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Abstract 
 

Fabrication of Hollow Microcapsules from  

Microbubble Templates 

Professor Hirofumi Daiguji 

By 

Jay Jesus Molino 

The University of Tokyo 
 

 

   Hollow microcapsules are expected to become an integral part in medical and industrial 

applications as such as drug delivery systems, ultrasound contrast agents, confinement fusion targets, 

light weight fillers, damping materials, and energy storage media. In essence the benefit of hollow 

capsules relies in the fact that these are small, have large inner volumes, and have better stability 

which is suitable for chemical loading. In this work we introduce new facile techniques to fabricate 

hollow biocompatible microcapsules. The disclosed techniques rely on the stabilization of micro 

bubbles in polymeric solutions for a time long enough to allow polymer adsorption onto the micro 

bubble surface. In the present study three different microcapsules were fabricated via bubble 

templating. Each capsule was fabricated to be potentially employed in different applications. 

Furthermore, the techniques are not restricted to the materials employed, which allow us to 

synthetize inorganic hollow capsules using the same principles. Yet, only those fabricated with 

biodegradable polymers are covered in the present study. Since microcapsules with tunable sizes are 

desired, we report on the size control of each of the capsules created using our bubble template 

method. Furthermore we also proved that the methods are scalable. Mass production can be achieved 

and the details for mass producing these capsules are disclosed in this study.  

   Concerning the study of microcapsules fabricated using PLA as the coating polymer, the 

conditions required to synthesize uniform microcapsules were clarified. The average size of these 

capsules was 1um and epifluorescence microscopy confirmed that there was a single hollow (air) 

core inside of them.   Furthermore the conditions required for achieving a bigger stable micro 

bubble were clarified and capsules with an average size of 5um were fabricated. For tailoring the 

microcapsule size we focused on the effect of (1) PLA concentration, (2) PLA molecular weight, and 

(3) PVA in aqueous medium on the radius distribution of fabricated hollow PLA microcapsules. The 

experimental conditions for mass producing hollow PLA microcapsules are well documented. 

   Regarding the study of microcapsules fabricated using colloidal PAH as the coating polymer; we 

successfully controlled the microcapsule radius by changing the concentration of PAH in the Na2CO3 

solution. The zeta potential of these PAH microcapsules is positive at pH = 8.5, which allowed the 

adsorption of poly-sodium styrene sulfonate (PSS) onto the PAH microcapsules, and a bilayer 

capsule was made. Furthermore, the bilayer PAH/PSS capsule solution was titrated until the pH was 

adjusted to 7.0 and they were stable at this pH, proving that they can be potentially used for 

pharmaceutical applications. The required conditions for successful synthesis of bilayer capsules 

were determined as well. On the basis of the analysis of the zeta potentials and Fourier transform 

infrared-attenuated total reflection (FTIR-ATR) spectra for both PAH and PAH/PSS hollow 

microcapsules, the adsorption mechanism of PSS onto hollow PAH microcapsules was elucidated as 

well.  
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Fabrication of Hollow Polymer Microcapsules 

 

 

 

 

 

 

 

1. Introduction  

The encapsulation of materials consists in entrapping solid, liquid or gas cores inside a polymeric 

shell or matrix. The final product is named microcapsule and their sizes are in the micrometer range. 

If the size is in the nanometer range it is known as nanocapsule or nanoparticle. Thus, in general, a 

capsule is defined as any core surrounded by a shell whether this shell or core is organic or inorganic
 

1, 2, 3, 4
. This shell is a continuous non-porous or porous polymeric layer. A microcapsule ought not to 

be confused with a microsphere as microspheres display a single structure. This is, they are 

completely solid, with no internal reservoirs as a microcapsule.  

   Microencapsulation has found its way into industry and bioscience as microcapsules are an 

effective way to enhance the stability of the material being encapsulated, reduce toxic effects, and 

extend material release for different applications in various fields of manufacturing. Specifically, 

microencapsulation provides an effective method of protecting the encapsulated active components 

(isolate it) from a specific environmental condition, avoid denaturalization of the compounds (e.g. 

protect enzymes from strong sheering of traditional reactors, proteolysis by microbes or hydrophobic 

reactions)
 5 6 7

, and provide stability of drug substances (e.g. protection from biological fluids)
 8, 9.

. 

Furthermore, they can be utilized to enhance biocompatibility of conventional drugs, allow the 

controlled dosification of active molecules
 10, 11, 12

, eliminate incompatibles, and serve as inertial 



 2 

confinement fusion targets
 13

, micro reactors
 14, 15

, scaffolds for cultivating tissue,
 16 

lightweight 

fillers/buoyancy, and spacers or dampers
 17

. Microcapsules can also be employed as artificial cells,
 18

 

as protective shells for enzymes and tissue
 19 20

, or as transferring vectors for gene therapy
 21,22

, dye 

dispersants
 23

, water purification systems
 24

, electrodes
 25

, gas storage media
 26

, as supports for 

catalysts,
 27

 for cosmetics
 28

 and, in general, as mass diffusion and transport enhancers
 29

. 

Additionally, when hollow particles are sufficiently ordered, it is predicted that they can have very 

useful properties as optical devices (e.g. photonic band-gap), or as a dielectric defect in photonic 

crystals (micro cavities in crystals could lead to photonic states in the gap and thus, the properties of 

the material can be dictated by the nature of the defect)
 30, 31

. Finally, they are affordable solutions for 

organic/inorganic functional coatings. From the aforementioned it can be inferred that 

microencapsulation is also a way to combine properties of very different materials, something very 

difficult to attain using other techniques.  Several other applications have been discussed in the 

works of Dubey et al 
 32

 and Lachman et al
 33

 but in general the value of a microcapsule is in its 

inherent properties such as their small size, large inner volume, spherical shape, and better stability 

suitable for chemical loading
 34, 35, 36, 17

. Microcapsules size ranges from 0.5-5000 μm. If the 

microcapsules are intended to be employed for pharmaceutical applications the capsule must be 

biocompatible and biodegradable and within the 1 to 1000 μm range
 37

.  

Microcapsules have great opportunities in the pharmaceutical industry. The human body sets 

very difficult requirements. For instance, the oral route has been the major route for drug delivery to 

provide treatment for any chronic treatment, however since nearly 40% of the new drug candidates 

are lipophilic, there is very poor oral bioavailability, high intra and intersubject variability, and lack 

of dose proportionality
 38, 39

. For such compounds, the absorption rate from the GI lumen is 

controlled by dissolution. Modification of the physicochemical properties of the compound, such as 

salt formation and particle size reduction, may be one approach to improve the dissolution rate of the 

drug. This can be achieved using microcapsules. If parenteral delivery is chosen, the capsules should 

be less than 250μm in diameter (ideally less than 125μm) to allow injections with optimum needle 

diameter
 1, 38

 and, since the microcapsules size is highly tunable depending on the fabrication 

technique
 40

, it is possible to address the oral bioavailability issue. Another example is that 

microcapsules can address the “bubble stability problem” inside the body. Bubbles are well proven 

ultrasound contrast agents but to effectively employ them as ultrasound contrast agents they must be 

stable. To enhance the bubbles lifespan microcapsules can be employed to stabilize them. Capsules 

that are intended to be employed as ultrasound contrast agents should be in the range 1–4 μm to 

easily pass through the capillary blood circuit and ensure a long circulation time before they 

completely drain into the liver.
 41, 42, 4
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The idea of a microcapsule is not new as it is already present in nature, e.g. vesicular structures 

and micelles. In the body the lipid bilayer is stable because water’s affinity for hydrogen bonding 

never stops. It is the hydrogen bonding of water that holds a membrane together
 43

. However, lipid 

bilayers have limitations since, if they are to be employed to stabilize microbubbles, they will easily 

disintegrate as the interaction between the lipids molecules is weak
 44

; furthermore, lipid bilayers are 

not so useful for engineering applications. Fortunately, with the development of new techniques, 

biologically compatible microcapsules as well as capsules suited for several kinds of engineering 

application can be created. 

2. Hollow microcapsules for UCAs 

In general, hollow microcapsules are considered to be a structure filled with water or gas; this is 

so as many researchers denote hollow capsules as capsules that have a cavity or cavities filled with a 

fluid. However, this study only regards gas filled (empty) microcapsules as hollow. This is, a hollow 

microcapsule is a microbubble (CO2, N2, perfluorocarbons “PFC’s”) encapsulated in a thin polymer 

or protein shell
45-51

.
 45, 46, 47, 48, 49, 50, 51

.  

The materials employed for encapsulating vary, as implied before, depending on the application. 

Capsules are made of liposomes,
 52, 53 

polymersomes,
 54

 colloidosomes,
 55

 hydrogel capsules
 56

 

polyelectrolytes
 57, 58 59

, inorganic nanoparticles (e.g. gold, titanium, silica)
 60, 61, 62, 63

, melamine
 64

, 

lipid nanoparticles, assembled nanoparticles
 65, 66

, gums (e.g. sodium alginate)
 67

, cellulose 

(methylcellulose) proteins and even of carbohydrates (dextran, sucrose).  

   The fact is that hollow microcapsules are just stable microbubbles. This is the main focus of this 

thesis: Bubble Stabilization Using a Polymeric Shell. Even though a small container is of great 

usefulness, this study aims to design hollow capsules, which can be employed as ultrasound contrast 

agents. Ultrasound echoenhancers are stable and hemodynamically inert subcapillary sized 

microbubbles encapsulated in a thin shell, which have been introduced in recent years to improve 

blood flow visualization within organs to recognize tissue abnormalities.
 68, 69

Microbubbles act as 

echoenhancers, this is, its backscattering echo is proportional to the change of acoustic impedance 

between the blood and the gas in the bubble. Since this impedance is very high the acoustic wave is 

completely reflected. Since wavelengths for diagnostic ultrasounds range from 1-0.1 mm (1.5-15 

MHz), which are much larger than a bubble radius, it can be concluded that microbubbles behave as 

a Rayleight scatterer. The scattering cross-section φ for a linear scatterer whose characteristic length 

is smaller than the incident wave is given by equation (1.1), 
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where R is the radius of the scatterer, λ is the wavelength, k=2π/λ is the wave number , ks is the 

compressibility of the scatterer, K is the compressibility of the continuous phase. It can be seen from 

this equation that the increase in scattering cross section is regarded as the difference of densities and 

compressibility factors. Therefore using a gas as perfusion contrast agent assures maximum 

scattering cross section
 70

.  

However, it is very interesting to realize that the sole reflection will not serve as ultrasound 

contrast agents because the microbubbles are very small and sparse when thinking on the bulk 

(blood). Here it is when the bubbles’ second harmonic comes into play. Although its intensity is 

lower compared to the main resonant frequency, the second harmonic is still strong enough to be 

used for diagnostic purposes. Thus, it is possible to detect only the contrast agents and differentiate it 

from surrounding tissue since in general only contrast agents have harmonics. This Second Harmonic 

imaging, or best known as B-mode imaging, offers a high signal-to-noise ratio and allows imaging 

even at very slow flow conditions.
 71

 

Microbubbles by themselves have a very short lifespan in the system. The inner pressure in the 

bubble is the result of the equilibrium pressure (Henry’s law), the Laplace Pressure, and the blood 

pressure and in turn the combination of these three, by far, exceeds the gas pressure in the blood. In 

fact, Laplace pressure is the main responsible for the movement of gas outside the bubble. This 

pressure drop across the interface is given by: 

 

 ∆𝑝 = 𝑝𝑏 − 𝑝𝑎 =
2𝛾

𝑟
                           (1.2) 

 

in which r is the radius of the bubble, 𝛾  is the interfacial surface tension and ΔP the pressure 

difference experienced by a bubble.  As the gas diffuses to the outside of the bubble, the radius 

decreases and thus the pressure difference increases as well. This implies a faster rate of dissolution. 

In addition, it is critical for microbubbles to be smaller than the capillaries to ensure passage through 

the pulmonary capillary bed, be stable enough to endure the whole circuit to allow proper 

examination and diagnosis (Plesset and Epstein calculated that a 10 μm air bubble will dissolve in 

1.17 sec in degassed water and 6.63sec in air saturated water
 72

), being also crucial for them to 

display a uniform size for optimizing backscattering.  

One approach to the instability issue is to employ perfluorocarbons. It is of great interest to 

reduce the high partition coefficient of the gas (Air in the normal case) between the gaseous phase 
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and the liquid phase (known as Ostwald coefficient, L). This reduction can be achieved by including 

PFC into the air bubbles. Thus, a combination of a low Ostwald coefficient (<10
4
) and a relatively 

high saturated vapor pressure at body temperature (> 3·10
4
Pa) is required (only some PFC display 

this characteristics
 73

). This is, since the larger amount of gas present in a microbubble will be PFC, 

the solution containing air is so diluted that the partial pressure of the most soluble gas (Air) is 1 atm. 

