the steric configuration and physical 

properties of the molecules forming the carrier in response to temperature[14,15]. 

As shown in chapter 1, carrageenan (CRG) is a linear sulfated polysaccharide and an anionic natural 

polymer. Depending on the number of sulfone groups and the presence or absence of an anhydro bond, CRG is 

classified into three types: κ, ι, and λ[16–18]. Drug carriers formed from CRG are expected to improve the encapsulation 

efficiency of positively charged compounds and control their release characteristics by electrostatic interaction. 

 In chapter 2, I have developed temperature-responsive polysaccharide microparticles by an emulsion 

technique utilizing the sol-gel transition phenomenon of CRG. By adjusting the emulsification conditions, I 

successfully prepared κ-CRG microparticles with controlled particle diameters and high pulmonary delivery capacity. 

However, the response temperature of the obtained particles was relatively high (50°C), and further reduction of the 

response temperature of the particles could not be achieved by simply utilizing the sol-gel transition of CRG. In 

chapter 3, I report (1) the development of temperature-responsive CRG particles by changing the melting point of 
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the polymeric surfactants (amphiphilic block copolymers that stabilize emulsions) used in particle formation by 

varying the composition of the block copolymers and using the melting of the surfactants oriented on the particle 

surface as the driving force for particle dissolution, and (2) the investigation of the release properties of the particles.  

   

2. Material and method 
 

2.1. Materials 
 

 k-Carrageenan (k-CRG), potassium chloride, methylene blue trihydrate (Mb), and toluene were purchased 

from Wako Pure Chemical Industries (Osaka, Japan). i-Carrageenan (i-CRG) was purchased from Sigma-Aldrich (St. 

louis MO, USA). Block copolymers, poly(ethylene glycol)-b-poly(e-caprolactone) (PEG-PCL)[19,20] and 

poly(ethylene glycol)-b-poly(lactic acid) (PEG-PLA)[21–23], were synthesized according to a previously reported 

method with a slight modification. All the other reagents were of analytical grade and were used without further 

purification. 

 

2.2. Evaluation of the effect of the composition of the block copolymers on their 
melting point using DSC (differential scanning calorimetry) 
  

The synthesized polymeric surfactant (each 3 mg) was placed in a sealed aluminum pan. DSC (differential 

scanning calorimetry) measurements were performed at a heating rate of 10°C/min to obtain a series of DSC curves 

from 20 to 90°C using DSC (DSC-60A plus, SHIMADZU, Japan) to determine the melting point of the block 

copolymers (Table 3-1, 3-2). 

 

Table 3-1 Characterization of the PEG-PCL 

 

Code1) 

PEG (including methoxy 

terminus) 
 PCL  

PEG-PCL (including 

methoxy terminus) 

Mn2) Mw/Mn2)  Mn3)  Mn2,3) Mw/Mn2) 

PEG2100-PCL9700 2100 1.08  9700  11800 1.40 

PEG3000-PCL7000 3000 1.09  7000  10000 1.38 

PEG3100-PCL1000 3100 1.07  1000  4100 1.18 

PEG3200-PCL2800 3200 1.08  2800  6000 1.30 

PEG3200-PCL8300 3200 1.07  8300  11500 1.43 

PEG3400-PCL4800 3400 1.05  4800  8200 1.36 
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PEG3500-PCL4300 3500 1.09  4300  7800 1.35 

PEG3500-PCL4300 3500 1.06  4300  9500 1.33 

PEG4500-PCL3500 4500 1.03  3500  8000 1.18 

PEG4500-PCL5300 4500 1.03  5300  9800 1.24 

PEG4500-PCL8800 4500 1.03  8800  13300 1.27 

1) In the notation of PEGp-PCLq, p and q represent the Mn of the PEG and PCL blocks, respectively;  

2) gel permeation chromatography (GPC); 3) 1H-NMR 

 

Table 3-2 Characterization of PEG-PCL 

 

Code1) 

PEG (including methoxy 

terminus) 
 PLA  

PEG-PLA(including 

methoxy terminus) 

Mn2) Mw/Mn2)  Mn3)  Mn2,3) Mw/Mn2) 

PEG1400-PLA2800 1400 1.10  2800  4200 1.31 

PEG2000-PLA7300 2000 1.08  7300  9300 1.28 

PEG2100-PLA5200 2100 1.06  5200  7300 1.28 

PEG2400-PLA7300 2400 1.07  7300  9700 1.22 

PEG2500-PLA2200 2500 1.07  2200  4700 1.17 

PEG3400-PLA4800 3400 1.05  4800  8200 1.25 

PEG4600-PLA4400 4600 1.07  4400  9000 1.13 

PEG4800-PLA2500 4800 1.06  2500  7300 1.09 

PEG5100-PLA8500 5100 1.07  8500  13600 1.08 

1) In the notation of PEGp-PLAq, p and q represent the Mn of the PEG and PLA blocks, respectively;  

2) gel permeation chromatography (GPC); 3) 1H-NMR 
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2.3. Preparation of κ-CRG, ι-CRG and mixed κ,ι-CRG particles with or without 
methylene blue (Mb) and observation of their surface morphology 
 

CRG particles were prepared according to the method in chapter 2. A polysaccharide solution was prepared 

by dissolving κ-CRG (2.5 w/v%), ɩ-CRG (2.5 w/v%), and potassium chloride (32 mM) in Milli-Q water (70°C, 40 

mL). Mb (7.3 mM) was dissolved in the polysaccharide solution only when the compound release behavior of the 

particles was evaluated. I prepared the organic solvent by mixing toluene (10 mL) and the synthesized polymeric 

surfactant (PEG-PCL (0.5 mM) or PEG-PLA (0.5 or 2.0 mM)). Then, I obtained w/o (water-in-oil) emulsions by 

emulsifying (70°C, 16000 rpm, 10 min) the organic solvent and the polysaccharide solution (0.35 g) using a high-

speed homogenizer (NS-51 K and NS-10, Microtec Co., Ltd., Japan). The resulting emulsion solutions were gradually 

cooled at 25°C in a water bath and washed three times by centrifugation (1500 rpm, 20 min), and toluene was added 

to remove excess polymeric surfactants. The k-CRG, i-CRG and k,i-CRG microparticles were obtained after natural 

drying in a perfluoro alkoxylalkan (PFA) beaker. I prepared the specimens for scanning electron microscope (SEM) 

observation by placing the sample microparticles on an aluminum plate coating a thin platinum film (approximately 

10.0 nm in thickness) on the sample under a reduced pressure with an MSP-1S ioncoater (Vacuum Device, Ibaraki, 

Japan). The surface morphology of the sample microparticles were observed using SEM (VE-9800, KEYENCE, 

Japan, acceleration voltage of 1.3 kV). 

 

2.4. Evaluation of the temperature-responsiveness of the CRG particles 
 

The temperature-responsiveness of the k-CRG particles was evaluated by DSC measurements and optical 

microscopy. The k-CRG particles (5 mg) were placed in a sealed aluminum pan. The DSC measurements were 

performed at a heating rate of 10°C to obtain a series of DSC curves from 20 to 90°C using DSC. The k-CRG particles 

were dispersed in Milli-Q water (1 w/v%) for observation using both an optical microscope (BX 53, OLYMPUS, 

Japan) and a temperature raising device (HS 82 Hot Stage Controller, Mettler Toledo International, Japan). 

 

2.5. Evaluation of profiles depicting the release of Mb from the CRG particles 
 

According to a previous report[24], the profiles depicting the release of the Mb from the CRG microparticles 

were evaluated using a dialysis method (n = 3). The phosphate-buffered saline (PBS) solution (4 mL) in which the 

particles (4 mg) were dispersed was dialyzed against a PBS solution (36 mL) through a Spectra/Por6 dialysis 

membrane (molecular weight cut-off: 10000; Spectrum, Houston, TX, USA). The sustained releases of the Mb from 

the CRG microparticles were performed under gentle stirring. Each sample were collected periodically (1 mL/15 

min), and the same amount of PBS (1 mL) was added to the solution. I evaluated the temperature response of the 

nanoparticle and microparticle release behavior under two different experimental conditions: (1) keeping the solvent 

temperature constant (10 or 70°C) for 3 h, and (2) shifting the solvent temperature from 10°C to 70°C 1 h after 

starting the measurement. The following (1) and (2) were determined using a spectrofluorometer (FP-6500, JASCO 

Co., Japan, λex = 640 nm, λem = 680 nm for Mb): (1) the release ratio of the Mb from the CRG microparticles and (2) 
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the encapsulation ratio and encapsulation efficiency of the Mb in the CRG microparticles. The encapsulation ratio 

and encapsulation efficiency of the Mb in the CRG microparticles were calculated using the following (1) and (2) 

equations. 

Encapsulation ratio：	4-#;5$	12	$5-	0F	#"	$5-	G=H	(#*31+%3$#*&-)	((;)
4-#;5$	12	$5-	G=H	(#*31+%3$#*&-)	((;)

× 100		[%]    （1） 

Encapsulation efficiency：	4-#;5$	12	$5-	0F	#"	$5-	G=H	(#*31+%3$#*&-)	((;)
4-#;5$	12	$5-	0F	((;)

× 100		[%]   （2） 

 
3. Results and Discussion 
 

3.1. Determination of the effect of the compositions of polymeric surfactants on 
their melting point using DSC 
 

Polymeric surfactants can be used to improve the stability of w/o emulsions and solid-in-oil (s/o) 

suspensions during the formation of polysaccharide particles. In chapter 2, I successfully prepared the k-CRG 

particles with diameters of several micrometers by using polymeric surfactants (amphiphilic block copolymers) that 

significantly increased the interfacial stability of the w/o emulsions. 

 
Fig. 3-1 Effect of the composition of PEG-PCL on the melting point using DSC. 
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Fig. 3-2 Effect of the composition of PEG-PLA on the melting point using DSC. 