There can be diffusion of blood-soluble gasses in and out of the bubble and these changes of pressure 

can be withstand by the PFC. Figure 1.1
 73

 shows a good representation of this phenomenon.  

 

 

Figure 1.1: Osmotic Equilibrium. An osmotic equilibrium is set up where the water-soluble gases, whose partial 

pressure inside the bubble remains essentially constant at 1 atm, diffuse in and out of the bubble while the added partial 

pressure of the PFC vapor counterbalances the combined forces of blood pressure and Laplace pressure.
 73  

 

 

The other option is to conveniently cover the bubbles (Air) so that it can be properly used as 

ultrasound contrast agents. The idea is not new; there exists several contrast agents which use lipids 

to protect the microbubble. Reference 69 summarized the commercially available contrast agents. 

This data is shown as Table 1.1. 

Equation (1.3)
 72, 74

 is a modified version of the Epstein-Plesset equation for the lifetime of a 

microbubble which also considers the permeability of a layer surrounding the microcapsule. 
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Table 1.1: Microbubble contrast agents. 

Name Shell Material Gas (solubility) Size (μm) 

Albumex Albumin H Air H 4.3 

Optison™(FS069) Albumin H Octafluorpropane L 4.5 

MP1950 Lipid L Decafluorobutane L 2 

PESDA Albumin NA Decafluorobutane L 4.7 

Definity®(MRX-115) Lipid/surfactant L Octafluorpropane L 1.1–3.3 

Imagent(AFO-150) Lipid/surfactant L Nitrogen/perfluorohexane L 6.0(median) 

Sonovue®(BR-1) Lipid L Sulfur hexafluoride L 2 (median) 

BR14 Lipid L Perfluorobutane L 2.6 

Levovist (SHU 508A) Lipid/Galactose L Air H 2–4 

biSphere™ (PB127) Polylactide/albumin H Nitrogen H 3 

Sonazoid (NC100100) Lipid/surfactant NA Perfluorobutane L 2.2 

ST68-PFC Lipid/surfactant L Decafluorobutane L 1.8 

Sonavist (SHU563a) Cyanoacrylate H Air H NA 

Shell stiffness is: high (H) and low (L) and gas solubility is noted as high (H), low (L) or not available (NA).
 69 

 

Where L is the Ostwald’s coefficient, Dw is the diffusivity of the gas in water, Rshell is the 

resistance of the shell to the encapsulated gas permeation, f is the ratio of the gas concentration in the 

bulk to saturation (i.e. f = 1 is for saturated), Pa is atmospheric pressure and σshell the surface tension 

at the gas-liquid interface. This equation (and all the analysis to be performed hereafter) assumes a 

spherical bubble. In addition, equation (1.3) does not take into account shell aging or even how the 

shell changes to the core size as gas permeates, yet it displays very useful and tangible information 

on the dissolution phenomena. Figure 1.2 shows the kinetics of bubble dissolution calculated from 

equation (1.3). From this graph it is understood that there is a need for a better “impermeable” shell 

and a better understanding on how PFC behaves.  

Here it is the highlight based on all expressed hitherto: For a lifetime of days or even months the 

shell must be solid in order to eliminate surface tension and to decrease gas permeability through the 

shell matrix. An impermeable solid shell eliminates the Laplace pressure issue which is the driving 

force for “instant” bubble dissolution, but again, it ought to be thin and flexible enough to allow the 

bubble to resonate. Thus, this thesis focuses on synthesizing such shell around microbubbles.  
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Figure 1.2: Dissolution kinetics. Calculated microbubble dissolution kinetics based on the modified-EP equation. (a) 

Radius-time curves of a free microbubble composed of air or perfluorobutane (PFB). Model parameters were σshell=72 

mN m
−1

, Rshell= 0, Pa = 101.3 kPa, and f = 1 (i.e., saturation). Diffusion parameters for air were L = 0.02 and Dw= 2 × 

10−5 cm2 s
−1

; those for PFB were L = 0.0002, Dw= 0.7 × 10−5 cm2 s
−1

. (b) Radius-time curves of lipid-coated 

microbubbles in degassed water ( f = 0). Model parameters were the same as above, except Rshell=104 s m
−1

 for air and 

107 s m
−1 

for PFB and σshell= 0 mNm
−1

. 

 

3. Hollow microcapsules fabrication techniques 

Even though there are several techniques to synthesize hollow microcapsules, in general, all of 

them can be classified into four main synthesis methods, namely: chemical methods, physico-

chemical methods, electro-chemical and physico-mechanical methods. Among the chemical methods, 

the interfacial polymerization method is the most popular. In this technique the capsule shell is the 

result of a reaction among the polymer chain and the surface of a droplet or a solid particle that is 

being used as a core. In most cases, multifunctional monomers, i.e. isocyanates, are dispersed in the 

liquid cores, which are suspended in a dispersing/emulsyifing continuous phase. Another coreactant 

multifunctional polymer (e.g. amine) is dispersed in the continuous phase and this allows the reaction 

of both multifunctional polymers to take place at the droplet-dispersing phase (rapid polymerization 

at the interface), then the cores are removed to attain a hollow capsule. Polymerization can also occur 

at a bubble surface, and therefore hollow microcapsules are immediately created with a polymer 

shell
 64, 75, 76

.  

Physico-chemical methods include the coacervation or phase separation method. Coacervation is 

a colloidal phenomenon, a process where a homogeneous polymer partially desolvates from a 

homogeneous polymeric solution into a polymer rich phase (coacervate) and a poor polymer phase.
 3, 

2
 This method mainly consists of three steps carried out under continuous mixing: 1. three 
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immiscible phases are formed, 2. shell/coating material is deposited in the solution, and 3. the 

coating solidifies.
 77, 74

 

A common technique, under the category of electro-chemical methods, for manufacturing 

polyelectrolyte microcapsules characterized for noncovalent interactions in the polymer chains to 

synthesize nano-thick layers around a liquid or solid core by the multiple adsorptions of polyanion 

and polycation groups, is the layer-by-layer (LbL) method.
 78, 79, 80

 The sequential addition of 

polyelectrolyte requires exact ratios of the polyelectrolyte; otherwise, the chance of forming free 

polyelectrolyte or particle aggregates increases.
 81, 82

 

As for physico-mechanical process, the solvent evaporation method is one of the best known. In 

this method first a water/oil/water (W/O/W) emulsion is created: core materials are dissolved in a 

solvent (oil) which is immiscible in the continuous phase (water) and mixed via agitation. The oil 

phase covers the liquid phase (water) and is emulsified in water to achieve a W/O/W mixture. The 

mixture is then heated and stirred to evaporate the solvent allowing the polymer to supersaturate at 

the water/oil interface. Finally freeze-drying is employed to remove the cores.
 41

  

Depending on the employed core, finally, after shell formation, the permeability and strength of 

the shell are intentionally degraded by aging or cross-linking so that the liquid or solid core can be 

removed by dissolution, evaporation, or thermolysis (e.g. calcination and freeze drying), thus 

yielding hollow capsules. 

However it is still a challenge to find a proper procedure to effectively control all the 

characteristics of interest. This is, it is hard to control mechanical strength, permeability, porosity, 

capability, biocompatibility, and uniformity by a unique procedure. Through the current techniques it 

cannot be achieved as the fabrication of hollow microcapsules depends not only on the procedure but 

also the physico-chemical properties of the materials being employed. 

This introduction focuses on some of the latest and novel methods to fabricate hollow 

microcapsules for engineering and biomedical applications. The next section focuses on four 

different techniques to fabricate hollow (gas filled) capsules, namely CAN-BD, LbL, electro 

hydrodynamic atomization, and tubular microfluidics.  

 

   3.1 Supercritical Fluids: CAN-BD 

   Recently many techniques that employ supercritical fluids have been developed and the interest 

relies in the fact that this technique has processing advantages as the organic solvent residue during 

microcapsule preparation is minimal and thus the purification process (cleaning) of the capsules is 

easier to achieve. Furthermore, the resultant product has a narrow size distribution; the fabrication 
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process takes seconds and since it operates at lower temperatures, thermally liable materials can be 

loaded on the capsule.
 1

 

A fluid is said to be supercritical when its pressure and temperature are higher than the critical 

pressure (Pc) and critical Temperature (Tc). In this region, the properties of the supercritical fluid 

can be finely tuned (e.g. viscosity, diffusivity, interfacial tension). This implies that the fluid 

properties can be controlled to fit different processing needs. For instance, if surface tension and 

viscosity can be controllable, the size of the sprayed droplets is controllable as well. In general CO2 

is widely used as supercritical fluid because it has low critical points (Pc = 73.8atm and Tc=31.1C), 

it is inexpensive, and it is also regarded as safe. Furthermore since CO2 is nonpolar, it cannot 

dissolve lipophilic and hydrophilic compounds (most pharmaceutical compounds are lipophilic or 

hydrophilic) but it can solubilize low MW weight lipophilic substances, which is a great advantage 

as CO2 can be a solvent and non solvent for pharmaceutical applications. 

CAN-BD is classified among the SCF techniques. The acronym stands for Carbon Dioxide 

Assisted Nebulization with Bubble Dryer. It is a physico-chemical method. The process consists on 

the nebulization of a liquid solution which contains a solute formed of micro-nano particles that 

precipitate as the solubility of the solvent is reduced via solvent extraction. In other words, the 

supercritical solution, which contains a cosolvent and dissolved polymers (shell material), is 

maintained at high pressure and then sprayed through a nozzle or capillary to near atmospheric 

pressure. The rapid expansions yield to an aerosol, which is formed of micro droplets and micro 

bubbles. Thus, hollow capsules can be attained in this process. This flow is directed into a drying 

chamber filled with either nitrogen or heated air to keep a desired temperature during the drying 

process. The produced particles are then collected using a filter at the end of the chamber. The pore 

size of the filters is between 0.2 and 0.45μm. The typical flow rates on a lab scale are 0.3 to 0.6 

ml/min. The process has been successfully scaled up by Sievers et al
 83

 and have more recently used 

flow rates as high as 30 ml/min, which is a commercial production scale for high value 

pharmaceutical products
 84

. A schematic of the process is shown in Figure 1.3. 

CAN-BD has been effectively employed for loading protein vaccines. Full retention of 

biological activity of Hepatitis B surface antigen (HBsAg)
 83

 in a protein vaccine was observed after 

preparing the vaccine using CAN-BD. Live attenuated measles virus have also been effectively 

loaded
 83

. 

Furthermore a lyophilized measles vaccine has been loaded using CAN-BD for pulmonary 

delivery (dry vaccine) and it has been concluded that 107±23 of the viral activity has been preserved. 
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Figure 1.3: CAN-BD schematic.
 83 

 

Cape et al.
 85

 reports being able to produce fine dry powders of anti-CD4 antibody, which is a 

primatized monoclonal antibody with potential clinical value in treating rheumatoid arthritis and 

other diseases. CAN-BD has also been employed to load ibuprofen.  

CAN-BD offers a minimum decomposition of thermo liable drugs as the operation temperature 

is considerably lower than those in the usual solvent evaporation process, and furthermore, the final 

capsule size is below three micrometers, which is suitable for pulmonary delivery.
 86

 Figure 1.4 

shows a SEM image of anti-CD4 antibody loaded microcaspules.  

 

 

Figure 1.4:Anti-CD4 antibody. SEM image of particles of anti-CD4 antibody produced by CAN-BD
 85 
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   3.2 Coaxial Electrospraying 

Electrospraying or electrohydrodynamic atomization (EHDA) is a process employed to make 

droplets by applying a potential difference of thousands of volts between a plate and the tip of the 

capillary tube from which liquid is being supplied. The final droplet size, depending on the 

fabrication conditions, can be from millimeter to submicron size
 87

. The technique dates back to the 

1915 through the work of Zeleny, Vonneguton and Neubauer on aerosols
 88, 89 . 

However, it was until 

very recently that Chang et al
 87, 90

 and Zhang et al
 91

 employed EHDA to effectively fabricate hollow 

capsules with tunable sizes and shell thickness. Chang et al employed perfluorohexane (PFH) as a 

liquid template and the biocompatible polymer polymethylsilsesquixane (PMSQ) as the shell 

material. The solutions were supplied via micro syringe. PFH was supplied via a needle of 150μm 

and PMSQ was supplied through a 300μm diameter needle. The needles were concentric so that at 

the end of the needles PFH was covered by the solution of PMSQA which yields to the core-shell 

structure. In this experiment PFH was supplied at a rate of 150μl/min and PMSQ was supplied at 

650μL/min. Zhang et al produced hollow capsules using Polethersulfone (PES) dissolved in dimethyl 

sulfoxide DMSO as the shell material. For the core, they employed PVA and PEG in DMSO. The 

general schematic of EHDA is shown in the panel ‘a’ of Figure 1.5.  

The process takes advantage of the differences in solubility and volatility of the liquids being 

employed. In general, the outer flow acceleration is dominated by the electrical field, whereas, the 

inner flow is driven by viscous stresses, thus flow rates must be adjusted to account for these 

differences so that both liquids can travel at the same velocity. The formation mechanism of hollow 

capsules from EHDA is different
 92 87

 since in order to remove the core either the core is miscible in 

water (the capsules are deposited in a water bath after fabrication) so that the hydrophilic core can be 

removed or the core has a low boiling point. In general the shell has nanopores that allow the 

transport of the gas or liquid from the interior to the exterior. It has been reported that not only 

hollow microcapsules can be formed but also highly porous materials can be obtained. 

The fabricated hollow capsules are not limited to the pharmaceutical field. Hollow capsules 

made using EHDA can also be employed in engineering applications. The main issue to address 

when considering engineering applications is the yield of particles obtained. Multiple needles can be 

employed in EHDA as an efficient way to increase production or to develop capsules with different 

properties (double layer of different materials)
 93, 94 

One of the advantages of EHDA is that it generates near monodisperse capsules. As it was stated 

in the introduction, the strictest requirements for encapsulation are given by the pharmaceutical 

applications and thus, due to the very gentle core evaporation method involved in EHDA, EHDA has 

great advantages over some more classical methods (e.g. WOW/OWO processes).
 95, 86, 1 
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Figure 1.5: EHDA microcapsules. (a) The experimental set-up; (b) dripping and (c) stable jetting behavior of 

PMSQ/PFH, (c) Bright field image of hollow capsules immediately after preparation and (d) SEM image of hollow 

capsules with an inset image of the cross section showing the hollow cavity.
 90, 87 

 

  3.3 LBL: bubble and biological templates  

Hollow polyelectrolyte microcapsules are normally fabricated by decomposing a core material 

after the formation of a capsule shell by the Layer by Layer (LbL) method. Microcapsules fabricated 

under this method are made by the “Layer by Layer” adsorption
 96, 97, 98, 99

of charged polyelectrolytes 

onto charged colloidal particles, and then subsequent removal of the cores takes place to leave a 

hollow microcapsule. The sequential adsorption allows to tune these microcapsules in the nano meter 

range and it is dependant on ionic strenght
 100, 101

, temperature, and pH
 102

. The main driving force for 

a multilayer shell formation is precisely electrostatic attraction between opposite charged species, 

resulting in overcharging of the films after deposition of each layer. Because of this, the system is 

stable against desorption, but since individual interactions are weak, the final layer structure depends 

on the fabrication conditions. The template material can vary, yet liquids are avoided in general as 

there are difficulties with the coating procedures or with the polidispersity of the cores, thus solid  

cores are suitable for LbL. When liquid cores are employed most of the time vesicles or emulsion 

droplets are employed
 103, 104

.Until very recently air and even cells are being used as templates
 105

. As 

for the shell, silica, gold or zinc, can be used.
 106, 107, 60 , 61
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Figure 1.6: Layer-by-Layer method. Sequential adsorption of counter ions allows the formation of a shell. 

 

Almost any coating can be applied to a polyelectrolyte microcapsule which makes it perhaps the 

most versatile of all the capsule fabrication techniques. A schematic of the sequential adsorption in 

the LbL process is shown in Figure 1.6. The removal of the core is done by using one of the 

processes listed previously (e.g. thermolysis, freeze drying).  

The fabrication of hollow microcapsules using LbL can be simply attained. However it is of great 

convenience if there was no need for a core removal process (e.g. use air as template) or if it is 

possible to fabricate capsules of any shape. 

   3.3.1 Bubble template 

Recently, Shchukin et al.
 102

 developed a technique to synthesize hollow microcapsules using 

microbubbles as templates. In these experiments microbubbles were generated via sonication in a 

tween/spam solution. Since the surface of the bubble was charged due to the adsorption of 

tween/spam, it allowed for sequential adsorption of PAH and PSS. A schematic of this fabrication 

technique is shown in Figure 1.7.  

Furthermore, through the work of Daiguji et al. 
58

 it was demonstrated that hollow PAH 

microcapsules can be easily manufactured from microbubble templates without the need of 

surfactants. In a Na2CO3 solution, poly-allylamine hydrochloride (PAH) is broken down into 

colloidal particles of carbamate ions (R-NHCOO
-
) and amino ions(R-NH3

+
) within a certain pH 

range. When CO2 microbubbles nucleate in this solution, the colloidal particles of PAH stabilize the 

micro bubbles via adsorption. However, these capsules were only stable at pH= 8.5. Molino et al.
 57

 

used the same methods aforementioned and attained size control of the capsule by changing the 

concentration of the Na2CO3 and, more important, they elucidated the conditions required to 

synthesize a hollow bilayer (and multilayer if required) microcapsule, as well as, the effective 

parameters to attain a condensed hollow PAH/PSS microcapsule solution at pH = 7.0. The final 

capsule is intended to be used for pharmaceutical purposes.  

 

 



 14 

 
Figure 1.7: LbL using a microbubble as template via sonication. Synthesis of hollow microcapsules using micro 

bubbles as templates Micro bubbles are generated in a tween-spam solution that stabilize the micro bubbles and allows to 

sequentially adsorb counter ions to the bubble surface. The result is a hollow biodegradable microcapsule.
 102 

 

   3.3.2 Biotemplate 

The advantages of employing biological structures as templates for fabricating microcapsules is 

that a wide variety of shapes and sizes can be attained without the need of designing or 

manufacturing solid sacrificial cores. Unless a solid core is employed, it is very difficult to attain a 

shape different from spheroids, as it is a spherical shape the lower state of energy for a drop or a 

bubble intended to be employed as a template core. Indeed the encapsulation of biomolecules and 

living organisms has several applications in the medical field, thus the understanding of such 

encapsulating procedures is of great relevance.  

Neu et al
 105 

successfully used a red blood cell (RBC) as a template followed by the RBC 

removal to achieve a hollow capsule. Escherichia coli bacteria was employed as well. In their study, 

they employed PAH/PSS sequential adsorption to cover the surface of the cell. They deposited 10 

layers onto the cell and bacteria respectively. By employing a solution of 140mM NaCl and 1.2% 

NaOCl, the cellular protein and lipid dissolved. In this work they commented that one of the 

disadvantages of using biological templates is their limited membrane stability.  

 

 
Figure 1.8: SEM image of hollow PAH/PSS microcapsule. From an. RBC template and b. e.Coli template

 105
. 
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Furthermore, if cell surface modification is desired, cell preservation is a must. However it has 

been proven that the cytotoxic effect depends on polycation concentration and exposure time, as the 

polycations (PAH in this case) could induce pores within the cell membrane as suggested by 

Vladimir and Srikanth
 108

. Figure 1.8 shows the final discoid and echinocityc shape of RBC and E. 

Coli hollow polyelectrolyte capsules.  

 

   3.4 Tubular Microfluidics 

Since the advent of microfluidic fabrication
 109

 several researchers have refined and attained 

several kind of particles for different purposes. Microfluidics offer the advantage of fabricating large 

microcapsules and the advantage of attaining monodisperse microcapsules (particles can be 

fabricated as well). The latter is a key feature for this fabrication technique. Although several other 

methods such as interfacial polymerization, coacervation or even spray drying can produce close to 

monodisperse microcapsules, the properties of the capsules produced are determined empirically as 

each fabrication parameter cannot be precisely controlled. If the size is not uniform, the mechanical 

and delivery properties are non-uniform as well. Since with microfluidic devices microcapsules are 

tailored individually, outstanding control can be achieved
 110, 111, 112

. A microfluidic device is mainly 

characterized by laminar flow which leads to very typical easy to analyze microfluidic behavior and 

hence the resulting product is uniform. Furthermore, a microfluidic device is simple to fabricate. A 

basic schematic of a microfluidic device is shown in Figure 1.9.  

In this image fluid A is the template solution. Fluid A could be an oil phase, fluid B could be 

water phase and Fluid C could be an oil phase which yields to a O/W/O (oil in water in oil) emulsion
 

113
. The inverse is also valid as it can be a W/O/W process. The important aspect of this fabrication is 

that the intermediate phase (e.g. Fluid B in the image) is poorly or completely inmiscible in either 

Fluid A or Fluid C. After the fabrication of the particles, the cores (if required) are removed.  

Choi et al.
 114

 developed a one step synthetic approach to prepare hollow thermosensitive poly 

(N-isopropylacrylamide) (PNIPAM) microcapsules. This was the first time where hollow 

thermosensitive capsules have been produced. They reported using conventional photolithography 

and a mixture of PDMS and a curing agent to build the microfluidic device (normal method). 

To attain hollow capsules, droplets of an aqueous solution containing a monomer are prepared 

and introduced into a continuous phase, which has an oil soluble photoninitiator. By irradiating the 

droplets with UV, radical polymerization at the aqueous solution/oil interface starts. The key aspect 

of the process is that upon UV irradiation, the capsules become hollow, contrary to other studies
 115 

where after fabrication sequential etching of the cores with strong solvents must be performed to 

remove them. The capsules were confirmed to be hollow via Ion Beam Milling. 
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Figure 1.9: General schematic of a microfluidic/ capillary device. 

 

In a different study, Zhang et al
 116

 designed long term glucose-responsive hydrogels (poly(N-

isopropylacrylamide-co-3-aminophenylboronic acid-co-acrylic acid) (PNA) to fabricate hollow 

capsules using microfluidic devices. In general, hydrogels can respond to different environments 

inside the body through changes in temperature, pH and salinity. The way of fabricating these 

capsules is the same as the schematic shown in Figure 1.9. They also employed UV initiated 

polymerization to fabricate the hollow capsule. In their study they analyzed the effect of glucose 

concentration on the swelling behavior of the capsules. The PNA microcapsule exhibited a glucose 

swelling behavior, which was proportional to the amount of glucose in the Glucose Buffer solution 

(BFS).   

The use of hydrogels is not limited to the shell; microgels are also used as sacrificial cores to 

fabricate hollow microcapsules. Gokmenn et al. showed this using microfluidics to create hydrogel 

cores, and combined with LbL it is possible to obtain a hollow capsules of several micrometers. In 

this study, the monodisperse microgels were coated by 6 alternating layers of Ptnp (platinum 

nanoparticle) and DAR (Diazoresin)
 117

. Since Dex-Hema was employed to fabricate the sacrificial 

core, Sodium Hydroxide was employed to remove the cores as dex-Hema is degradable in NaOH. 

The resultant microcapsules had a size microcapsule in the order of hundreds of microns. 

The aforementioned studies require the use of a sacrificial template, however in the work of Wan 

et al.
 118

 individual gas bubbles are wrapped with a polymer coating using a microfluidic device. The 

method consists on the fabrication of micro droplets with individual gas cores in a continuous oil 

phase. The oil phase contains precursors that allow for sol-gel reaction between the aqueous phase 

surrounding the gas bubbles and the continuous phase. The result is a hollow capsule (gas core) with 

a hard shell. One of the key parameters for keeping the bubbles stable inside the droplets is the 

viscosity of the aqueous phase. In this study, increasing the viscosity was achieved by adding 

glycerol. Since the precursors were silane and titanium butoxide, the final shells were made of either 

silica or titania. Figure 1.10 shows their microfluidic device and the resultant silica hollow capsules. 
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Figure 1.10: Capsules from microfluidic devices. The final capsule size was about 60μm, however other particles in 

the nano order were obtained as well.
 118

 

 

4. The objectives and contents of this thesis  

In the research disclosed in this thesis, easy ways to make microcapsules from PLA or 

polyelectrolyte materials using bubbles as templates
 119-121

 are shown. When the reported techniques 

are compared to other techniques, the simplicity of this technique can be highlighted (e.g. no 

sacrificial cores are needed and bubbles can be enhanced with a hard shell). Furthermore, the theory 

developed by Ward et al.
122

 was employed as the theoretical foundation to theoretically predict the 

conditions at which a bubble is stable inside a closed volume. This analysis considers the number of 

nucleated microbubbles and the initial amount of air dissolved in the solution. From these theoretical 

considerations, it was possible to produce microcapsules of different sizes. Mass production was 

attained as well.  

Other studies use well refined methods to produce near monodisperse hollow microcapsules. 

Many of these techniques were covered in the first pages of this chapter. However, in general, the 

current fabrication methods consist of multistep fabrication procedures that include evaporation, 

polymerization and distillation. Some other techniques employ high porous particles that host gas 

mixtures (perfluorocarbon and Nitrogen) in order to achieve osmotic stabilization inside the blood 

stream. Via these mechanisms, and depending on the acoustic properties of the host particle/shells, 

ultrasound imaging can be achieved. In contrast to these techniques, this thesis presents a simple way 
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for fabricating biodegradable single-core hollow microcapsules that can be employed not only as 

perfusion contrast agents but also as DDS. Furthermore, since the mechanics of the process enable 

uniform bubble formation, stabilization and posterior encapsulation (self-assemble mechanism), 

other methods for controlled bubble formation were not employed in this work. Other methods can 

effectively achieve uniform sized bubbles and cover them with polymeric materials, however scale 

effects must be taken into account if further reduction in capsule size is to be achieved and, due to 

the diversity of substances used in the fabrication process these techniques must account for different 

effects; whereas the method shown in this study allows the utilization of other materials.  