 

Figs. 3-1 and 3-2 show the effect of the composition of PEG-PCL or PEG-PLA on the melting point. As 

shown in Fig. 3-1, the melting point (corresponding to endothermic peak) of PEG-PCLs is approximately 55°C, and 

is independent of their molecular weight. For some compositions, the melting point of PEG-PCL has been reported 

in other studies to be 50–60°C[25–27], indicating that it is almost independent of the molecular weight. Because PEG-

PCL is a synthetic polymer with a high crystallinity[25,28–30], it can be considered that crystallinity has a dominant 

effect and intermolecular hydrogen bonding and molecular mobility have little effect on the melting point. In contrast, 

the melting point of PEG-PLAs vary significantly depending on their molecular weight. For instance, PEG2000-

PLA7300 and PEG4800-PLA2500 have the lowest and highest melting point of 33.2°C and 55.2°C, respectively. 

The melting point of the PEG-PLA species tended to decrease as the molecular weight of the PEG block decreased. 

Although there are no systematic examples of the molecular weight dependence of the melting point of PEG-PLA, it 

has been reported that the melting point of PEG-PLA varies noticeably with the molecular weight[31–35]. Compared 

to PEG-PCL, PEG-PLA is less crystalline and forms amorphous structures[32,36]. Therefore, the change in the 

molecular weight may affect the intermolecular hydrogen bonding, resulting in a large variation in the melting point 

depending on the molecular weight. Compared with this doctoral thesis in chapter 2 concerning the temperature-

responsive behavior of k-CRG particles, the dissolution temperature of the particles and melting point of the 

polymeric surfactant were almost similar. This implies that the dissolution temperature of the particles may be 

arbitrarily controlled by using the melting of the surfactant as a driving force for particle dissolution. 
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3.2. Surface morphology of κ-CRG particles 
 

 
Fig. 3-3 Effect of composition of the PEG-PCL on the formation and surface morphology of the k-CRG particles as 

observed using SEM (bar: 5 µm). The concentration of the PEG-PCL is 0.5 mM. 

 

 
Fig. 3-4 Effect of composition of the PEG-PLA on the formation and surface morphology of the k-CRG particles as 

observed using SEM (bar: 5 µm). The concentration of the PEG-PLA is 0.5 mM (for compositions marked with *, 

the concentration is 2 mM). 
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 Figs. 3-3 and 3-4 show the effect of composition of the polymeric surfactants on the formation and surface 

morphology of the k-CRG particles, which was observed using SEM. As shown in Fig. 3-3, when PEG-PCL was 

used as a polymeric surfactant, spherical particles with a uniform surface morphology were obtained regardless of 

the molecular weight of PEG-PCL. As shown in Fig. 3-4, when PEG-PLA was used as a polymeric surfactant, 

particles with distorted shapes were obtained when its concentration was 0.5 mM during s/o suspension preparation. 

Upon increasing the concentration to 2 mM, particles with almost the same morphology as those formed in the 

presence of PEG-PCL were obtained. It is postulated that the crystallinity of PEG-PCL is responsible for the 

formation of spherical particles at a PEG-PCL concentration lower than that of PEG-PLA. As described in the 

previous section, because PEG-PCL is crystalline, the water-cooling operation during the formation of the s/o 

suspension may have crystallized the PEG-PCL oriented on the particle surface and increased the structural stability 

of the particles. In contrast, because PEG-PLA is amorphous, the amount of PEG-PLA oriented on the particle surface 

is less than that of PEG-PCL because of its steric repulsion, and the concentration of PEG-PLA required to increase 

the structural stability of the particles is probably higher than that of PEG-PCL. 

 

3.3. Evaluation of the temperature-responsiveness of the κ-CRG particles 
 

 

Fig. 3-5 Effect of the composition of the PEG-PCL on the dissolution temperature of the κ-CRG particles using 

DSC. 
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Fig. 3-6 Effect of the composition of the PEG-PLA on the dissolution temperature of the κ-CRG particles using 

DSC. 

 

The temperature-responsiveness of the k-CRG particles was evaluated using both DSC and optical 

microscopy. Figs. 3-5 and 3-6 show the effect of the composition of the PEG-PCL and PEG-PLA on the dissolution 

temperature of the k-CRG particles evaluated using DSC in the range of 20–90°C. According to the results illustrated 

in Figs. 3-1, 3-2, 3-5, and 3-6, the dissolution temperature of the particles was similar to and higher than the melting 

points of PEG-PCL and PEG-PLA, respectively (PEG-PCL and PEG-PLA were oriented on the particle surface). As 

mentioned above, the melting point of PEG-PLA varies substantially depending on the molecular weight of the PEG 

block, and the effect of intermolecular forces (hydrogen bonding forces) on its physical properties is significant. 

Therefore, it is postulated that the formation of hydrogen bonds between the κ-CRG chains and PEG block of PEG-

PLA oriented on the particle surface resulted in a higher dissolution temperature of PEG-PLA-oriented particles than 

that of PEG-PLA alone. 

 

Fig. 3-7 Effect of the composition of the PEG-PCL on the dissolution temperature of the k-CRG particles as 

observed directly through an optical microscope (bar: 20 µm). 
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Fig. 3-8 Effect of the composition and concentration of the PEG-PLA on the dissolution temperature of the k-CRG 

particles as observed directly through an optical microscope (bar: 20 µm). The concentration of the PEG-PLA is 0.5 

mM (for compositions marked with *, the concentration is 2 mM). 

 

Figs. 3-7 and 3-8 show the effect of the composition and concentration of the polymeric surfactants on the 

dissolution temperature of the κ-CRG particles evaluated by direct observation using an optical microscope. As 

shown in Fig. 3-7, when PEG-PCL was used, CRG particles were not observed upon increasing the temperature from 

30 to 50–60°C. A further increase in temperature did not cause any change in the microscopic images, suggesting 

that the PEG-PCL-oriented particles dissolved at 50–60°C. In contrast, as shown in Fig. 3-8, when PEG-PLA was 

used, the dissolution temperature of the particles varied depending on the concentration of PEG-PLA used during 

particle preparation. When the particles were prepared at a PEG-PLA concentration of 0.5 mM, the dissolution 

temperature of the particles was raised by 5–10°C above the melting point of PEG-PLA. Furthermore, when the 

particles were prepared at a PEG-PLA concentration of 2 mM, the dissolution temperature of the particles was lower 

than that obtained when the concentration of PEG-PLA used during particle preparation was 0.5 mM. This may be 

due to the preferential formation of hydrogen bonds between the PEG-CRG chains over the entanglement of the CRG 

chains with the increase in the amount of PEG-PLA oriented on the particle surface, which led to the lowering of the 

dissolution temperature of the particles. 

  



  Chapter 3 Temperature-Responsive Polysaccharide Particles for Pulmonary Drug Delivery: Control of 
Dissolution and Release Properties 

  

68 
 

3.4. Observation of the surface morphology of the κ-CRG particles containing 
Mb and evaluation of their release behavior 

 

Fig. 3-9 Surface morphology of the particles prepared from various polymeric surfactants (bar: 5 µm). The 

polymeric surfactants used ware (a) PEG2100-PCL9700 (b) PEG3200-PCL8300, and (c) PEG3400-PCL4300. 

 

Fig. 3-9 shows the surface morphology of the k-CRG particles prepared form the PEG2100-PCL9700, 

PEG3200-PCL8300, and PEG3200-PCL4300. According to the SEM images in Fig. 3-9, the encapsulation of Mb 

had little effect on the formation and surface morphology of the CRG particles. 

 

Table 3-3 Encapsulation ratio and encapsulation efficiency of the Mb for the k-CRG particles. 

 

Polymeric surfactants Encapsulation ratio [%] Encapsulation efficiency [%] 

PEG2100-PCL9700 1.60 ± 0.21 21.1 ± 4.57 

PEG3200-PCL8300 1.19 ± 0.46 26.2 ± 13.3 

PEG3500-PCL4300 1.31 ± 0.90 37.4 ± 22.1 

 

Table 3-3 shows the encapsulation ratio and the encapsulation efficiency of Mb in the k-CRG particles. 

The encapsulation ratio and encapsulation efficiency of Mb in the particles were 1.60 ± 0.21 and 21.1% ± 4.57%, 

1.19 ± 0.46 and 26.2% ± 13.3%, and 1.31 ± 0.90 and 37.4% ± 22.1% for the particles prepared from PEG2100-

PCL9700, PEG3200-PCL8300, and PEG3500-PCL4300, respectively, indicating a high encapsulation efficiency of 

Mb in the particles. It is plausible that the electrostatic interaction between κ- CRG and Mb is responsible for the 

high encapsulation efficiency of Mb in the κ-CRG particles. κ-CRG has one sulfate group in its molecular chain and 

has a negative charge in water, whereas Mb containes sulfur in its molecules and has a positive charge in water. In 

addition, Mb has a high solubility in water (43.6 g/L, 25°C). It is plausible that the positively charged Mb was 

distributed in the dispersed phase (water) during particle formation and retained inside the negatively charged CRG 

particles by electrostatic interactions. Based on this argument, the particles can be expected to incorporate positively 

charged compounds with a high incorporation efficiency. 
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Fig. 3-10 Effect of temperature on the release behavior of k-CRG particles containing Mb. The polymeric 

surfactants used ware (a) PEG2100-PCL9700 (b) PEG3200-PCL8300, and (c) PEG3400-PCL4300. 

 

Fig. 3-10 shows the effect of temperature on the release behavior of κ-CRG particles. At 10°C, 

approximately 20% of the inclusions were released from the particles 180 min after the start of release and at 70°C, 

80% of the inclusions were released from the particles 60 min after the start of release. In contrast, when the 

temperature was shifted from 10 to 70°C, the particles exhibited a rapid release behavior 60 min after the start of 

release. All the particles showed almost the same release behavior which was independent of the molecular weight 

of PEG-PCL. However, the release behavior of the particles prepared with PEG2100-PCL9700 showed a larger 

deviation in multiple experiments when compared to the release behavior of the other particles. For PEG2100-

PCL9700, the composition ratio of hydrophilic-hydrophobic blocks is different from that of the other block 

copolymers, and its ability to form emulsions is probably low. Therefore, PEG2100-PLA9700 is more likely to form 

particles with distorted surfaces than the other two block copolymers. As a result, the heterogeneity of the surface 

area of the obtained particles increased, which may have resulted in a larger deviation of the release properties in 

multiple experiments. 