As aforementioned, this thesis discusses the stabilization of microbubbles inside open and close 

systems. One of the main priorities of this work is to achieve high uniformity in the resultant 

capsules. The capsules introduced in this thesis display high uniformity. Furthermore, whenever mass 

production is discussed, the conditions required to fabricate microcapsules with high uniformity is 

disclosed as well (attaining mass production, in general, compromises uniformity). PLA was used to 

fabricate the shell which surrounds the bubbles. Also employed polyelectrolyte material (PAH/PSS) 

was employed to enclose bubble templates and attain polyelectrolyte microcapsules.  

Based on the materials used, this thesis features the works to develop two different kinds of 

microcapsules (PLA and Polyelectrolyte). This thesis discusses:  

a. The development of new and facile ways to synthetize single void microcapsules using micro 

bubbles as templates. It was intended to employ them as ultrasound contrast agents, thus to 

fabricate mono disperse capsules is the target; nonetheless more engineering applications were 

also considered (Chapter 2, 6, and Appendix 1). 

b. The characterization of both, the bubble template and the resulting hollow microcapsule from 

the physical point of view and the optimum fabrication conditions to attain highly uniform 

microcapsules were determined. (Chapter 2-6). 

c. The stability of microbubbles inside closed system and its corresponding size control was 

experimentally confirmed. A mechanism for the formation of the hollow microcapsules was 

proposed as well.  

d. Capsules size control (Chapter 3, and 6). 

e. Capsules mass production (Chapter 4, 5 and Appendix 1)  

An appendix is provided after the conclusions. Although chapters 1 through 6 are self-sustained, 

the appendix has information relevant to this investigation and will nurture even further the 

understanding of the chapters.  

Throughout this document, to assess the size distribution and monodispersity of the synthesized 

capsules, an index termed Coefficient of Variation (CV) was employed, which is also known as 
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Polidispersity index (PI). This coefficient is defined as the ratio of the standard deviation size 

distribution to its arithmetic mean, this is, 

 

 𝐶𝑉 = 𝑃𝐼 = 100% × (∑
(𝑟𝑖−𝑟𝑛)

2

𝑁−1

𝑁
𝑖=1 )

1/2

𝑟𝑛̅⁄                 (1.4) 

 

Where ri is the radius of the i
th

 capsule given in micrometers (μm) and 𝑟𝑛̅ is the arithmetic mean 

in micrometers as well. Samples with a PI < 20% are considered to be uniform.  
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2 
The Stable Microbubble and its microencapsulation 

 

 

 

 

 

 

   Hollow microcapsules are expected to be integral components of drug delivery systems (DDS) in 

medical and pharmaceutical applications. Via the bubble template method microcapsules covered 

with biodegradable polymers should be easy to fabricate. In this study, the two conditions required to 

fabricate uniform hollow microcapsules using the bubble template method were clarified: the 

stability of uniformly sized microbubbles in a liquid droplet and the release of hollow microcapsules 

from the droplet. Furthermore, the experiments evaluated the radius distributions of the microbubble 

templates and the fabricated hollow poly-lactic acid (PLA) microcapsules. 

1. Introduction 

   Hollow microcapsules of biodegradable polymers with diameter less than 10 μm are expected to be 

used as ultrasound contrast agents or carriers for drug delivery systems (DDS) in medical or 

pharmaceutical applications.
 1, 2, 3, 4, 5

 Hollow microcapsules are generally fabricated as follows:
 6

 

First, solid particles or liquid droplets are dispersed in continuous gas or liquid phase. Then, shell 

materials are added to the dispersed cores or to the continuous phase. By controlling the temperature, 

pH, and/or pressure in the continuous phase, shells are formed around each of the dispersed core by 

supersaturating the concentration of the shell materials. Shells are also formed by adsorption or 

reaction of the shell materials onto the surface of the cores. Finally, the permeability and strength of 

the shell are intentionally degraded by aging or cross-linking so that the liquid or solid core can be 

removed by dissolution, evaporation, or thermolysis, thus yielding hollow capsules. Several other 
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fabrication methods have been proposed to produce hollow microcapsules for the shell materials of 

SiO2, TiO2, and amino resin.
 7, 8, 9

 

The direct encapsulation of microbubbles with shell materials is another method of fabricating 

hollow microcapsules. For medical and pharmaceutical applications, stabilized microbubbles 

covered with a lipid bilayer are expected to be used as ultrasound contrast agents or as carriers in 

DDS.
 10, 11

 Such shells, however, easily disintegrate because the interaction between lipid molecules 

is weak for bubbles covered with a lipid bilayer or because the shell for bubbles covered with a 

polymer film is too thin. Hollow microcapsules would be suitable for many applications if 

researchers could find ways to fabricate thicker shells.  

For hollow microcapsules used in medical and pharmaceutical applications, biodegradable 

polymers that can be disintegrated using microbes or bacteria would make the best shell materials. 

Examples of such polymers include poly-lactic acid (PLA), poly-glycolic acid, and poly ε-

caprolactone. Porous microcapsules of these biodegradable polymers made by using a spray drying 

method are being developed as an ultrasound perfusion contrast agent
 12

 and are currently in a 

clinical trial.
 13

 The structure of these microcapsules is not a single bubble covered with a 

biodegradable shell but a porous biodegradable particle that includes multiple internal voids of 

perfluorocarbon gas. Biodegradable polymers are synthesized from crude materials via a complex 

multistep fabrication that includes evaporation, distillation, and polymerization.
 14

 Therefore, it is 

difficult to encapsulate microbubbles with a biodegradable polymer using a direct poly-condensation 

reaction because microbubbles cannot stay in the liquid during the poly-condensation reaction time 

because of dissolution and bursting. 

To fabricate hollow microcapsules covered with a relatively thick shell of a biodegradable 

polymer, Makuta et. al
 15

 introduced a simple method for fabricating hollow microcapsules covered 

with PLA by using microbubbles as templates. The method was called the ―Bubble Template 

Method.‖  In Makuta et al., the solution of PLA and the continuous phase were pressurized with 

Nitrogen at 300kPa. Thus, decreasing the pressure of the system to atmospheric pressure resulted in 

the super saturation of Nitrogen in the interior of the droplets and microbubbles were formed. For the 

present study no pressure was applied since the concentration of Nitrogen in the solutions was 

saturated at 1 atmosphere. Furthermore, in this chapter droplets of uniform size were formed. Below, 

each step of the modified fabrication process of the bubble Template Method is shown: 

 

1) A 2 g/l methylene chloride solution of PLA and a 2% (w/w) poly-vinyl alcohol (PVA) 

aqueous solution was prepared. Then, droplets of the solution of PLA in dichloromethane 

(1mm in radius) were dispersed in the PVA aqueous solution through a micro syringe. 
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Because of the surface-active properties of PVA, the droplets did not coalesce in the aqueous 

solution. 

2) As the droplet shrank due to the dissolution of dichloromethane into the PVA aqueous 

solution, which yields to the nucleation of microbubbles in the droplets because of solvent 

diffusion/extraction (in general terms, solvent evaporation), hollow PLA microcapsules that 

displayed microbubbles as inner templates were spontaneously released from the droplet’s 

interior into the continuous aqueous phase. 

This fabrication method can be categorized into the solvent evaporation methods. The nucleation 

of bubbles, physisorption of PLA onto microbubbles, the release of hollow PLA microcapsules into 

the PVA aqueous solution, and solvent evaporation take place as the droplet shrinks. 

 

 

Figure 2.1: Fabrication of hollow PLA microcapsules in the bubble template method 
 15, 16

: (a) formation of droplets, 

(b) generation of microbubbles, (c) release of hollow microcapsules.
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One of the advantages in the bubble template method is that all these processes take place 

spontaneously without the application of any external forces. Two important key processes in the 

bubble template method are the preparation of uniformly sized microbubbles as templates, as shown 

in Figure 2.1(b), and the encapsulation of microbubbles and the release from the droplet, as shown in 

Figure 2.1(c).  

For the preparation of uniformly sized microbubbles, we focused on the phenomenon through 

which bubbles in a closed volume of liquid-gas solution have a uniform radius and can be 

thermodynamically stable.  

It is critical to control precisely the bubbles’ radius for the development of a uniformly sized 

hollow microcapsule. In the bulk liquid, some microbubbles coalesce into large bubbles and float 

into the air, and others disappear due to the dissolution of the gases into the liquid. In contrast, in a 

closed volume of liquid-gas solution, the bubble radius must be the same in the equilibrium state 

because the equilibrium radius, r, is determined by p/2 , where p  is the vapor pressure of the 

liquid, which is close to the saturation vapor pressure of the pure liquid, and  is the surface tension. 

For the encapsulation process, the process proved to be successful for fabricating hollow PLA 

microcapsules without applying any external forces.  

This chapter clarifies the following three conditions: (1) the conditions required for the stability 

of uniformly sized microbubbles inside a droplet of methylene chloride solution of PLA (2) the 

dependence of the equilibrium bubble size on the number of bubbles and the solubility of air in the 

solution and (3) the conditions required for the release of hollow PLA microcapsules from the 

droplet. The average radius of the microbubble and the final capsule were evaluated as well 

2. Theory 

   2.1 Conditions required for the stability of uniformly sized microbubbles inside a droplet 

The first step to fabricate uniformly sized hollow microcapsules is to maintain uniformly sized 

template bubbles in a liquid long enough to form a capsule shell. Ward et al
 17

 reported that bubbles 

in a closed volume of liquid-gas solution can be thermodynamically stable. The observed system was 

not completely closed because methylene chloride transferred to the surrounding PVA aqueous 

solution. However, the dissolution rate of methylene chloride into the PVA aqueous solution was 

much slower than the relaxation rate needed to achieve the liquid-vapor equilibrium. Furthermore, 

air bubbles were generated due to the dissolution of methylene chloride because the solubility of 

arbitrary gas in aqueous solution
 18

 was generally much smaller than that in methylene chloride.
 19

 

However, the generation rate of microbubbles was also much slower than the relaxation rate needed 

to achieve the liquid-vapor equilibrium. Therefore, the observed system could be regarded as a 
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closed system.  

Thermodynamic potentials are single functions of some variables from which all other 

equilibrium variables can be deduced. They are extensive state variables of dimensions of energy. In 

the studied system, microbubbles nucleated inside a droplet that is formed inside a continuous 

aqueous solution. This theoretical section employs the same thermodynamic potential employed by 

Ward et al
17

 to establish a thermodynamic potential function for the virtual displacement in the 

bubble radius in the equilibrium state.  Accordingly, a two component solution was considered: the 

liquid and its vapor component, and the gas component in its liquid and gas phase. The Gibbs free 

energy is defined by, 

 

𝑑𝐺 =
𝑑𝐺

𝑑𝑝
|
𝑇,𝑁𝑘

𝑑𝑝 +
𝑑𝐺

𝑑𝑇
|
𝑝,𝑁𝑘

𝑑𝑇 +
𝑑𝐺

𝑑𝑁𝑘
|
𝑇,𝑝

𝑑𝑁𝑘 = 𝑉𝑑𝑝 − 𝑆𝑑𝑇 + ∑ µ𝑘𝑑𝑁𝑘
𝑛
𝑘             (2.1) 

 

Where T, p, Nk is the temperature, pressure and moles of the k
th

 component in the system 

respectively. Since our system is isobaric and isotropic, the above relation is as follows, 

 

𝑑𝐺 =
𝑑𝐺

𝑑𝑁𝑘
|
𝑇,𝑝

𝑑𝑁𝑘 = ∑ µ𝑘𝑑𝑁𝑘
𝑛
𝑘                   (2.2) 

 

Thus, for a two-component system of air and liquid, the Gibbs free energy for the liquid phase is 

given by, 

 

   𝑑𝐺′ = µ1
′ 𝑑𝑁1

′ + µ2
′ 𝑑𝑁2

′                   (2.3) 

 

The Helmholtz free energy for the gas phase is given as 

 

   𝑑𝐹 =
𝑑𝐹

𝑑𝑉
|
𝑇,𝑁𝑘

𝑑𝑉 +
𝑑𝐹

𝑑𝑁𝑘
|
𝑇,𝑉

𝑑𝑁𝑘 +
𝑑𝐹

𝑑𝑇
|
𝑁𝑘,𝑉 

𝑑𝑇 = −𝑝𝑑𝑉 − 𝑆𝑑𝑇 + ∑ µ𝑘𝑑𝑁𝑘
𝑛
𝑘             (2.4) 

 

   𝑑𝐹′′ = −𝑝′′𝑑𝑉′′ + µ1
′′𝑑𝑁1

′′ + µ2
′′𝑑𝑁2

′′                 (2.5) 

 

where the single and double primes refer to the liquid and gas phase respectively and the subscript 1 

and 2 denote a volatile solvent (dichloromethane) and a no-condensable gas (air) respectively.  