 

 

Table 3-4 Determination of parameters by fitting the release profiles of the κ-CRG particles to mathematical 

models. 

 

Surfactants Temperature [°C] Models R2 
k [min-1] or 

kH [min-1/2] 
n 

PEG2100-PCL9700 10 

Zero-order 0.999 0.0864 - 

Higuchi 0.959 0.946 - 

Korsmeyer-Peppas 0.993 0.045 1.14 
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70 

Zero-order 0.851 0.569 - 

Higuchi 0.961 6.76 - 

Korsmeyer-Peppas 0.999 10.57 0.488 

PEG3200-PCL8300 

10 

Zero-order 0.997 0.0746 - 

Higuchi 0.941 0.81 - 

Korsmeyer-Peppas 0.989 0.0145 1.35 

70 

Zero-order 0.876 0.589 - 

Higuchi 0.973 6.955 - 

Korsmeyer-Peppas 0.981 6.49 0.608 

PEG3500-PCL4300 

10 

Zero-order 0.996 0.109 - 

Higuchi 0.962 1.19 - 

Korsmeyer-Peppas 0.987 0.0644 1.11 

70 

Zero-order 0.852 0.679 - 

Higuchi 0.962 8.07 - 

Korsmeyer-Peppas 0.991 13.77 0.461 

 

Table 3-4 shows the results of the analysis of the release behavior of the particles using the following 

mathematical models: the zero-order, Higuchi, and Korsmeyer–Peppas models[37,38]: 

 

Zero-order model: 

𝑀$ = 𝑘𝑡   (3) 

where Mt is the amount of drug released in time t, and k is the rate constant of the drug release. 

 

Higuchi model: 

𝑀$ = 𝐾@𝑡>/?    (4) 

where Mt is the amount of drug released in time t. Higuchi’s release constant, KH, is obtained by plotting 

the cumulative release rate of the released drug against the square root of time t. 
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Korsmeyer–Peppas model: 

𝑀$/𝑀L = 𝑘𝑡"    (5) 

where Mt and M∞ are the amounts of drug released in time t and at equilibrium, respectively, and k is the 

rate constant. The release exponent n represents the drug release mechanism, that is, the mechanisms involved Fickian 

diffusion (n < 0.43, the drug release is governed by diffusion), non-Fickian diffusion (0.43 < n < 0.85, the drug release 

is governed by both diffusion and swelling of the polymer chains), and zero-order drug release (n > 0.85, the drug 

release is governed by the swelling or relaxation of the polymer chains). 

At 10°C, the coefficient of determination (R2) values for the zero-order and Korsmeyer–Peppas models are 

above 0.98 for all the systems, which indicate that these two models are applicable for the analysis of the experimental 

results. In addition, the n values for the Korsmeyer–Peppas model at 10°C exceeded 1 for all the systems. If the value 

of n is greater than 1 for the Korsmeyer–Peppas model, the drug release behavior can be approximated as zero-order 

release[37], which implies that Mb is released at a constant rate which is independent of the concentration at 10°C. In 

contrast, at 70°C, the R2 values for the Korsmeyer–Peppas model exceeded 0.98 for all the systems, which indicated 

that the release behavior could be satisfactorily described by this model. Because the n values were almost the same 

(0.461–0.608) in all the systems and were within the range of 0.43 < n < 0.85, it was concluded that (1) the 

composition of PEG-PCL had little effect on the release behavior of the particles, and (2) diffusion (due to particle 

dissolution) and swelling-relaxation of the polymer chains occurred competitively. These analyses suggested that the 

κ-CRG particles dissolved rapidly at 70°C, and the Mb diffused into the PBS solution. 

 

Fig. 3-11 Effect of temperature and polysaccharide concentration on the release behavior of k-CRG and mixed k,i- 

CRG particles containing Mb. 

The effects of the temperature of the developing solvent, CRG concentration, and CRG composition (κ-, 

ι-, and κ,ι-) on the release behavior of the particles were evaluated to investigate the factors affecting the temperature-

dependent release behavior of the particles. As shown in Fig. 3-11, under the condition of constant κ-CRG 

concentration during particle preparation, the release rate was found to increase with increasing temperature. This 
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temperature dependence may be due to the change in the crystallinity of PEG-PCL and the mobility of both κ-CRG 

and PEG-PCL. PEG-PCL, a crystalline surfactant, shows an exothermic peak of crystallization at approximately 15–

25°C in DSC measurements independent of the composition (data not shown), and similar results have been reported 

elsewhere[28]. The diffusion-dependence of the zero-order drug release behavior at 10°C with increasing temperature 

may be due to a combination of the following factors: (1) at 10°C, the PEG-PCL oriented on the particle surface 

crystallizes and inhibits the solvent flow into the particles, (2) as the temperature increases, PEG-PCL becomes 

amorphous and the solvent flow into the particles is promoted, and (3) the increase in temperature increases the 

mobility of PEG-PCL and κ-CRG, which further accelerates the solvent flow into the particles. Fig. 3-11 also shows 

that increasing the CRG concentration has no effect on the release behavior of the particles, whereas the use of a 

mixture of κ-CRG and ι-CRG suppresses the release from the particles. ι-CRG has two sulfate groups in a molecule 

and has a higher negative charge than κ-CRG. Therefore, it is postulated that the use of ι-CRG in forming particles 

increases the electrostatic interaction between the positively charged Mb and negatively charged particles and 

suppresses the release via diffusion from the particles. I also considered preparing particles using only ι-CRG. 

However, this was difficult to achieve due to the following two reasons: (1) ι-CRG forms less rigid (more elastic) 

gels than κ-CRG [17], and (2) the sol-gel transition rate of ι-CRG is slower than that of κ-CRG, which promotes the 

aggregation of the w/o emulsion. 

 

 

3.5. Observation of the surface morphology of the mixed κ,ι-CRG particles 
containing Mb and evaluation of their release behavior 
 

Fig. 3-12 Surface morphology of the mixed k,i-CRG particles prepared from various polymeric surfactants (bar: 5 

µm). The polymeric surfactants used ware (a) PEG3400-PCL4300 (b) PEG2000-PLA7300, and (c) PEG2100-

PLA5200. 

 

Because the release behavior of the particles was found to change upon the mixing of κ-CRG and ι-CRG, 

the surface morphology and release behavior of the mixed k,i-CRG particles were evaluated in detail. Fig. 3-12 shows 

the surface morphology of the mixed k,i-CRG particles prepared form the PEG2100-PCL9700, PEG3200-PCL8300, 

and PEG3200-PCL4300. As can be seen in the SEM images in Fig. 3-12, the encapsulation of the compound had 
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little effect on the formation and surface morphology of the mixed κ,ι-CRG particles. 

 

Table 3-5 Encapsulation ratio and encapsulation efficiency of the Mb for the mixed k,i-CRG particles 

 

Polymeric surfactants Encapsulation ratio [%] Encapsulation efficiency [%] 

PEG3500-PCL4300 1.85 ± 0.82 64.3 ± 33.1 

PEG2000-PLA7300 0.074 ± 0.054 21.9 ± 20.1 

PEG2100-PLA5200 0.028 ± 0.013 12.5 ± 6.52 

 

Table 3-5 shows the encapsulation ratio and encapsulation efficiency of Mb in the mixed k,i-CRG particles. 

The encapsulation ratio and encapsulation efficiency of Mb in the particles were 1.85 ± 0.82 and 64.3% ± 33.1%, 

0.074 ± 0.054 and 21.9% ± 20.1%, and 0.028 ± 0.013 and 12.5% ± 6.52% for the particles prepared from PEG3500-

PCL4300, PEG2000-PLA7300, and PEG2100-PLA5200, respectively. When the mixed κ,ι-CRG particles were 

prepared using PEG3400-PCL4300, both the encapsulation rate and encapsulation efficiency increased compared to 

the corresponding values for the particles prepared using κ-CRG alone (Fig. 3-9). This may be due to the increase in 

the electrostatic interaction with the inclusion by mixing ι-CRG with κ-CRG , as described above. However, such a 

positive effect was not observed when the mixed κ,ι-CRG particles were prepared using PEG-PLA, and a decreasing 

trend was observed in both the encapsulation ratio and encapsulation efficiency. The low crystallinity of PEG-PLA 

is considered to be a major factor responsible for this decrease. Because the PEG-PLA oriented on the particle surface 

is amorphous, it has a low retention of inclusions during particle preparation. In other words, the composition of the 

polymeric surfactant and that of the particle-forming CRG were found to play an important role in increasing the 

retention of inclusions. 

 
Fig. 3-13 Effect of temperature on the release behavior of k-CRG particles containing Mb. The polymeric 

surfactants used ware (a) PEG3400-PCL4300 (b) PEG2000-PLA7300, and (c) PEG2100-PLA5200. 

 

Fig. 3-13 shows the effect of temperature on the release behavior of the mixed k,i-CRG particles. When 

PEG3500-PCL4300 was used as a polymeric surfactant (Fig. 3-13(a)), at 10°C, approximately 7% of the inclusions 

were released from the particles 180 min after the start of release, and at 70°C, 80% of the inclusions were released 
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from the particles 60 min after the start of release. In contrast, when the temperature was shifted from 10 to 70°C 60 

min after the start of release, the particles showed a rapid release behavior.  

The analysis of the release behavior of the mixed κ,ι-CRG particles using the zero-order, Higuchi, and 

Korsmeyer–Peppas models (Table 3-6) showed that, at 10°C, the R2 values for the zero-order and Korsmeyer–Peppas 

models exceeded 0.99, which indicated that these two models were applicable to the analysis of the experimental 

results. In addition, the n values for the Korsmeyer–Peppas model at 10°C was greater than 1 and that at 70°C was 

0.558, which indicated that the drug release behaviors of the κ-CRG and mixed κ,ι-CRG particles were identical. 

Furthermore, the release rate from the mixed κ,ι-CRG particles (Fig. 3-13(a)) was lower than that from the κ-CRG 

particles (Fig. 3-10(c)) 180 min after the start of release. Considering this experimental result and the aforementioned 

mathematical analysis, it was concluded that the mixed κ,ι-CRG particles inhibited the release of the inclusions 

without changing the release mechanism. 