Furthermore at the gas liquid interface of a bubble nucleated inside a liquid, a system of two parts 

separated by an interface has to be considered 
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𝑑𝐹𝜎

𝑑𝐴
|
𝑇,𝑉′,𝑉′′ 

= 𝛾 → 𝑑𝐹𝜎 = 𝛾𝑑𝐴                  (2.6) 

 

where γ is the surface tension and 𝐹𝜎 is the Helmholtz free energy of a system with an interface. 

The liquid phase is maintained at a pressure 𝑝′ (which is almost atmospheric) and the gaseous 

phase is at a pressure 𝑝′′. The pressure in the bubble varies as the bubble radius is changing, thus the 

change of energy required for a change in volume of the bubble is  

 

   𝑑(𝑝′𝑉′′) = 𝑝′𝑑𝑉′′ + 𝑉′′𝑑𝑝′                  (2.7) 

 

given that the pressure is almost constant in the liquid phase, the above expression is reduced to 

 

   𝑑(𝑝′𝑉′′) = 𝑝′𝑑𝑉′′                               (2.8) 

 

Thus the thermodynamic potential of the system, B, can be written as 

 

   𝐵 = 𝐺′(𝑇, 𝑃′, 𝑁1
′, 𝑁2

′) + 𝐹′′(𝑇, 𝑉′′, 𝑁1
′′, 𝑁2

′′) + 𝐹𝜎 + 𝑝′𝑉′′               (2.9) 

 

where 𝐺′, 𝐹′′𝑎𝑛𝑑 𝐹𝜎 are the Gibbs, Helmholtz and surface tension function for the liquid phase, the 

gas phase and the surface phase respectively. In our system, 𝑝′, T, N1, and N2 are constants as it is a 

closed system. Thus the change of the total energy of the system, dB, is 

 

   𝑑𝐵 = 𝑞[𝑑𝐺′ + 𝑑𝐹′′ + 𝐹𝜎 + 𝑝′𝑑𝑉′′] 

      = 𝑞[(𝑝′ − 𝑝′′)𝑑𝑉′′] + 𝑞[𝛾𝑑𝐴 + µ1
′′𝑑𝑁1

′′ + µ1
′ 𝑑𝑁1

′ + µ2
′′𝑑𝑁2

′′ + µ2
′ 𝑑𝑁2

′                  (2.10) 

𝑎𝑡 𝑝′, 𝑇, 𝑁1𝑎𝑛𝑑 𝑁2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 

 

   At equilibrium, equality of chemical potentials and Laplace equation are satisfied. This is, it is 

assumed that the gas and liquid phase components form a weak solution in the liquid phase and an 

ideal mixture in the gaseous phase, then the chemical potentials can be written as  

 

µ1
′′ = 𝜈0𝑝∞ + 𝑅𝑇 ln

𝑝1
′′

𝑝10
′′                  (2.11) 

µ2
′′ = µ20

′′ + 𝑅𝑇 ln (
𝑝2
′′

𝑝′
)                 (2.12) 
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µ2
′ = µ20

′ + 𝑅𝑇ln (
𝑐2
′

𝑐2𝑠
)                 (2.13) 

µ1
′ = 𝜈0𝑝

′ + 𝑅𝑇 ln .
𝑐2

𝑐1
′ + 𝑐2

′/ = 𝜈0𝑝
′ − 𝑅𝑇 ln .1 +

𝑐2
′

𝑐1
′/ 

≈ 𝜈0𝑝
′ − 𝑅𝑇 ln (

𝑐2
′

𝑐1
′) for 𝑐2

′ ≪ 𝑐1
′                (2.14) 

𝑝′′ = 𝑝′ +
2𝛾

𝑟
                   (2.15) 

   Where 𝜈0, 𝑝10
′′  and 𝑐2𝑠are the specific volume of the pure liquid, the saturation pressure of the pure 

liquid and the saturation concentration of the gas in the liquid phase respectively. 
20   and 

20  are 

the chemical potential of the gas in the gaseous and liquid phases when the gas is dissolved up to the 

saturation concentration (𝑝2
′′ = 𝑝′and 𝑐2

′ = 𝑐2𝑠). Assuming that 𝑐1
′ ≡ 𝑁1

′ 𝑉′ ≡ 𝑐01⁄ 𝑐2𝑠, the variables 

are only 𝑝1
′′, 𝑝2

′′and𝑐2
′ . It is also assumed that the derivatives of equation (2.11) through (2.15) are 

satisfied. Thus, µ1
′′ = µ1

′  and µ2
′′ = µ2

′ . Taking the derivatives of equations (2.11) through (2.14) with 

respect to the bubble radius, the chemical potentials are given as: 

 

𝑑µ2
′′

𝑑𝑟
=

𝑑µ2
′

𝑑𝑟
=

𝑅𝑇

𝑑𝑝2
′′                  (2.16) 

𝑑µ1
′′

𝑑𝑟
=

𝑅𝑇

𝑝1
′′

𝑑𝑝1
′′

𝑑𝑟
                   (2.17) 

𝑑µ1
′

𝑑𝑟
=

𝑅𝑇

𝑐01

𝑑𝑐2
′

𝑑𝑟
=

𝑅𝑇

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟
                 (2.18) 

 

where Henry’s law was assumed, namely, 

 01

2
H2

c

c
Kp


                               (2.19) 

where 𝐾𝐻 is a constant. 

   Hence, using the above equations and assuming equity of potentials, the derivatives of the 

chemical potentials into the thermodynamic potential in equation (2.10), 𝑑𝑉′′ and 𝑑𝐴 were replaced 

as a function of dr, which, after grouping yields to 

 

𝑑𝐵

𝑑𝑟
= 𝑞 *4𝜋𝑟2 (𝑝′ − 𝑝′′ +

2𝛾

𝑟
) + (µ1

′′ − µ1
′ )

𝑑𝑁1
′′

𝑑𝑟
+ (µ2

′′ − µ2
′ )

𝑑𝑁2
′′

𝑑𝑟
+                                            (2.20) 

 

The second derivative of equation (2.20) was taken to determine the global minima (assuming that 

there is a minimum). This is, it is important to determine the lowest free energy point and for that, 

what is the radius.  
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𝑑2(𝐵 𝑞)⁄

𝑑𝑟2
= 8𝜋𝑟 (𝑝′ − 𝑝′′ +

2𝛾

𝑟
) + 4𝜋𝑟2 (−

2𝛾

𝑟2
−

𝑑𝑝′′

𝑑𝑟
) + (

𝑑𝜇1
′′

𝑑𝑟

𝑑𝑁1
′′

𝑑𝑟
−

𝑑𝜇1
′

𝑑𝑟

𝑑𝑁1
′′

𝑑𝑟
) + (µ1

′′ − µ1
′ )

𝑑2𝑁1
′′

𝑑𝑟2
+

(
𝑑𝜇2

′′

𝑑𝑟

𝑑𝑁2
′′

𝑑𝑟
−

𝑑𝜇2
′

𝑑𝑟

𝑑𝑁2
′′

𝑑𝑟
) + (µ2

′′ − µ2
′ )

𝑑2𝑁2
′′

𝑑𝑟2
               (2.21) 

 

The above expression can be simplified. Using equation (2.15) through (2.18), the first two terms 

of the above expression are zero so as the fourth, fifth and the last term in the equation. The above 

equation is simplified to the following, 

 

𝑑2(𝐵 𝑞)⁄

𝑑𝑟2
= (

𝑑𝜇1
′′

𝑑𝑟

𝑑𝑁1
′′

𝑑𝑟
−

𝑑𝜇1
′

𝑑𝑟

𝑑𝑁1
′′

𝑑𝑟
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𝑑𝜇2
′′

𝑑𝑟

𝑑𝑁2
′′

𝑑𝑟
−

𝑑𝜇2
′

𝑑𝑟

𝑑𝑁2
′′

𝑑𝑟
)             (2.22) 

 

Substitution of the derivatives of the chemical potentials, the Henry’s law constant constant and the 

derivative of the Laplace radius into equation (2.22) yield, 

 

𝑑2(𝐵 𝑞)⁄

𝑑𝑟2
= (

𝑅𝑇

𝑝1
′′

𝑑𝑝1
′′

𝑑𝑟

𝑑𝑁1
′′

𝑑𝑟
−

𝑅𝑇

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟

𝑑𝑁1
′′

𝑑𝑟
)               (2.23) 

 

Furthermore, since 𝑁1
′′ = 𝑉′′

𝑝1
′′

𝑅𝑇
 (from ideal gas law), the derivative of 𝑁1

′′  is  
𝑑𝑁1

′′

𝑑𝑟
= (

𝑑𝑉

𝑑𝑟
𝑝1
′′ +

𝑉′′
𝑑𝑝1

′′

𝑑𝑟
)

1

𝑅𝑇
 . Replacing into the above equation yields to 

𝑑2(𝐵 𝑞)⁄

𝑑𝑟2
=

𝑅𝑇

𝑝1
′′

𝑑𝑝1
′′

𝑑𝑟

1

𝑅𝑇
(
𝑑𝑉

𝑑𝑟
𝑝1
′′ + 𝑉′′

𝑑𝑝1
′′

𝑑𝑟
) +

𝑅𝑇

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟

1

𝑅𝑇
(
𝑑𝑉

𝑑𝑟
𝑝1
′′ + 𝑉′′

𝑑𝑝1
′′

𝑑𝑟
)   

   = 𝑉′′
𝑑𝑝1

′′

𝑑𝑟
(
1

𝑝1
′′

𝑑𝑝1
′′

𝑑𝑟
+

1

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟
) + (

𝑑𝑝1
′′

𝑑𝑟
+

𝑝1
′′

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟
)
𝑑𝑉′′

𝑑𝑟
 

  = 
4

3
𝜋𝑟3 *

𝑑𝑝1
′′

𝑑𝑟
(
1

𝑝1
′′

𝑑𝑝1
′′

𝑑𝑟
+

1

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟
) +

3

𝑟
(
𝑑𝑝1

′′

𝑑𝑟
+

𝑝1
′′

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟
)+           (2.24) 

   Since it is a weak solution, 
𝑝1
′′

𝐾𝐻
≪ 1, and 𝑝′′ = 𝑝1

′′+𝑝2
′′ =

2𝛾

𝑟
→

𝑑𝑝1
′′

𝑑𝑟
+

𝑑𝑝2
′′

𝑑𝑟
= −

2𝛾

𝑟2
, substitution into 

the above yields, 

 

𝑑2(𝐵 𝑞)⁄

𝑑𝑟2
= 

4

3
𝜋𝑟3 *

1

𝑝1
′′ (1 −

𝑝1
′′

𝐾𝐻
)
𝑑𝑝1

′′

𝑑𝑟
−

1

𝐾𝐻

2𝛾

𝑟2
+ (

3𝑝1
′′

𝑟
+

𝑑𝑝1
′′

𝑑𝑟
)            (2.25) 

   

If the vapor pressure of a volatile liquid is independent of r, i.e., 0/1  drpd , the system is 

unstable, i.e., 0/ 22 drBd . This is the case in open systems where bubbles are in the bulk liquid 

instead of a liquid droplet. In contrast, in a closed systems, the total number of moles, N1 and N2, are 

constant, drpd /1
  is non-zero and controlled by adjusting the dissolved gas concentration, 2c . 
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For 
𝑑2(𝐵 𝑞)⁄

𝑑𝑟2
< 0, the following is required, 

𝑑𝑝1
′′

𝑑𝑟
+

𝑝1
′′

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟
> 0                             (2.26) 

 

The total number of moles of a volatile liquid and a non-condensable gas can be written as,
 17

 

 

𝑁1 = 𝑐01𝑉
′ + 𝑞𝑁1

′′                              (2.27) 

𝑁2 = 𝑐2
′𝑉′ + 𝑞𝑁2

′′                 (2.28) 

 

At fixed N2 and N1, the derivatives of equation (2.27) and (2.28) (considering ideal gas law and 

Henry’s law) are as follow, 

𝑑𝑝1
′′

𝑑𝑟
= −(

𝑅𝑇

𝑉′′
𝑐01

𝑑𝑉′

𝑑𝑟
+ 3𝑝1

′′)                           (2.29) 

 

 
𝑑𝑝2

′′

𝑑𝑟
= −

1

𝛹
(
𝑅𝑇

𝑉′′
𝑐2

𝑞

𝑑𝑉′

𝑑𝑟
+ 3𝑝2

′′)                           (2.30) 

 

Where, Ψ = 1 +
𝑐2

′ 𝑉′𝑅𝑇

𝑞𝑝2
′′𝑉′′

= 1 +
𝑁2

′

𝑞𝑁2
′′                (2.31) 

 