In contrast, when PEG2000-PLA7300 and PEG2100-PLA5200 were used as polymeric surfactants (Fig. 

3-13(b), (c)), almost identical experimental results were obtained: (1) at 10°C, approximately 40% of the inclusions 

were released from the particles 180 min after the start of release, (2) at 45°C, 80% of the inclusions were released 

from the particles 90 min after the start of release, (3) compared to the case where PEG-PCL was used, the 

temperature at which the release behavior could be switched was lowered from 70 to 40–45°C because of the lower 

dissolution temperature of the particles prepared using PEG-PLA (Fig. 3-6), and (4) when the temperature was shifted 

from 10 to 40°C, 60 min after the start of release, the inclusions were released at a slightly slower rate than that from 

the particles prepared using PEG-PCL as the surfactant. Compared to the particles prepared using PEG-PCL, the 

temperature at which the release behavior could be switched was lowered from 70 to 40°C because of the lower 

dissolution temperature of the particles prepared using PEG-PLA. The n value at each temperature was 0.43 < n < 

0.85, indicating that the release behavior at these temperatures was competitively governed by Fickian diffusion and 

polymer chain swelling-relaxation. The n value at 10°C was almost 0.85, indicating that the release behavior at 10°C 

was predominantly derived from the swelling and relaxation of the polymer chains. These results suggest that, unlike 

PEG-PCL, PEG-PLA is amorphous on the particle surface, which facilitates solvent exchange between the interior 

and exterior of the particles and the release of inclusions. 

 

 

Table 3-6 Determination of parameters by fitting the release profiles of the mixed k,i-CRG particles to 

mathematical models. 

 

Surfactants Temperature [°C] Models R2 
k [min-1] or 

kH [min-1/2] 
n 

PEG3500-PCL4300 10 

Zero-order 0.998 0.0385 - 

Higuchi 0.944 0.419 - 

Korsmeyer-Peppas 0.996 0.0119 1.24 
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70 

Zero-order 0.883 0.613 - 

Higuchi 0.977 7.21 - 

Korsmeyer-Peppas 0.998 7.46 0.558 

PEG2000-PLA7300 

10 

Zero-order 0.979 0.295 - 

Higuchi 0.991 3.32 - 

Korsmeyer-Peppas 0.962 0.675 0.839 

45 

Zero-order 0.89 0.601 - 

Higuchi 0.98 7.05 - 

Korsmeyer-Peppas 0.995 6.37 0.595 

PEG2100-PLA5200 

10 

Zero-order 0.978 0.288 - 

Higuchi 0.994 3.24 - 

Korsmeyer-Peppas 0.984 1.09 0.731 

40 

Zero-order 0.889 0.43 - 

Higuchi 0.98 7.12 - 

Korsmeyer-Peppas 0.994 4.94 0.577 

 

 

 

 

4. Conclusions 
 

In chapter 3, I aimed to develop polysaccharide microparticles that release their inclusions in response to 

temperature. I mainly investigated the effects of the type and composition of polymeric surfactants and particle-

forming polysaccharides on the dissolution behavior of the particles. Although the composition of PEG-PCL did not 

affect its melting point, the melting point of PEG-PLA changed significantly depending on the molecular weight of 

PEG. The dissolution temperature of the particles prepared using PEG-PLA decreased depending on its melting point, 

indicating that the dissolution temperature of the particles could be arbitrarily controlled by controlling the hydrogen 

bonding forces between PEG-PLA and CRG. Furthermore, in the case of the particles prepared by mixing κ-CRG 

and ι-CRG, the diffusion-dependent release of inclusions was suppressed below the dissolution temperature of the 

particles, and the inclusions were rapidly released immediately after the temperature was increased. The results 
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indicate the possibility that the prepared particles can penetrate deep into lung tissues and release their inclusions at 

body temperature without the need for heating. These results suggest that the particles can be applied as drug carriers 

for pulmonary administration with high therapeutic efficacy for the urgent treatment of seizures and abnormal 

increases in blood glucose levels. 

In chapter 3, I prepared CRG particles that showed temperature responsiveness at approximately 40–45°C. 

The major challenge for the future is to achieve temperature responsiveness at temperatures lower than 40–45°C (i.e., 

near body temperature). It is known that the triblock copolymer, PCL-PEG-PCL, has a melting point of approximately 

40°C and is crystalline[39]. By using such surfactants in particle preparation to control the dissolution temperature and 

release properties of the particles, a temperature response behaviors can be achieved near body temperature. 
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Chapter 4 
 

Temperature-Responsive Nanoparticle-Decorated 
Polysaccharide Microparticles for Pulmonary Drug 
Delivery: The Release of Multiple 
Cationic/Anionic Compounds 
 

 

1. Introduction 
 

As shown in chapter 1, a variety of nanoparticles have been developed to date, including inorganic 

nanoparticles formed from silica and titanium, and polysaccharide nanoparticles formed from alginate and chitosan 

(CS)[1–8]. These nanoparticles have been used as drug carriers in various drug-dosage forms, including for oral and 

intravenous administration[9–12]. Among these nanoparticles, cationic ones have been reported to exhibit antimicrobial 

activities and membrane permeabilities, and can be used as anticancer agents[13–15]. Biologically derived polymers, 

such as CS and poly-L-lysine (PLL), are often used as cationic polymers to form cationic nanoparticles [16–18]. CS is 

a linear polymer prepared by deacetylating natural chitin, which is obtained from crustaceans, such as shrimp and 

crab. PLL is a polymer produced by the fermentation of lysine by Streptomyces albulus [18]. Nanoparticles formed 

from CS or PLL have been reported on several occasions [18–21]. For example, mixing CS or PLL with 

tripolyphosphoric acid (TPP) has been reported to form nanoparticles through electrostatic interactions between the 

amino groups of the cationic polymer and the phosphate groups of TPP [22–27]; such nanoparticles are easily formed 

by ultrasonication in the absence of surfactants.  

Pulmonary administration[28–32], in which drugs are inhaled and absorbed into the body through the lungs, 

is a medication method that has many advantages, including simplicity of administration, excellent immediate 

efficacy, and efficient treatment of lung diseases[33–36]. However, the drug carriers used in pulmonary administration 

are mainly microparticles with diameters over 1 µm, with few examples of nanoparticles used; nanoparticles less 

than 1 µm in diameter are too small for pulmonary administration because are expelled from the body through 

exhalation[37–39]. 

In contrast, I previously developed temperature-responsive carrageenan (CRG) microparticles in chapter 2 

and 3 that are efficiently delivered to the lungs. These particles, which are readily prepared by the sol-gel transition 

of CRG, are capable of rapidly releasing their inclusions by collapsing in response to temperature. CRG particles are 

formed from water-in-oil (w/o) emulsions and readily encapsulate compounds dissolved or dispersed in the CRG 
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solution. However, because CRG particles are negatively charged, encapsulating negatively charged compounds is 

difficult due to electrostatic repulsion. Therefore, developing CRG microparticles capable of encapsulating a wide 

range of compounds is important.  

In chapter 4, I developed temperature-responsive microparticles by complexing cationic nanoparticles with 

anionic microparticles; this system efficiently delivers nanoparticles to the lungs where multiple drugs can be released. 

Dispersing these cationic nanoparticles in aqueous CRG solution during microparticle preparation facilitates their 

complexation with anionic microparticles through electrostatic interactions. Furthermore, these cationic 

nanoparticles can contain anionic compounds, also through electrostatic interactions. Therefore, the previously 

developed CRG microparticles can contain positively charged compounds, while the microparticles developed in 

chapter 4 facilitate the concurrent containment of negatively charged compounds through complexation with the 

cationic nanoparticles. The CRG microparticles designed on the basis of this idea should exhibit two-step release 

behavior; that is, the nanoparticles and the compound dispersed inside the microparticles are released in a 

temperature-responsive manner, followed by the release of another compound from within the nanoparticles (Fig. 4-

1). In chapter 4, nanoparticles were first prepared using CS or PLL, after which I evaluated the release behavior of 

negatively charged compounds from these nanoparticles. I then investigated nanoparticle complexation within CRG 

microparticles based on the sol-gel transition of CRG. In addition, I prepared CRG microparticles containing both 

positively charged compounds and the aforementioned nanoparticles and evaluated the release behavior of the two 

compounds from the microparticles. To the best of my knowledge, the release of a wide range of compounds by 

combining polysaccharide microparticles and biopolymer nanoparticles based on technology that controls both the 

sol-gel transition and emulsion formation, has not been reported. 

 

Fig. 4-1 Temperature-responsive nanoparticle-containing polysaccharide microparticles for the release of multiple 

compounds. 

 

2. Material and Methods 
 

2.1. Materials 
 

k-Carrageenan (k-CRG), potassium chloride, methylene blue trihydrate (Mb), pentasodium triphosphate 

(TPP), acetic acid, hydrochloric acid (1N), sodium hydroxide solution (8N), and toluene were purchased from Wako 

Pure Chemical Industries (Osaka, Japan). i-Carrageenan (i-CRG) and PLL (405 kDa) were purchased from Sigma-
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Aldrich (St. louis MO, USA). Sodium 2-naphthalenesulfoate (Ns) was purchased from Tokyo Chemical Industry Co., 

Ltd. (Tokyo, Japan). CS (100 kDa) was purchased from Dainishiseika Color & Chemicals Mfg. Co., Ltd. (Tokyo, 

Japan). Block copolymers, poly(ethylene glycol)-b-poly(e-caprolactone) (PEG-PCL), were synthesized according to 

a previously reported method[40,41]with a slight modification (PEG Mn: 3500, PCL Mn: 4300, Mw/Mn: 1.35). All the 

other reagents were of analytical grade and were used without further purification. 

 

2.2. Preparing CS(Ns) and PLL(Ns) nanoparticles 
 

CS(Ns) and PLL(Ns) nanoparticles were prepared according to previously reported methods [22,24,26,42–44]. 