Substitution of equation (2.30) and (2.31) into 
𝑑𝑝′′

𝑑𝑟
= −

2𝛾

𝑟2
 , 
𝑑𝑉′

𝑑𝑟
 can be written as follow 

𝑑𝑉′

𝑑𝑟
=

−3𝑞𝑝1
′′𝑉′′

𝑐01𝑅𝑇𝑟

[
 
 
 
 
 
 
(1−

2𝛾
3𝑝1

′′𝑟⁄ )𝛹+

(

 𝑝2
′′

𝑝1
′′⁄

)

 

𝛹+

(

 
 𝑐2

′

𝑐01
⁄

)

 
 

]
 
 
 
 
 
 

              (2.32) 

 

From equation (2.26) and using equation (2.30), (2.31) and (2.32), the following was derived, 

 

 
𝑑𝑝1

′′

𝑑𝑟
+

𝑝1
′′

𝐾𝐻

𝑑𝑝2
′′

𝑑𝑟
=

3𝑝1
′′

𝑟
,
𝛹+(𝑝1

′′ 𝐾𝐻⁄ )(𝑐2
′ 𝑐01⁄ )

𝛹+𝑐2
′ 𝑐01⁄

*(1 −
2𝛾

3𝑝1
′′𝑟
)𝛹 +

𝑝2
′′

𝑝1
′′+ − (𝛹 −

𝑐2
′

𝑐01
)- > 0         (2.33) 

The above inequality can be further simplified, 

 

𝛹2 −
𝑝2
′′

𝐾𝐻
*(
𝐾𝐻

𝑝1
′′ +

𝑝1
′′

𝐾𝐻
− 2)

3𝑝1
′′𝑟

2𝛾
−

𝑝1
′′

𝐾𝐻
+𝛹 > 0              (2.34) 

Solving the previous with respect to q it was arrived to the following inequality, 
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𝑞 >
3𝑐01𝑉

′𝑅𝑇

4𝜋𝑟3𝐾𝐻
*(
𝐾𝐻

𝑝1
′′ +

𝑝1
′′

𝐾𝐻
− 2)

3𝑝1
′′𝑝2

′′𝑟

2𝛾𝐾𝐻
− (

𝐾𝐻

𝑝1
′′ +

𝑝1
′′

𝐾𝐻
)
𝑝2
′′

𝐾𝐻
+
−1

            (2.35) 

 

𝑞 >
3𝑐01𝑉

′𝑅𝑇

4𝜋𝑟3𝐾𝐻
*
3𝑝2

′′𝑟

2𝛾
− 1+

−1

≡ 𝑞0  for 
𝑝1
′′

𝐾𝐻
≪ 1 𝑎𝑡 𝑝′, 𝑇, 𝑁1𝑎𝑛𝑑 𝑁2 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡         (2.36) 

 

The above relationship indicates that the system becomes stable when q is larger than a threshold 

number q0. It also implies that when the number of nucleated bubbles (which is also given by the 

molar content of air, which in turn depends on the amount of dichloromethane) is below this 

threshold value, q0, there is no equilibrium radius. Furthermore, when there are two possible 

equilibrium radiuses, the most stable radius is the larger one. When the above is satisfied, namely a 

specific minimum amount of bubbles are present in the solution, and the concentration of air in the 

liquid is saturated at the given temperature, the equilibrium radius is strictly given by Laplace’s 

radius 

𝑟𝑒𝑞 =
2𝛾

𝑝01
 and 𝑝2

′′ = 𝑝′ 

 

   This theoretical prediction agreed with the average measured radius of the microbubbles nucleated 

inside the CH2Cl2 droplet. It is also understood that for microbubbles in equilibrium to exist, it is 

required a minimum concentration of air in the CH2Cl2 droplet and the surrounding PVAaq. This 

condition is satisfied at saturation. After bubble nucleation and bubble stabilization, PLA absorbs to 

the bubble surface.  

   The above result is crucial as it opens room for the fabrication of bigger stable micro bubbles 

inside a closed system if the concentration of air in the solution could be adjusted. This is, 

 

𝑝′′ = 𝑝′ +
2𝛾

𝑟
→ 𝑝1

′′ + 𝑝2
′′ = 𝑝′ +

2𝛾

𝑟
               (2.37) 

 

Since 𝑝1
′′ = 𝑝01

′′  𝑎𝑛𝑑 𝑝2
′′ = 𝑝′

𝑐2
′

𝑐2𝑠
′ , replacing into the above relation and solving for r yields to 

 

𝑝01
′′ − 𝑝′ (

𝑐2𝑠
′ −𝑐2

′

𝑐2𝑠
′ ) =

2𝛾

𝑟
      

𝑟 =
2𝛾

𝑝01
′′ −𝑝′.1−

𝑐2
′

𝑐2𝑠
′ /

                 (2.38) 

Equation (38) implies that if the concentration of air in the liquid is below the saturation 
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concentration of air in the liquid, 𝑐2𝑠
′ > 𝑐2

′ , the radius of the bubble increases its size. For instance, if 

in the above equation the concentration of air in the solution is 10% below the solubility limit, 

𝑐2𝑠
′ /𝑐2

′ = 0.9 , for a surface tension of  
21078.2   N/m 

20, 21 
and a vapor pressure for pure 

dichloromethane of 4

01 1081.5 p Pa 
22

 and 𝑝′ = 101.3𝑘𝑃𝑎 , the equilibrium radius is 1.15µm at 

298 .15 K. If it is 20% below, then the equilibrium radius is 1.47µm at 298.15K. If so, given q0, the 

bubble template method can be modified to attain bigger microcapsules (from bigger bubble 

templates), that are more suitable for engineering applications. 

2.3 Relationship between the microbubble size, and air content  

In the previous section, the stability of the bubble based on a thermodynamic potential was 

derived. The virtual displacement for a microbubble nucleated inside a liquid droplet was analyzed. 

In this analysis it was assumed that the process is isothermal and that microbubble nucleation is due 

to the diffusion of dichloromethane into the aqueous medium (aqueous solution of PVA or H2O) but 

since the dissolution rate of methylene chloride into the PVA aqueous solution is much slower than 

the relaxation rate needed to achieve the liquid-vapor equilibrium, the system is considered in 

equilibrium. Keeping the notation introduced in the previous section [single and double primes refer 

to the liquid and gas phase respectively and the subscript 1 and 2 denote a volatile solvent (in this 

case a solution of PLA in dichloromethane) and a no-condensable gas (air) respectively], the focus of 

this section is to determine the direct relationship between the solubility of air in the solution and the 

microbubble size. It is assume that the Laplace equation is satisfied, Henry’s law is satisfied and the 

equity of potential is satisfied: 

 

µ1
′′ = 𝜈0𝑝∞ + 𝑅𝑇 ln

𝑝1
′′

𝑝10
′′                 (2.39) 

µ2
′′ = µ20

′′ + 𝑅𝑇 ln (
𝑝2
′′

𝑝′
)                (2.40) 

µ2
′ = µ20

′ + 𝑅𝑇ln (
𝑐2
′

𝑐2𝑠
)                (2.41) 

 

µ1
′ = 𝜈0𝑝

′ + 𝑅𝑇 ln .
𝑐2

𝑐1
′ + 𝑐2

′/ = 𝜈0𝑝
′ − 𝑅𝑇 ln .1 +

𝑐2
′

𝑐1
′/ 

≈ 𝜈0𝑝
′ − 𝑅𝑇 ln (

𝑐2
′

𝑐1
′) for 𝑐2

′ ≪ 𝑐1
′               (2.42) 

 

𝑝′′ = 𝑝′ +
2𝛾

𝑟
                  (2.43) 
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In a liquid, bubbles usually have various sizes. Large bubbles may coalesce into even larger 

bubbles and float into the air, while the small ones may disappear due to the dissolution of gases in 

the liquid. Bubbles cannot keep their size stable in a bulk liquid. However, in a closed volume of 

liquid, it is known that the size of bubbles is stable. Considering the droplet system considered so far, 

assuming the ideal gas equation of state inside the bubbles, the total molar amounts of CH2Cl2 and 

nitrogen are given by
17

 

 𝑁1 = 𝑁1
′ + 𝑞𝑁1

′′ = 𝑐1
′𝑉′ + 𝑞

𝑝1
′′

𝑅𝑇
(
4

3
𝜋𝑟 

3)                                     (2.44) 

𝑁2 = 𝑁2
′ + 𝑞𝑁2

′′ = 𝑐2
′𝑉′ + 𝑞

𝑝2
′′

𝑅𝑇
(
4

3
𝜋𝑟 

3)                         (2.45) 

where N1 and N2 without single/double primes denote the sum of each component and each 

phase, respectively. In equilibrium, the equality of chemical potentials in the liquid and gas 

phases should be satisfied for each component. Solving for the pressure of both components (air 

and dichloromethane) in the gas phase yields to the following relations:  

 

 𝑝1
′′ =  𝑝01

′′                              (2.46) 

𝑝2
′′ = 𝑝′

𝑐2
′

𝑐2𝑠
′                              (2.47) 

 

where p″01 is the saturation vapor pressure of pure CH2Cl2, c′2s is the saturation concentration of 

nitrogen in the liquid phase, and η is defined by the following equation: 

 

 = 𝑒
0
 0( 

′  01
′′ )

  
−
𝑐2
′

𝑐1
′ 1

                          (2.48) 

 

 

where v0 is the specific volume of pure CH2Cl2 in the liquid phase. The Laplace relation should 

also be satisfied at the equilibrium condition: 

 

 𝑝′′ = 𝑝′ +
2𝛾

𝑟 
                             (2.49) 

 

where γ is the surface tension of CH2Cl2. By substituting eqs 3 and 4 into eq 6, c′2 is given by 

 

𝑐2
′ = 𝑐2𝑠

′ (1 −  
𝑝01
′′

𝑝′
+

2𝛾

𝑟 𝑝
′)                           (2.50) 
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Since for a weak solution, c′1 is approximately equal to the molar concentration of pure CH2Cl2, 

c′01: 

 

011 cc  .                 (2.51) 

 

By substituting equation (2.42) and (2.46) into equation (2.39), and equations (2.41) and (2.47) 

into equation (2.40), and eliminating V′, the relation between the total molar amount of nitrogen, 

N2, and the equilibrium radius of bubbles, rb, for different numbers of bubbles, q, at constant p′, 

T, and N1 is given by the following equation: 

 

𝑁2 = *
𝑐2𝑠
′

𝑐01
′ (𝑁1 − 𝑞 

𝑝01
′′

𝑅𝑇

4

3
𝜋𝑟 

3) + 𝑞
𝑝′

𝑅𝑇

4

3
𝜋𝑟 

3+ *1 −  
𝑝01
′′

𝑝′
+

2𝛾

𝑟 𝑝
′+          (2.52) 

 

where η is given as a function of rb by substituting equations (2.48) and (2.49) into equation 

(2.47). The above relationship correlates to the Henry’s law constant since 

 

𝑐2𝑠
′

𝑐01
′ =

𝑝′

𝐾𝐻
 

 

𝑝′ is the atmospheric pressure, and 𝐾𝐻 is the Henry’s Law constant 

By using the stability condition attained in equation (2.35) and using equations (2.44), (2.45),  

(2.48) and (2.51), the stability condition of equation (2.35) can also be expressed as follow 

 

  −(
3𝑁1𝑅𝑇

𝑞4𝜋𝑟 
3𝐾𝐻

+ 1 −
𝑝1
′′

𝐾𝐻
) − (

𝑝1
′′𝑝2

′′

𝐾𝐻
2 −

3𝑟 𝑝2
′′

2𝛾
(1 −

𝑝1
′′

𝐾𝐻
)
2

) > 0  

→ *
𝑐2𝑠
′

𝑐01
′ (𝑁1 − 𝑞 

𝑝01
′′

𝑅𝑇

4

3
𝜋𝑟 

3) + 𝑞
𝑝′

𝑅𝑇

4

3
𝜋𝑟 

3+
𝑑

𝑑𝑟 
(1 −  

𝑝01
′′

𝑝′
+

2𝛾

𝑟 𝑝
′) +

𝑑

𝑑𝑟 
*
𝑐2𝑠
′

𝑐01
′ (𝑁1 − 𝑞 

𝑝01
′′

𝑅𝑇

4

3
𝜋𝑟 

3) +

𝑞
𝑝′

𝑅𝑇

4

3
𝜋𝑟 

3+ (1 −  
𝑝01
′′

𝑝′
+

2𝛾

𝑟 𝑝
′) > 0       

𝑑𝑁2

𝑑𝑟 
> 0                 (2.53) 

 

The relevance of this result relies on the fact that the bubbles are stable only at dN2/drb > 0. The 

above analysis also provides the theoretical foundation for manufacturing bigger microcapsules. In 

Sakurai et al.
 16

 this was called the Gas/O/W method and it is shown in Appendix 1.  
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  2.3 Conditions required for the release of hollow PLA microcapsules from a droplet 