Here, A(m) nanoparticles refer to nanoparticles A that contain m inside them. If a compound is contained within the 

nanoparticles, then m is the name of the compound, while m is simply written as “-” if the nanoparticle contains no 

compound. CS(Ns) nanoparticles were prepared by dropping an aqueous solution (5 mL, pH 5) of TPP (4.2 mg) into 

an acetate buffer solution (10 mL, pH 5) containing CS (20 mg) and Ns (20 mg) while being sonicated (20 kHz, 5 

min) with an ultrasonic homogenizer (UH-50, SMT Co., Ltd., Japan). The solution was ultrasonicated for another 10 

min, then stirred at 300 rpm for 30 min and centrifuged at 9200 rpm for 20 min to give CS(Ns) nanoparticles. In 

contrast, PLL(Ns) nanoparticles were prepared by dropping an aqueous solution (5 mL, pH 4) containing TPP (0.92 

mg) into an aqueous solution (10 mL, pH 4) of PLL (10 mg) and Ns (20 mg) while being sonicated (20 kHz, 5 min) 

with an ultrasonic homogenizer. The pH was then adjusted to 7 with NaOH, and then ultrasonicated for another 10 

min. PLL(Ns) nanoparticles were subsequently obtained following the same procedure used for the CS(Ns) 

nanoparticles. 

 

2.3. Preparing CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles 
 

The CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles were prepared according to a previously 

reported method in chapter 2 and 3. Here, A(m, n) microparticles refers to microparticles A that contain m and n inside 

them. If a compound or nanoparticle is contained inside microparticles, then m and n are the names of the compound 

and nanoparticle; if the microparticle contains only one compounds or nanoparticle, then only m is indicated, while 

m is simply written as “-” if the microparticle contains no compound or nanoparticle. An aqueous polysaccharide 

solution was prepared by dissolving κ-CRG (2.5 w/v%), ɩ-CRG (2.5 w/v%), potassium chloride (32 mM), and Mb 

(7.3 mM) in Milli-Q water (70°C, 40 mL). A mixture of κ-CRG and ι-CRG was used instead of κ-CRG or ι-CRG 

alone because it can satisfy both fast gelation speed and moderate rigidity. The organic solvent was prepared by 

dissolving PEG-PCL (0.5 mM) in toluene (10 mL). The w/o emulsion was then prepared by emulsifying (70°C, 

12000 rpm, 5 min) the polysaccharide solution (0.35 g), organic solvent, and nanoparticle dispersion (CS(Ns) (1.6 

mg/mL) or PLL(Ns) (0.6 mg/ml) nanoparticles, 100 µL) with a high-speed homogenizer (NS-51 K and NS-10, 

Microtec Co., Ltd., Japan). The emulsion was gradually cooled to 25°C in a water bath and the microparticles were 

washed three times by the repetitive addition of toluene and subsequent centrifugation to remove excess PEG-PCL. 

The CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles were finally obtained after drying naturally in a 

perfluoroalkoxylalkan (PFA) beaker. For comparison, the formation of microparticles using only PLL(Ns) 
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nanoparticles (without CRG) was also investigated. The w/o emulsion was prepared by mixing a solution of PEG-

PCL (0.5 mM) in toluene (10 mL), Milli-Q water (0.35 mL), and a nanoparticle dispersion (100 µL) with a 

homogenizer (70°C, 12000 rpm, 5 min). The white solid was then collected by the same process used to prepare the 

CRG-containing microparticles. 

 

2.4. Characterizing nanoparticles and microparticles 
 

The diameters of the nanoparticles and microparticles were determined by dynamic light scattering (DLS). 

A particle dispersion (1 mg/mL) was placed in the DLS instrument (Zetasizer Nano-ZS; Malvern Instruments, UK) 

and the effects of temperature (70°C) and homogenization (12000 rpm, 5 min) on nanoparticle diameter were 

evaluated. 

Nanoparticle morphologies were examined by transmission electron microscopy (TEM; JEM-1400, JEOL, 

Tokyo, Japan). A CS(Ns) or PLL(Ns) nanoparticle dispersion (5 µL) was applied to a grid (Microgrid Cu200, JEOL, 

Tokyo) and the solution was removed using filter paper after 1 min. A drop of gadolinium acetate (2.5 w/w%, 5 µL) 

was applied for 1 min to negatively stained the sample. Excess staining solution was removed using filter paper and 

the sample was dried for 15 min. An accelerator voltage of 120 kV was used for TEM. 

Microparticles morphologies were examined by scanning electron microscopy (SEM; VE-9800, 

KEYENCE, Japan) with an accelerator voltage of 1.3 kV. Specimens were prepared by placing the microparticles on 

an aluminum plate and coating them with an ~10-nm-thick platinum thin film under reduced pressure using an MSP-

1S ioncoater (Vacuum Device, Ibaraki, Japan). 

Nanoparticle inclusions in microparticles were examined by differential scanning calorimetry (DSC). The 

CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles (5 mg) were placed in a sealed aluminum pan and 

subjected to DSC at 10°C/min from 0 to 500°C using a differential scanning calorimeter (DSC-60A plus, 

SHIMADZU, Japan). To examine in detail whether or not nanoparticles are complexed inside the microparticles, I 

subjected the following samples to DSC: CS(Ns) and PLL(Ns) nanoparticles, CRG(Mb) microparticles, CS, PLL, 

Mb, Ns, TPP, PEG-b-PCL, and κ,ι-CRG (i.e., a physical mixture of κ-CRG and ι-CRG). 

The following quantities were determined by spectrofluorometry (FP-6500, JASCO Co., Japan; λex = 273 

nm, λem = 324 nm for Ns λex = 640 nm, λem = 680 nm for Mb): (1) The encapsulation ratios and encapsulation 

efficiencies of Ns in the CS(Ns) and PLL(Ns) nanoparticles; (2) the encapsulation ratios and encapsulation 

efficiencies of Mb in the CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles; (3) the retention ratio and 

retention efficiency of the CS(Ns) nanoparticles in the CRG(CS(Ns), Mb) microparticles, and (4) the retention ratio 

and retention efficiency of the PLL(Ns) nanoparticles in the CRG(PLL(Ns), Mb) microparticles. 

The encapsulation ratio and encapsulation efficiency were determined using the following equations: 

 

Encapsulation ratio [%]：	MNODPQ	RS	TU	RV	WX	OY	QPN	YZYR[ZVQO\]NU	RV	9O\VR[ZVQO\]NU	[9D]
MNODPQ	RS	QPN		YZYR[ZVQO\]NU	RV	9O\VR[ZVQO\]NU	[9D]

× 100   (1) 

Encapsulation efficiency [%]：	MNODPQ	RS	TU	RV	WX	OY	QPN	YZYR[ZVQO\]NU	RV	9O\VR[ZVQO\]NU	[9D]
MNODPQ	RS	QPN	TU	RV	WX	(9D)

× 100  (2) 
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The retention ratio and retention efficiency were determined using the following equations: 

 

Retention ratio [%]：	 MNODPQ	RS	QPN	TU	OY	QPN	9O\VR[ZVQO\]NU	[9D]
WO\VR[ZVQO\]N	`NODPQ	[9D]	×(NY\Z[Ub]ZQORY	VZQOR	RS	QPN	TU	OY	QPN	YZYR[ZVQO\]NU	[%])/>dd	

× 100 (3) 

Retention efficiency [%]：	 MNODPQ	RS	QPN	TU	OY	QPN	9O\VR[ZVQO\]NU	[9D]
MNODPQ	RS	QPN	TU	[9D]	×(NY\Z[Ub]ZQORY	VZQOR	RS	QPN	TU	OY	YZYR[ZVQO\]NU	[%])/>dd

× 100 (4) 

 

2.5. Nanoparticle and microparticle Ns- and Mb-release profiles 
 

 Profiles depicting the release of Ns and Mb from the nanoparticles and microparticles were constructed 

using a dialysis method (n = 3) according to a previous report[45]. CS(Ns) or PLL(Ns) nanoparticles (1 mg) were 

dispersed in phosphate-buffered saline (PBS) solution (1 mL), whereas CRG(CS(Ns), Mb) or CRG(PLL(Ns), Mb) 

microparticles (3 mg) were dispersed in PBS solution (3 mL). The nanoparticle (1 mL) or microparticle (3 mL) 

dispersion was dialyzed against PBS solution (39 mL for the nanoparticles and 37 mL for the microparticles) through 

a Spectra/Por6 dialysis membrane (molecular weight cut-off: 10000; Spectrum Houston, TX, USA). Ns or Mb was 

released from the nanoparticles and the microparticles in a sustained manner with gentle stirring. Each sample was 

collected periodically (1 mL/15 min) from the exterior of the dialysis membrane, and the same amount of PBS (1 

mL) was added to the solution. Particle-release behavior was evaluated using three temperature patterns: (1) constant 

at 10°C, (2) constant at 70°C, and (3) ramped from 10°C to 70°C at 1 h after the start of experiment. The following 

values were determined by spectrofluorometry: (1) the release ratio of the Ns from the CS(Ns) or PLL(Ns) 

nanoparticles, and (2) the release ratio of Mb from the CRG(CS(Ns), Mb) or CRG(PLL(Ns), Mb) microparticles. 

 

 

3. Results and discussion 
 

3.1. Preparing and characterizing the CS(Ns) and PLL(Ns) nanoparticles 
 

Controlling the charge states of both molecules in solution is very important when forming CS(Ns) and 

PLL(Ns) nanoparticles through electrostatic interactions between cationic polymers and TPP. Most of the amino 

groups of CS are positively charged at around pH 4.43 because its pKa is approximately 6.5[23,46], whereas 80% of its 

amino groups are deprotonated at pH 7.14[23]. 

 
Fig. 4-2 Chemical structure of TPP. 

 

On the other hand, as shown in Fig. 4-2, three of the five phosphate groups of TPP are negatively charged 

at pH 4–5[23]. Therefore, CS nanoparticles are formed by electrostatic interactions in acetate buffer solution at pH 5. 
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In contrast, because PLL has a pKa of ~10[47–50], most of its amino groups are positively charged, even at around pH 

7. In addition, because four of the five phosphate groups of TPP are negatively charged at pH 7[23], TPP interacts 

electrostatically more strongly with PLL than with CS, resulting in the formation of nanoparticles with stronger 

structures. However, strong electrostatic PLL/TPP interactions may also progress cross-linking reactions between 

nanoparticles to form nanoparticle aggregates. Therefore, the pH of the aqueous TPP solution was adjusted to four 

during particle formation to reduce electrostatic interactions between PLL and TPP and inhibit aggregate formation; 

the pH was shifted to seven after particle formation to facilitate crosslinking within each nanoparticle. 

 
Fig. 4-3 TEM images of the (A) CS(Ns) nanoparticles and (B) PLL(Ns) nanoparticles (bar: 200 nm). 

 

Fig. 4-3 shows TEM images of CS(Ns) and PLL(Ns) nanoparticles. Fig. 4-3 shows that spherical 

nanoparticles with diameters of 100–200 nm were formed. Aggregates of CS(Ns) nanoparticles were also formed, 

which is attributable to nanoparticle dialysis with Milli-Q water during nanoparticle preparation; i.e., the solution 

becomes almost neutral in pH during dialysis, which lowers the positive charge of CS through progressive 

deprotonation, with nanoparticles finally aggregated through hydrophobic interactions. In contrast, almost no 

aggregates were observed for the PLL(Ns) nanoparticles, which is possibly due to the fact that PLL is positively 

charged, even at near neutral pH, which prevents the formation of aggregates through electrostatic repulsion between 

nanoparticles.  
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Fig. 4-4 DLS-determined diameter distributions of CS(Ns) and PLL(Ns) nanoparticles: (A) CS(Ns) and (B) 

PLL(Ns) nanoparticles. Measurement conditions: 25°C (black trace), 70°C (red trace), and 70°C after 

homogenization at 12,000 rpm for 5 min (blue trace). 

 

Fig. 4-4 shows DLS-determined diameter distributions of CS(Ns) and PLL(Ns) nanoparticles. As shown 

by DLS, the CS(Ns) and PLL(Ns) nanoparticles are approximately 200 nm and 500 nm in diameter, respectively; 

both values are larger than those measured by TEM. This difference is attributable to nanoparticle swelling in water, 

consistent with previous reports that nanoparticles formed from water-soluble polymers swell and increase in size 

when dispersed in water[51–53]. 

To evaluate the effects of temperature and homogenization on the particle state during 

nanoparticle/microparticle complexation, I also measured particle diameters after heating (70°C) and homogenization 

(12,000 rpm, 5 min), the results of which are shown in Fig. 4-4. CS(Ns) nanoparticles exhibited almost no change in 

particle diameter when heated alone, but became larger when heated and homogenized. On the other hand, the average 

particle diameter of the PLL(Ns) nanoparticles did not change significantly upon heating or homogenization. This 

difference is attributable to different CS/TPP and PLL/TPP electrostatic interaction strengths; i.e., the PLL(Ns) 

nanoparticles are more structurally stable than the CS(Ns) nanoparticles, as TPP interacts more strongly with PLL 

than with CS. 
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Fig. 4-5 DLS-determined diameter distributions of CS(-) and PLL(-) nanoparticles. 

 

Fig. 4-5 shows DLS-determined diameter distributions of CS(-) and PLL(-) nanoparticles. In the absence 

of Ns encapsulation, the CS(-) and PLL(-) nanoparticles exhibited average diameters of 150 nm and 300 nm, 

respectively. As shown in Figs. 4-3 and 4-4, the diameters of the CS(-) nanoparticles increased from 150 nm to 200 

nm, while those of the PLL(-) nanoparticles increased from 300 nm to 500 nm upon encapsulating Ns. Nanoparticle 

size has been reported to depend on the amount of TPP added; in addition, electrostatic interactions between cationic 

polymers and TPP decrease as the amount of added TPP decreases, resulting in an increase in nanoparticle diameter[54]. 

I conclude that, in the present experimental system, the diameters of the obtained nanoparticles increase due to 

stronger electrostatic interactions between the positively charged polymers and Ns, and concurrent weaker 

electrostatic interactions with TPP resulting from the encapsulation of negatively charged Ns. In other words, I 

suggest that nanoparticle size can easily be adjusted by changing the amount of inclusion or TPP added. 
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3.2. Ns-release profiles for CS(Ns) and PLL(Ns) nanoparticles 
 

Fig. 4-6 Ns-release profiles of (A) CS(Ns) and (B) PLL(Ns) nanoparticles. 

 

Fig. 4-6 shows Ns-release profiles for the CS(Ns) and PLL(Ns) nanoparticles, which reveals that Ns-release 

behavior does not significantly depend on the type of cationic polymer. As shown in Fig. 4-6, no significant difference 

in the release behavior of Ns was observed between cationic polymers; both the CS(Ns) and PLL(Ns) nanoparticles 

released almost 100% of their inclusions within 1 h, demonstrating that these nanoparticles rapidly release Ns. 

Furthermore, the CS(Ns) nanoparticle dialysis membrane dispersion became cloudy with further increases in time, 

while the analogous dispersion remained transparent for the PLL(Ns) nanoparticles. 

 

Table 4-1 Encapsulation ratios and encapsulation efficiencies for Ns in CS(Ns) and PLL(Ns) nanoparticles. 

 

nanoparticles Encapsulation ratio [%] Encapsulation efficiency [%] 

CS(Ns) 19.6 ± 4.8 33.3 ± 8.1 

PLL(Ns) 42.8 ± 5.9 37.2 ± 5.1 

 

Next, I calculated the Ns-nanoparticle encapsulation ratios and encapsulation efficiencies of CS(Ns) and 

PLL(Ns) (Table 4-1), with encapsulation ratios of 19.6 ± 4.8% and ad 42.8 ± 5.9% obtained, respectively. These 

results show that the PLL(Ns) nanoparticles encapsulate more Ns than the CS(Ns) nanoparticles, which is attributable 

to the different cationic properties of CS and PLL; in former, the pH of the CS(Ns) nanoparticle dispersion is close 

to neutral due to dialysis during the preparation of the nanoparticles, and the amino groups of CS are partially 
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deprotonated. Therefore, CS and the negatively charged Ns interact weakly, which results in a lower internalization 

ratio. The encapsulation efficiency does not appear to depend on the type of cationic polymer used to form the 

nanoparticles, with values of 33.3 ± 8.1% and 37.2 ± 5.1% determined for the CS(Ns) and PLL(Ns) nanoparticles, 

respectively. 

 

3.3. Evaluation of the profile depicting the release of the Ns from the CS(Ns) 
and PLL(Ns) nanoparticles 
 

 
Fig. 4-7 SEM images of (A) the white solid formed from PLL(Ns) nanoparticles devoid of CRG, (B) CRG(CS(Ns), 

Mb) microparticles, and (C) CRG(PLL(Ns), Mb) microparticles. 

 

Fig. 4-7 shows SEM images of the white solid formed from PLL(Ns) nanoparticles in the absence of CRG, 

CRG(CS(Ns), Mb) microparticles, and CRG(PLL(Ns), Mb) microparticles. No spherical structures were obtained by 

cooling the w/o emulsion formed from water in which only PLL(Ns) nanoparticles were dispersed (Fig. 4-4A). 

However, microparticles several micrometers in diameter were formed when the w/o emulsion prepared using a 

nanoparticle dispersion in a CRG solution was cooled (Figs. 4-7B and C). I confirmed that these particles were formed 

by the sol-gel transition of CRG by cooling the w/o emulsion only in the presence of CRG. In addition, the CRG 

microparticles obtained in chapter 4 exhibit a much rougher surface profile than previously reported CRG 

microparticles in chapter 2 and 3 formed using a similar emulsion technique, which suggests that the emulsion state 

in chapter 4 is different from previously reported ones used to prepare microparticles; this difference is possibly 

ascribable to the formation of a Pickering emulsion in my system. 

The following has been reported for Pickering emulsions that coexist with nanoparticles[55–60]: (1) 

Nanoparticles act as surfactants when present during the preparation of w/o or o/w emulsions and, in some cases, 

Pickering emulsions with nanoparticles oriented on the emulsion surface are formed[55–59]; (2) Pickering emulsions 

several tens of micrometers in size are formed in the presence of 100–700-nm-diameter nanoparticles[57,60]; and (3) 

the diameter of the Pickering emulsion depends on the amount of nanoparticles added, with diameter decreasing with 

increasing amount of added nanoparticles[57,60]. Because the CS(Ns) and PLL(Ns) nanoparticles prepared in chapter 

4 are 200–500 nm in size, these nanoparticles are possibly oriented near the surfaces of Pickering emulsions when 

w/o emulsions are formed from nanoparticle dispersions in aqueous CRG solution. In particular, the PEG-b-PCL (a 
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polymeric surfactant) used to form the emulsions in chapter 4 is likely to increase Pickering emulsion stability. The 

rough surfaces of the resulting particles are ascribable to nanoparticles present on the surfaces of the CRG particles 

formed from the Pickering emulsion. Particles with rough surfaces have been reported to be more easily delivered to 

deep lung sites (such as the alveoli) than smooth particles[61–63]. The rough microparticles obtained in chapter 4 are 

expected to be useful drug carriers for pulmonary drug-delivery applications. 
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3.4. Inclusions of nanoparticles in microparticles 
 

 
Fig. 4-8 DLS-determined diameter distributions of (A) CRG(CS(Ns), Mb) and (B) CRG(PLL(Ns), Mb) (C) 

CRG(Mb) microparticles. DLS data for CS (Ns) and PLL(Ns) nanoparticles, PEG-PCL, and a κ,ι-CRG (physical 

mixture of κ-CRG and ι-CRG) are also shown for comparison. 
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 Fig. 4-8 shows DLS data for microparticle dispersions prior to heating, after heating (70°C), a PEG-PCL 

dispersion, an aqueous κ,ι-CRG (i.e., a physical mixture of κ-CRG and ι-CRG) solution, and a nanoparticle dispersion, 

which reveals that the microparticles have significantly different diameters before and after heating. The 

CRG(CS(Ns), Mb) microparticles (Fig. 4-8A) show a unimodal peak at 2 µm (orange trace), whereas three peaks at 

100 nm, 600 nm, and 9 µm are observed after heating (black trace). Three situations are depicted in Fig. 4-8A: (1) 

PEG-PCL does not completely dissolve when dispersed in water and forms structures 100–200 nm in diameter (blue 

trace); (2) CS(Ns) nanoparticles form aggregates with diameters of approximately 600 nm when heated and 

homogenized (green trace), as shown in Fig. 4-4A; and (3) CRG precipitates and forms structures several micrometers 

in diameter after the particles are collapsed by heat, since CRG is insoluble in water at 25°C (red trace). Based on 

these three situations, multiple peaks, which are not observed for the pre-heated CRG(CS(Ns), Mb) microparticles, 

are obtained after heating, and are attributable to PEG-PCL, CS(Ns) nanoparticles (and their aggregates), and CRG. 