   In the bubble template method,
1
 microbubbles were stable in the droplet of the methylene chloride 

solution of PLA, as shown in Figure 2.1(b). However, microbubbles coalesced or disappeared in the 

droplet without PLA. This result suggests that PLA adsorbs to the surface of microbubbles because 

of its surface-active property. Sequentially, microbubbles covered with PLA were released from the 

droplet to the surrounding PVA aqueous solution, as shown in Figure 2.1(c). The droplet shrank due 

to the dissolution of methylene chloride into the PVA aqueous solution, and the PLA concentration 

increased. However, the release of microcapsules stopped before dissolving methylene chloride 

completely into the surrounding PVA aqueous solution. This section focuses on the concentration of 

PLA in the methylene chloride solution, c3, as a parameter to identify the start and stop times for the 

release of hollow PLA microcapsules from the droplet. By assuming that the total volume of bubbles 

in comparison to the total volume of a droplet, Vd, is negligible, and a part of PLA adsorbs onto the 

bubbles and capsules, the mass conservation equation of PLA can be expressed as follows: 

 

  bc3

eq

bcd030d3 ScVcVc  ,               (2.54) 

 

where c30 and Vd0 are the initial values of c3 and Vd,  3

eq

bc c  is the equilibrium area density of PLA 

on the surface of bubbles and capsules at c3, and  bcS  is the total surface area of bubbles and 

capsules. Here, the relationship between c3 and Vd was modeled by assuming that the release of 

hollow PLA microcapsules started at c3min and stopped at c3max, where c3min is a threshold value of c3 

at which PLA adsorbs on the surface of bubbles so much that bubbles can keep stable, and c3max is 

the solubility of PLA in methylene chloride. For simplicity, bubbles are unstable, that is, 0bc S  

at 
min33 cc  , whereas bubbles are stable and PLA is fully adsorbed on the surface of bubbles and 

capsules, that is,  3

eq

bc c  is a constant value of 
max

bc  at 
min33 cc  . Specifically, 

 

d030d3 VcVc   at 
min33 cc  ,                          (2.55) 

 bc

max

bcd030d3 SVcVc   at 
min33 cc  ,                        (2.56) 

 

At 
min33 cc  , if all bubbles and capsules have an equilibrium radius, req,  bcS  is given by the 

following equation: 
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  bc

eq

bc

3
V

r
S ,                            (2.57) 

 

where  bcV  is the total volume of bubbles and capsules. Here, the following two assumptions were 

employed: 

 

1) As the droplet shrinks, air dissolving in the solution forms bubbles because the solubility of 

air in the solution is much higher than that in the PVA aqueous solution. 

2) When the generated bubbles arrive at the interface between the droplet and the surrounding 

PVA aqueous solution, a part of the bubbles stay, and others collapse at the interface. 

 

   Because the diffusion rate of PLA is much slower than the nucleation rate of bubbles, the average 

area density of PLA at the surface of bubbles, bc , is smaller than 
max

bc  just when the bubbles 

arrive at the interface. If the diffusion of PLA is negligible, bc  is given by bcbc3bc / SAdc , 

where d  is the average traveling distance of bubbles, which is proportional to the radius of a droplet, 

rd, ( drd  ), and 
bcA  is the collision cross section. Here, the survival ratio of bubbles at the interface, 

sR , is assumed to be proportional to 
max

bcbc    (
max

bcbcs R ). From these two assumptions, 

the derivative of  bcV  with respect to time can be expressed as follows: 

 

  s

d

bc R
dt

dV
V

dt

d
  ,                           (2.58) 

where α is the ratio between the saturation concentration of air in the methylene chloride solution 

and air density in the gas phase, that is, 
22s pRTc  . From equations (57) and (58), equation (59) 

becomes 

 

  dtVc
dt

dr

r
VcVc d3

d

eq

d030d3


,               (2.59) 

 

where 
bcbc SA  . If dtdrd

 is constant, equation (59) can be simplified as follows: 
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   d3d3 VcVc
dt

d
 ,                            (2.60) 

 

where 
dt

dr

r

d

eq


  . The condition for constant dtdrd

 is explained in Appendix 1. By solving 

equation (60), the total mass of PLA in the bulk solution, 
d3Vc , is given by  

 

 tVcVc expd030d3  .                (2.61) 

 

   By employing the above assumptions, equation (56) was transformed to equation (61). In 

summary, if 
min330 cc  , the release of hollow PLA capsules starts at c3min and stops at c3max. From 

equation (55) and (61), the release of capsules starts at the droplet size of   d0min330d VccV   and 

stops at    tVccV expd0max330d  . 

3. Experiment 

   3.1 Chemicals 

   The shell material was PLA with a molecular weight of 2000 (PolyScience, Niles, IL). Methylene 

chloride (Wako Pure Chemical Industries, Ltd., Osaka, Japan) was used for the PLA solution. The 

continuous phase was 2% (w/w) PVA aqueous solution made from anionic polyvinyl alcohol 

(Gohsenal T-350, Nippon Gohsei, Osaka, Japan). All chemicals used in this study were reagent 

grade. 

 

   3.2 Methods 

   Hollow PLA microcapsules were fabricated by generating microbubbles inside droplets of PLA 

solution. Because the initial concentration of dissolving air in a methylene chloride solution of PLA 

was close to the saturation concentration and the solubility of air in a PVA aqueous solution was 

much smaller than that in a methylene chloride solution of PLA, microbubbles were generated due to 

the dissolution of methylene chloride into the surrounding PVA aqueous solution. The radius 

distribution of bubbles was obtained by processing several bright field images of bubbles using an 

inverted microscope system (ECLIPSE Ti-E, Nikon Corporation, Tokyo, Japan). The generated 

hollow PLA microcapsules were purified, dried, and then observed. Because PLA was stained with 

Nile Red, hollow PLA microcapsules were visualized as fluorescence images. The inner and outer 
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radius distributions of hollow PLA capsules were obtained by processing several bright field images 

of capsules. 

   To verify the conditions for the release of hollow PLA microcapsules from a droplet, a 500-μm-

radius droplet of the methylene chloride solution of PLA with five different initial concentrations of 

PLA— c30 = 20, 2, 0.2, 0.02, and 0.002 g/l—was formed inside a 2% (w/w) PVA aqueous solution 

by using a microsyringe, and the shrinkage of a droplet and the release of hollow PLA capsules were 

recorded as a movie by using the microscope. The time evolution of the droplet radius of methylene 

chloride solutions of PLA, rd, and the start and stop times for the release of hollow PLA 

microcapsules were obtained by analyzing the movie. All the experiments were executed at 298 K. 

 

   3.3 Results and discussion 

   Figure 2.2 shows the frequency histogram of bubble radius, rb. The mean radius and the standard 

deviation were 1.03 and 0.14 μm, respectively. The polydispersivity index (PI = standard 

deviation/mean) values for the bubbles was 13.6%. By substituting 21078.2   N/m 
20 

and 

4

01 1081.5 p  Pa 
22

 at 298 .15 K into equation (37), eqr  was calculated as 0.95 μm. The measured 

bubble radius agreed with the theoretical prediction. 

 

 

Figure 2.2: Number of bubbles, Nb, vs. radius, rb, histogram. 
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Figure 2.3: Droplet dissolution. Time evolution of the droplet radius of methylene chloride solutions of PLA, rd, for 

five different initial concentrations of PLA, c30. Time (x-axis) was set as t = 0 at rd = 0.42 mm. The line fitted to all the 

data except for c30 = 20 g/l within the range of 450  t  min was (min)0065.042.0)mm(
d

tr  . 

 

  Figure 2.3 shows the time evolution of the droplet radius of methylene chloride solutions of 

PLA, rd, for five different c30. In the x axis, time was set as t = 0 at rd = 0.42 mm. Except for the 

region at t>45 min, rd decreased almost linearly with respect to t. The line fitted to all the data except 

for c30 = 20 g/l within the range of 450  t  min was (min)0065.042.0)mm(
d

tr  . If the 

dissolution rate of methylene chloride into the surrounding PVA aqueous solution is restricted by the 

surface area of a droplet and is not restricted by the diffusion in the PVA aqueous solution, dtdr
d  

keeps constant (refer to Appendix 1). 

This experimental result confirmed the validity of the transformation of equation 2.59 into 

equation 2.61. Furthermore, at t>20 min, dtdr
d

 of c30 = 20 g/l was smaller than that of other c30. 

This experimental result suggested that c3 increased beyond the solubility around t = 20 min for 

c30 = 20 g/l, and the diffusion of methylene chloride inside the droplet could restrict the overall 

dissolution rate. For c30 = 20 and 2 g/l, the release of hollow PLA microcapsules started just after the 

formation of a droplet and stopped at t = 20 and 44 min, respectively. For these two c30, the fluidity 

of a droplet was not lost when the release of hollow PLA microcapsules stopped. However, for 

c30 = 0.2, 0.02, and 0.002 g/l, hollow PLA microcapsules did not release just after the formation of a 
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droplet. The release of hollow PLA microcapsules started at t = 17, 39, and 49 min, respectively, and 

stopped when a droplet became a solid particle. 

   Figure 2.4 shows the time evolution of c3 for five different c30 that was calculated from equation 

(2.55) and (2.61). In the x axis, time was also set as t = 0 at rd = 0.42 mm. The threshold value of 

c3min was determined from equation (2.54) by using c30, Vd0 and the volume of a droplet when the 

capsule release started. The calculated c3min were 0.50, 0.52, and 0.48 g/l for c30 = 0.2, 0.02, and 

0.002 g/l, respectively. Therefore, the threshold value of c3min could be determined about 0.5 g/l. At 

min33 cc  , c3 was calculated from equation (37), whereas, at min33 cc  , c3 was calculated from 

equation (2.43) by assuming 
1

min01.0


 . Assuming that req=0.95 μm, min/5.6 mdtdr
d

  

(from Figure 2.4) and 22s pRTc  ≈0.5, the parameter 















dt

dr

r

d

eq


  is given by

1
min4.3


  . 

The parameter  
bcbc

SA  , consists of three parameters of ε, δ, and bcbc
SA . The last parameter 

bcbc
SA  can be approximated as 25.0

2
4/

2
bcbc


eq

r
eq

rSA  . 

 

 

Figure 2.4: Time evolution of the concentration of methylene chloride solutions of PLA, c3, for five different initial 

concentrations of PLA, c30. Time (x-axis) was set as t = 0 at rd = 0.42 mm. The lines show c3 = 0.5 and 70 g/l. Hollow 

PLA microcapsules released from a droplet within the range of g/l7035.0  c . 
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   It is difficult to make models to identify these parameters, ε and δ, but if it is assumed that δ= 1 and 

ε=0.01, i.e., 𝑑̅ = 𝑟𝑑  and 1% of PLA fully absorbed bubbles survived, 𝜅 = −0.01𝑚𝑖𝑛−1  but each 

parameter should be 1. Thus, the parameter 𝜅 was assumed –0.01min
-1

. The solubility of c3max was 

determined from equation (43) by using c30, Vd0 and the volume of a droplet when the capsule release 

stopped. The calculated c3max were 82 and 64 for c30 = 20 and 2 g/l, respectively. Because the 

measured solubility of PLA in methylene chloride was 70 g/l at room temperature, the calculated 

c3max was close to the solubility. By using the theoretical model shown in the previous section, the 

experimental results could be reasonably explained if the release of hollow PLA microcapsules 

started at c3 = 0.5 g/l and stopped at 70 g/l independent of the initial concentration of PLA and initial 

radius of a droplet. 

   Figure 2.5 (left) shows the epifluorescence image of hollow PLA microcapsules. PLA was stained 

with Nile Red and the excitation wavelength was 552 nm. Figure 2.5 show low-fluorescence 

intensity rings with a dark area inside the spheres, clearly indicating that fabricated microspheres 

were hollow microcapsules with a single internal void. 

 

    

 

Figure 2.5: Hollow microcapsules and distribution. (Left) Epifluorescence image of hollow PLA microcapsules. 

(Right) Number of hollow PLA capsules, Nc, vs. either inner radius, rci or outer radius, rco, histogram. 

 

   Figure 2.5 (right) shows the number of hollow PLA capsules, Nc, vs. either inner radius, rci, or 

outer radius, rco, histogram. The average inner radius was 0.41μm and the standard deviation was 

0.04 μm (PI = 10%). The average outer radius was 1.03 μm and the standard deviation was 0.08μm 

(PI = 7.7%). The shell thickness calculated from the difference between the average inner and outer 

radiuses was 0.62μm. Because the mean value of template bubble radius was about 1.03μm, the inner 
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radius of capsules was smaller than that of template bubbles. This experimental result suggested that 

hollow PLA capsules shrank before the shell was solidified. The successful control of the shrinkage 

enables the bubble template method to be more controllable. 

4. Conclusions 

   Two important processes in the bubble template method are the preparation of uniformly sized 

microbubbles as templates, and the encapsulation of microbubbles and the release from the droplet. 