I conclude that, despite the lack of homogenization after heating, the CS(Ns) nanoparticles aggregate due to the 

presence of anionic polysaccharides. These results strongly suggest that CS(Ns) nanoparticles are complexed inside 

the CRG(CS(Ns), Mb) microparticles because a peak corresponding to the CS(Ns) nanoparticles was observed for 

the heated CRG(CS(Ns), Mb) microparticles. 

In comparison, the PLL(CS(Ns), Mb) microparticles (Fig. 4-8B) exhibit a unimodal peak at approximately 

2 µm (light blue trace), and three peaks at 100 nm, 500 nm, and 9 µm (pink trace) in a similar manner to the 

CRG(CS(Ns), Mb) microparticles. The peaks near 100 nm and above 9 µm are believed to be derived from structures 

formed by PEG-PCL and CRG precipitates, while the peak at around 500 nm agrees well with the particle-size 

distribution of the PLL(Ns) nanoparticles (purple trace). These results strongly suggest that PLL(Ns) nanoparticles 

are complexed inside the CRG(PLL(Ns), Mb) microparticles. 

 Furthermore, the CRG(Mb) microparticles (Fig. 4-8C) exhibit a unimodal peak at approximately 2 µm 

(brown trace) at approximately 2 μm, and three peaks at 100 nm, 1 μm, and 9 µm (ultramarine trace). The peaks near 

100 nm, 1 μm, and above 9 µm are believed to be derived from structures formed by PEG-PCL and CRG precipitates. 

The diameter distribution of the nanoparticles was obtained only when the nanoparticles were contained in the 

microparticles. This result will assist that the nanoparticles are complexed inside microparticles.  
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Fig. 4-9 DSC thermograms (0–500°C) of (A) particles and (B) molecules that form particles and molecules 

encapsulated in particles. 

 

 Fig. 4-9 shows the thermal behavior of the particles, particle-forming agents, and inclusions evaluated by 

DSC, with nanoparticle and microparticle data summarized in Fig. 4-9A, while those of the other molecules are 

shown in Fig. 4-9B. Fig. 4-9A reveals that the CRG(CS(Ns), Mb), CRG(PLL(Ns), Mb), and CRG(Mb) microparticles 

exhibit endothermic peaks at ~55°C and exothermic peaks at 220°C or 240°C. Furthermore, the CRG(CS(Ns), Mb) 

and CRG(PLL(Ns), Mb) microparticles show minor endothermic peaks at approximately 400°C. On the other hand, 

the CS(Ns) nanoparticles exhibit an exothermic peak at 250°C, while PLL(Ns) nanoparticles show a minor 

endothermic peak at approximately 300°C. Fig. 4-9B also shows that PEG-PCL is associated with endothermic peaks 

at 55°C and 350°C, κ,ι-CRG shows an exothermic peak at 200°C, CS has an exothermic peak at 300°C, PLL exhibits 

an endothermic peak at ~300°C, Mb has exothermic peaks at 200°C and 300°C, Ns has an endothermic peak at 400°C, 

and TPP is associated with endothermic peaks at 90°C and 120°C. 

 The CS(Ns) and PLL(Ns) nanoparticles do not exhibit endothermic peaks derived from Ns (~400°C), 
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suggesting that Ns is uniformly dispersed inside the nanoparticles; however, the microparticles composited with these 

nanoparticles exhibit a minor endothermic peak around 400°C, which suggests that a small amount of Ns is released 

from the nanoparticles and form local microcrystals during microparticle preparation. 

The exothermic peak corresponding to the CRG particles is shifted to a higher temperature than that of the 

physical mixture of CRGs, indicating that CRG is more thermally stabilized by particle formation, which is ascribable 

nanoparticle internalization and the Mb inside the CRG microparticles. Pure CS has been reported to have an 

exothermic peak at approximately 300°C, while pure PLL has an endothermic peak at approximately 300°C[64]. The 

exothermic peak reportedly shifts to a higher temperature when CS and PLL are mixed with CRG, which is ascribable 

to electrostatic interactions between the cationic polymers and CRG[65,66]. Furthermore, Mb exhibits an exothermic 

peak at approximately 280°C and is more thermally stable than CRG. Therefore, both nanoparticle complexation and 

electrostatic interactions between Mb and CRG possibly reduce the free volume of CRG and limit polymer-chain 

mobility, thereby improving the thermal stability of CRG. Furthermore, an endothermic peak associated with the 

evaporation of the water retained by each material was observed at approximately 100°C. Taken together, the data in 

Figs. 4-8 and 4-9 show that microparticles several micrometers in diameter can be prepared by the emulsion technique 

while controlling the sol-gel transition of CRG. 
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3.5. Ns- and Mb-release profiles of CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) 
microparticles 
 

 

Fig. 4-10 (A, B) Ns- and (C, D) Mb-release profiles of (A, C) CRG(CS(Ns), Mb) and (B, D) CRG(PLL(Ns), Mb) 

microparticles. 

 

Fig. 4-10 shows profiles depicting the release of Ns and Mb from the CRG(CS(Ns), Mb) and CRG(PLL(Ns), 

Mb) microparticles. Approximately 80% of its Ns was released by the CRG(CS(Ns), Mb) microparticles at 60 min, 

while the CRG(PLL(Ns), Mb) microparticles released almost 100% at 120 min; both release profiles were found to 

be temperature-independent (Figs. 4-10A and B). Nanoparticle complexation within the microparticles results in a 

slightly reduced Ns-release ratio because the nanoparticles release almost all of their Ns in 60 min (Fig. 4-6). 

Consistent with the data in Fig. 4-7, it is highly likely that the nanoparticles act as surfactants to form Pickering 

emulsions during microparticle preparation. The frequency of contact between the expanded solvent and the 
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nanoparticles is higher because many nanoparticles are present at the microparticle surfaces in a Pickering emulsion; 

hence, Ns is released from the microparticles by diffusion in a temperature-independent manner (Fig. 4-6) and both 

types of microparticle show almost the same release behavior (Figs. 4-10A and B). On the other hand, the release of 

Mb dispersed within the microparticles was temperature-responsive (Figs. 4-10C and D), which suggests that Mb is 

uniformly distributed inside the CRG particles and interacts electrostatically with the sulfate groups of CRG, thereby 

suppressing its release by diffusion. 

 

Table 4-2 Retention ratios and retention efficiencies for CS(Ns) and PLL(Ns) nanoparticles inside CRG(CS(Ns), 

Mb) and CRG(PLL(Ns), Mb) microparticles 

 

Microparticle Nanoparticle Retention ratio [%] Retention efficiency [%] 

CRG(CS(Ns), Mb) CS(Ns) 0.31 ± 0.03 51.6 ± 10.1 

CRG(PLL(Ns), Mb) PLL(Ns) 0.087 ± 0.04 60.8 ± 11.0 

 

Table 4-3 Encapsulation ratios and encapsulation efficiencies of the Mb inside CRG(CS(Ns), Mb) and 

CRG(PLL(Ns), Mb) microparticles 

 

Microparticle Encapsulation ratio [%] Encapsulation efficiency [%] 

CRG(CS(Ns), Mb) 0.49 ± 0.04 15.6 ± 2.5 

CRG(PLL(Ns), Mb) 0.44 ± 0.01 13.7 ± 0.69 

 

Next, I determined the retention ratios and retention efficiencies of CS(Ns) and PLL(Ns) nanoparticles 

within the CRG(CS(Ns), Mb) and CRG(PLL(Ns), Mb) microparticles (Table 4-2), as well as the encapsulation ratios 

and encapsulation efficiencies of Mb within the microparticles (Table 4-3). The type of encapsulated nanoparticle 

was found to have little effect on the retention ratios and retention efficiencies of the nanoparticles within the 

microparticles, nor did it affect the retention ratios and retention efficiencies of the compounds within the 

microparticles. The nanoparticles were also found to complex more efficiently with the negatively charged 

microparticles, despite the nanoparticles and Mb both being positively charged, which is attributable to the formation 

of Pickering emulsions, polymer-chain entanglement, and electrostatic interactions during microparticle 

complexation. In other words, interactions between the cationic nanoparticles and the anionic CRG, the formation of 

Pickering emulsions (i.e., nanoparticle accumulation on the emulsion surface layers), and the entanglement of CRS 

chains resulting from the sol-gel transition inhibit nanoparticle release from the microparticles that, consequently, 

result in highly efficient nanoparticle/microparticle complexation. 

These results reveal that the nanoparticle-“decorated” polysaccharide microparticles prepared in chapter 4 

are capable of releasing two differently charged compounds in a stepwise manner (Fig. 4-11), although the observed 

release behavior is different from that assumed at the start of chapter 4 (Fig. 4-1). 
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Fig. 4-11 Release behavior of temperature-responsive nanoparticle-decorated polysaccharide microparticles based 

on the experimental results of chapter 4. 

 

4. Conclusion 
 

In chapter 4, I developed nanoparticle-containing polysaccharide microparticles for the temperature-

responsive and two-step release of inclusions. CS nanoparticles, PLL nanoparticles, and CRG microparticles 

separately complexed with both nanoparticles were prepared and evaluated mainly for the abilities of the 

nanoparticles to be included in the microparticles, and the effect of the type of cationic polymer on nanoparticle and 

microparticle release behavior. Nanoparticle/microparticle complexation was confirmed by DSL and DSC. The 

nanoparticles release their inclusions rapidly in a manner that is independent of the type of cationic polymer and 

temperature. On the other hand, inclusions within the nanoparticles on the microparticle surfaces are released first, 

after which microparticle inclusions are released through microparticle collapse, which reveals that the microparticles 

prepared by this method are capable of releasing two differently charged compounds in two steps, although the release 

behavior is different from that originally assumed. Because the microparticles developed in chapter 4 have rough 

surfaces that are suitable for delivery to the lungs, they are expected to efficiently deliver nanoparticles deep into the 

lungs and release a wide range of compounds in a charge-independent manner. In other words, these particles are 

expected to be used as temperature-responsive drug carriers for pulmonary administration and the controlled release 

of multiple drugs. 

The major challenge for the future involves including nanoparticles within microparticles rather than on 

their surfaces. The same process as that used in chapter 4 is expected to result in the formation of nanoparticles, even 

when various other polymers are used, such as polyethyleneimine (pKa: 7.0) and polyarginine (pKa: 12.0). 

Nanoparticle hydrophilicity in solution can be adjusted significantly by judiciously choosing a polymer with the 

required pKa[67–69]. Increasing nanoparticle hydrophilicity or increasing the amount of nanoparticles and surfactants 

is expected to disperse the nanoparticles into the emulsion; this approach should afford microparticles that exhibit 

two-step release behavior, in which the microparticles collapse in response to temperature, followed by nanoparticle 

release and subsequent release of their inclusions. In addition, there are few reports on the formation of Pickering 

emulsions that use mixtures of polymeric surfactants and nanoparticles. However, highly structurally stable few-

micrometer-diameter emulsions are easily prepared using polymeric surfactants together with nanoparticles, as 

described in chapter 4. These results are expected to be useful for future material designs that use emulsions as the 

base technology. 
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Chapter 5 
 

General conclusion of this thesis 
 

 

This doctoral thesis is a study to develop temperature-responsive particles for pulmonary administration. 

The pulmonary administration method has been focused as the next generation of administration method with high 

therapeutic efficacy at home. In chapter 1, drug administration methods and drug carriers are introduced, and a novel 

drug carrier is proposed. 

There are a variety of drug-administration methods, including oral, intravenous, and transdermal 

administrations, and it is important to select methods that are appropriate for the patient's condition and situation. In 

recent years, much attention has been paid to pulmonary administration, i.e., the administration method by which 

drugs are delivered to the lungs. The method has many advantages, three of which are highly prominent: (1) a simple 

administration (inhalation), (2) highly efficient absorption due to both an enormous surface area (100 m2) and a highly 

permeable membrane (0.1–1 µm in thickness) in alveoli, and (3) no denaturation owing to the absence of digestive 

enzymes in the alveoli. Despite these advantages of pulmonary administration, it is difficult to deliver only drugs to 

the deep lungs. In all medications, administration of only the drugs causes side effects due to drug denaturation, rapid 

increase in local concentration, and inability to deliver the drug to the target site. Recent studies have tried to 

encapsulate the drug in a polymeric drug carrier for delivery. The drug carriers used in the pulmonary administration 

need to satisfy the following four conditions for the delivery of drugs to alveoli: (1) an aerodynamic ability to reach 

alveoli, (2) biocompatibility and ability to avoid the immune system, (3) proper control of the size of the carriers (1–

5 µm in an aerodynamic diameter), and (4) rapid release of drugs. Among drug carriers, stimuli-responsive carriers 

rapidly change the microstructure of the carrier in response to stimuli from the external environment, releasing the 

drug. To date, drug carriers that respond to stimuli such as pH, light, and temperature have been developed. 

Carrageenan (CRG), a linear sulfated polysaccharide that is extracted from red algae seaweed, is an anionic natural 

polymer in which 3,6-anhydro-D-galactose alternately repeats a-1,3 and b-1,4 glycosidic linkages. Depending on the 

number of sulfone groups and the presence or absence of an anhydro bond, CRG falls into one of three classes: κ, ι, 

and λ. Co-existing metal salts and proteins greatly affect the physical properties of CRG. Furthermore, novel physical 

properties of CRG become manifest when the polymer is mixed with other polysaccharides. These properties have 

made CRG a widely popular component of gelling, thickening, and stabilizing agents in the food and medical 

industries. In addition, aqueous solutions of polysaccharides form a gel at appropriate temperatures (sol-gel 

transition), where a coil-helix transition occurs and a subsequent aggregation of helices forms physically crosslinked 

domains. 

I propose to develop "temperature-responsive microparticles" that rapidly release drugs in the body by an 

emulsion technique utilizing the sol-gel transition phenomenon of polysaccharide. By emulsifying an organic solvent 
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in which a surfactant is dissolved and an aqueous polysaccharide solution, a w/o emulsion is formed. When the 

resulted w/o emulsion is cooled, the polysaccharide performs the sol-gel transition and gel particles are formed. The 

resulted gel particles are then dried to form microparticles. Thus, the CRG microparticles to be developed (1) are 

simple to administer, (2) are fast-acting drug carriers that respond to body temperature and release drugs, and (3) 

have a high potential advantage in urgent diseases such as seizures and abnormal increases of blood glucose levels. 

As aging populations around the world grow, the CRG microparticles will be the next generation of drug carriers that 

can be administered by patients themselves to provide highly effective home treatment. 

In chapter 2, I have prepared temperature-responsive polysaccharide particles for pulmonary administration. 

I found that highly stable s/o suspensions were formed regardless of the HLB value, structure, and composition of 

the surfactants when high-molecular-weight surfactants were used. There are two possible important factors affecting 

the formation of spherical κ-CRG particles: (1) the formation of physically crosslinked domains inside the particle 

by means of the increase of concentrations of polysaccharides and cations and (2) the formation of a stable solid-

liquid interfaces by using high-molecular-weight surfactants. I obtained stable polysaccharide particles with dimpled 

surfaces. In addition, the diameter of the microparticles depends on the emulsification rate and emulsification time, 

so the microparticles with diameters suitable for pulmonary administration are prepared. From the results of my DLS 

measurement, laser diffraction measurements, and optical microscope observations, the κ-CRG particles in chapter 

2 exhibited temperature responsiveness to collapse at 52°C. Furthermore, as a result of the in vitro aerosol dispersion 

performance of the κ-CRG particles with the cascade impactor, I identified the characteristic delivery behavior of κ-

CRG particles: the particles delivered more to the alveoli than to the pharynx and bronchi, despite their high density. 

From the perspective of material design, the present study shows that the “dimpled” κ-CRG particles can likely stay 

in the alveoli so that high therapeutic effects will likely occur in pulmonary administration. 

In chapter 3, I aimed to develop polysaccharide microparticles that release their inclusions in response to 

temperature. I mainly investigated the effects of the type and composition of polymeric surfactants and particle-

forming polysaccharides on the dissolution behavior of the particles. Although the composition of PEG-PCL did not 

affect its melting point, the melting point of PEG-PLA changed significantly depending on the molecular weight of 

PEG. The dissolution temperature of the particles prepared using PEG-PLA decreased depending on its melting point, 

indicating that the dissolution temperature of the particles could be arbitrarily controlled by controlling the hydrogen 

bonding forces between PEG-PLA and CRG. Furthermore, in the case of the particles prepared by mixing κ-CRG 

and ι-CRG, the diffusion-dependent release of inclusions was suppressed below the dissolution temperature of the 

particles, and the inclusions were rapidly released immediately after the temperature was increased. The results 

indicate the possibility that the prepared particles can penetrate deep into lung tissues and release their inclusions at 

body temperature without the need for heating. These results suggest that the particles can be applied as drug carriers 

for pulmonary administration with high therapeutic efficacy for the urgent treatment of seizures and abnormal 

increases in blood glucose levels. 

In chapter 4, I developed nanoparticle-containing polysaccharide microparticles for the temperature-

responsive and two-step release of inclusions. CS nanoparticles, PLL nanoparticles, and CRG microparticles 

separately complexed with both nanoparticles were prepared and evaluated mainly for the abilities of the 

nanoparticles to be included in the microparticles, and the effect of the type of cationic polymer on nanoparticle and 
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microparticle release behavior. Nanoparticle/microparticle complexation was confirmed by DSL and DSC. The 

nanoparticles release their inclusions rapidly in a manner that is independent of the type of cationic polymer and 

temperature. On the other hand, inclusions within the nanoparticles on the microparticle surfaces are released first, 

after which microparticle inclusions are released through microparticle collapse, which reveals that the microparticles 

prepared by this method are capable of releasing two differently charged compounds in two steps, although the release 

behavior is different from that originally assumed. Because the microparticles developed in chapter 4 have rough 

surfaces that are suitable for delivery to the lungs, they are expected to efficiently deliver nanoparticles deep into the 

lungs and release a wide range of compounds in a charge-independent manner. In other words, these particles are 

expected to be used as temperature-responsive drug carriers for pulmonary administration and the controlled release 

of multiple drugs. 

The major challenge for the future involves including nanoparticles within microparticles rather than on 

their surfaces. The same process as that used in chapter 4 is expected to result in the formation of nanoparticles, even 

when various other polymers are used, such as polyethyleneimine (pKa: 7.0) and polyarginine (pKa: 12.0). 

Nanoparticle hydrophilicity in solution can be adjusted significantly by judiciously choosing a polymer with the 

required pKa. Increasing nanoparticle hydrophilicity or increasing the amount of nanoparticles and surfactants is 

expected to disperse the nanoparticles into the emulsion; this approach should afford microparticles that exhibit two-

step release behavior, in which the microparticles collapse in response to temperature, followed by nanoparticle 

release and subsequent release of their inclusions. In addition, there are few reports on the formation of Pickering 

emulsions that use mixtures of polymeric surfactants and nanoparticles. However, highly structurally stable few-

micrometer-diameter emulsions are easily prepared using polymeric surfactants together with nanoparticles, as 

described in this paper. These results are expected to be useful for future material designs that use emulsions as the 

base technology. 
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