About these two processes, the following conclusions could be drawn both from the theoretical and 

experimental studies: 

1) In the theoretical analysis, when determining the condition for the stability of uniformly sized 

microbubbles inside a droplet, it is concluded that the number of bubbles, q, must be larger 

than the threshold number of q0. When the stability condition was satisfied and the 

concentration of air in the liquid phase achieved the saturation concentration, the equilibrium 

radius of the bubbles was approximated to be 01
/2eq pr    (e), where 𝑝01

′′  is the saturation 

vapor pressure of the pure liquid and γ is the surface tension. The mean value of the measured 

bubble radius was 1.03 μm and agreed with the theoretical prediction of 0.95 μm. 

2) The relationship between the concentration of PLA, c3, and the volume of a droplet, Vd, was 

modeled by assuming that the release of hollow PLA microcapsules started at c3min and 

stopped at c3max, where c3min was the threshold value of c3 at which PLA adsorbed on the 

surface of bubbles so much that the bubbles remained stable, and c3max was the solubility of 

PLA in methylene chloride. By using this model, the experimental results could be 

reasonably explained if the release of hollow PLA microcapsules started at c3min = 0.5 g/l and 

stopped at c3max = 70 g/l, independent of the initial concentration of PLA and initial radius of 

a droplet. 

3) The average outer radius of hollow PLA microcapsules was 1.03 μm and the standard 

deviation was 0.08μm. The average shell thickness was 0.62μm. The average inner radius 

was smaller than that of template bubbles, suggesting that hollow PLA capsules shrank before 

the shell was solidified. 
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Size Tuning of Hollow PLA Microcapsules Fabricated 

Using Micro Bubbles as Templates 

 

 

 

 

 

 

    The present chapter focuses on the effects of the initial PLA concentration, addition of PVA to the 

aqueous medium, and PLA molecular weight on the radius distribution of the hollow PLA 

microcapsules. The results show that a low initial concentration of PLA, the addition of PVA, and 

low molecular weight PLA are required to form uniform hollow microcapsules. It is suggested that 

these factors reduce the energy barrier at the liquid–liquid interface; this allows the PLA-covered 

microbubbles to pass smoothly through the interface. Furthermore, the release of the microbubbles 

from the dichloromethane droplets was observed through a microscope and the relationship between 

the uniformity of the hollow PLA microcapsules and the bubble-release mechanism was clarified. 

1. Introduction 

   Ultrasound is the most versatile, non-invasive, low-cost, and low-risk real-time imaging technique 

to visualize the condition of internal tissues. However, despite its widespread application, the 

capabilities of this method are hindered by a lack of effective ultrasound contrast agents.
 1, 2

. Contrast 

agents are used to alter the image contrast to improve the diagnostic yield, thereby enabling 

physicians to easily and clearly distinguish between normal and abnormal conditions.
 3
 

   Microbubbles can potentially be used as echo enhancers.
 4, 5, 6, 7

 However, if microbubbles are to be 

used as standalone ultrasound contrast agents, several issues must be addressed. They have a short 
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lifespan in the system, which is further shortened in the presence of an ultrasound field.
  8-12

In 

addition, microbubbles must be in the size range of 1–4 μm to easily pass through the capillary blood 

circuit and ensure a long circulation time before they completely drain into the liver.
 13

Yet, it is 

difficult to control the size of microbubbles. Furthermore, it is vital for microbubbles to be uniformly 

sized in order to attain a narrow backscatter signal. 

  The aforementioned limitations were overcome by functionalizing the microbubbles with a PLA 

shell via the bubble template method.  Furthermore they were single void. These two characteristics 

are highly desirable as stated in the Introduction Chapter of this thesis. Thus, if the potential 

applications are considered, they could be suitable for DDS and ultrasound contrast agents.  

   This chapter focuses on tuning the size of the capsules introduced in Chapter 2. This is, while 

achieving high uniformity, it was desired to (1) vary the microcapsule sizes and (2) determine the 

optimum conditions at which the highest uniformity is attained (even though the produced capsule is 

within the medical size constraint and from that alone the manufactured capsules in chapter 2 are 

already considered uniform).  For these purposes, the effects of the initial PLA concentration, 

addition of PVA to the aqueous medium, and PLA molecular weight on the radius distribution of the 

fabricated hollow PLA microcapsules were studied. Furthermore, a discussion of the bubble release 

mechanism of the hollow PLA microcapsule is presented. 

2. Experimental Methods 

   2.1 Chemicals 

   The polymeric shell material comprised PLA with molecular weights of 2, 45, and 100 kDa 

(PolyScience, Niles, IL, USA), dichloromethane of 99.99% purity (Wako, Osaka, Japan), and 

aqueous phase 2% (w/w) PVA (Gohsenal T-350, Nippon Gohsei, Osaka, Japan). All the chemicals 

used in this study were reagent grade. Water from a Milli-Q Advantage A10 water purification 

system was used. 

 

   2.2 Method 

   The synthesis method employed in this study is the same as that described in Chapter 2. In a 

glass dish with 2% (w/w) PVA aqueous solution, several 1mm radius size droplets of a solution of 

PLA (MW = 2 kDa) in CH2Cl2 were placed via microsyringe. Immediately, after droplet formation, 

CH2Cl2 diffuses into the surrounding aqueous phase and thus this yields to microbubble nucleation 

inside the droplet. These bubbles are covered with PLA and then spontaneously released from the 

droplets interior. After the capsules were fabricated, they were collected, purified and dried. During 

the purification of the microcapsule solution, Millipore water at 313 K was employed to remove 
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absorbed PVA from the capsule shell. The hollow PLA microcapsules were dried in a desiccator at 

0.7 kPa for 36 h. Silica gel was used as a desiccant. The final product of hollow PLA microcapsules 

had a white powder appearance. It is worth to mention that the shells of the obtained hollow PLA 

microcapsules were sufficiently solid to retain their forms in the dry condition.  

Attempts were made to control the capsule size distribution by changing one of the following 

three parameters: (1) the initial PLA concentration of the dichloromethane solution, (2) the 

concentration of PVA in the aqueous medium, and (3) the PLA molecular weight. To assess the effect 

of each parameter on the final capsule size, several bright-field and fluorescent images of the dried 

hollow PLA microcapsules were obtained using an inverted microscope (ECLIPSE Ti-E, Nikon 

Corporation, Tokyo, Japan). To determine the effect of the initial PLA concentration, 1, 2, 3, 4, 5, 6, 

7, 10, and 20 g L
−1

 dichloromethane solutions of 2 kDa PLA were prepared. To clarify the effect of 

the addition of PVA, pure water and a 2% (w/w) PVA aqueous solution as the surrounding aqueous 

medium were employed. The initial PLA concentration was 2 g L
−1

 and a 2 kDa PLA was employed 

in this experiment. Additionally, dichloromethane solutions of 2, 45, and 100 kDa PLA were 

prepared to assess the effect of the molecular weight of PLA. In this experiment, the initial 

concentration of PLA was set at 2 g L
−1

 and hollow PLA microcapsules were fabricated both in a 2% 

(w/w) PVA aqueous solution and in pure water. All experiments were performed at room temperature 

and atmospheric pressure. 

3. Results 

   3.1 Effect of initial PLA concentration 

   Previously in Chapter 2,
 14 

the effect of the initial PLA concentration was investigated to determine 

the conditions required for the release of the PLA-covered microbubbles from the droplets. The 

results showed that the release of the bubbles began when the PLA concentration of the 

dichloromethane solution surpassed 0.5 g L
−1

 regardless of the initial concentration. However, the 

sizes of the fabricated hollow PLA microcapsules were not evaluated. In this chapter, the initial 

concentration of 2 kDa PLA in dichloromethane was varied to analyze its effect on the final 

microcapsule size. Figure 3.1 shows the mean inner and outer radii of the hollow PLA microcapsules 

fabricated in the 2% (w/w) PVA aqueous solution.  

   Although the data were scattered, it was found that the outer and inner radii decreased with an 

increase in the initial PLA concentration. The thickness of the microcapsule shell also decreased with 

an increase in the initial PLA concentration. 
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Figure 3.1: Mean inner and outer radii of hollow PLA microcapsules in PVA. Capsules were fabricated in a 2% 

(w/w) PVA aqueous solution as a function of the initial PLA concentration. 

 

Table 3.1: Measured capsule radius as a function of the initial PLA concentration. The molecular weight of PLA 

was 2 kDa and the aqueous medium was a 2% (w/w) PVA aqueous solution. 

PLA conc. 

(g L
-1

) 

Radius 

 

Mean radius 

(μm) 

Standard dev. 

(μm) 

PI 

(%) 

1 Outer 0.84 0.24 28.57 

 Inner 0.54 0.20 37.03 

2 Outer 1.03 0.07 7.710 

 Inner 0.41 0.04 10.25 

3 Outer 1.04 0.06 5.760 

 Inner 0.64 0.08 12.50 

4 Outer 0.75 0.16 21.61 

 Inner 0.48 0.15 32.12 

5 Outer 0.65 0.14 21.53 

 Inner 0.37 0.12 32.43 

6 Outer 0.75 0.23 30.60 

 Inner 0.46 0.15 32.60 

7 Outer 0.85 0.21 24.70 

 Inner 0.52 0.16 30.76 

10 Outer 0.55 0.21 38.18 

 Inner 0.29 0.13 44.82 

20 Outer 0.62 0.24 38.70 

 Inner 0.41 0.20 48.78 
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The mean values, standard deviations, and polydispersity indices (PI = standard deviation/mean) 

of the outer and inner radii are summarized in Table 3.1. The PI values of the outer and inner radii 

were around 10% when the initial PLA concentration was either 2 or 3 g L
−1

, which suggests that 

hollow PLA microcapsules fabricated under these conditions were highly uniform.
15

    

   These results suggest that the initial PLA concentration should be much less than 5 g L
−1

 to delay 

the release of the bubbles until the dissolving PLA molecules adsorb on the nucleated bubble surface. 

When the initial PLA concentration was too high, the dissolving PLA adsorbed on the interface 

between the droplet and the surrounding aqueous medium thus preventing the bubbles from passing 

smoothly through the interface. On the other hand, when the initial PLA concentration was too low, 

the PI value increased, which suggests that the bubbles were not effectively covered with PLA. 

   

 

Figure 3.2: Microcapsule size distribution (top) and typical bright field (middle) and fluorescent (bottom) images 

of the hollow PLA microcapsules fabricated in a 2% (w/w) PVA aqueous solution (left) and water (right). The 

initial PLA concentration was 2 g L
-1

 and the PLA molecular weight was 2 kDa. The scale bar is 5 μm long. 
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   3.2 Effect of PVA 

   Figure 3.2 shows the probability density function and typical bright-field and fluorescent images of 

hollow PLA microcapsules fabricated in either a 2% (w/w) PVA aqueous solution or water. The 

initial PLA concentration was 2 g L
−1

 and the PLA molecular weight was 2 kDa.  

The inner and outer radii of the hollow PLA microcapsules fabricated in water were smaller than 

those fabricated in the 2% (w/w) PVA aqueous solution. In addition, the standard deviation of the 

radii of the microcapsules was larger when they were fabricated in water rather than in the 2% (w/w) 

PVA aqueous solution. 

In Chapter 2, a 2% (w/w) PVA aqueous solution as a continuum medium was employed to prevent 

the droplets of dichloromethane from coalescing due to the surface active properties of PVA on the 

droplet surface. Figure 3.2 shows that hollow PLA microcapsules can be formed in both 2% (w/w) 

PVA aqueous solution and water; thus, the addition of PVA is not required to form the 

microcapsules, although it does affect the capsule size distribution. 

 

   3.3 Effect of PLA molecular weight 

   Figure 3.3 shows the probability distribution for the hollow PLA microcapsules manufactured 

using three different molecular weights of PLA (i.e., 2, 45, and 100 kDa) fabricated in either 2% 

(w/w) PVA aqueous solution or water. The initial PLA concentration was 2 g L
−1

. The measured 

inner and outer radii of these hollow PLA microcapsules are summarized in Table 3.2.  

 

Table 3.2: Measured inner and outer radii of the hollow PLA microcapsules. The initial PLA concentration of the 

dichloromethane solution was 2 g L
−1

. 

MW of PLA & 

type of aqueous medium 

Radius 

 

Mean 

(μm) 

Standard dev. 

(μm) 

PI 

(%) 

2 kDa in 2% (w/w) PVA aq. Outer 1.03 0.08 7.7 

 Inner 0.41 0.04 10.3 

45 kDa in 2% (w/w) PVA aq. Outer 0.58 0.15 26.7 

 Inner 0.36 0.13 37.8 

100 kDa in 2% (w/w) PVA aq. Outer 0.58 0.14 25.0 

 Inner 0.36 0.07 20.1 

2 kDa in water Outer 0.55 0.15 27.5 

 Inner 0.32 0.14 43.3 

45 kDa in water Outer 0.57 0.13 23.2 

 Inner 0.37 0.13 34.7 

100 kDa in water Outer 0.65 0.17 26.0 

 Inner 0.39 0.13 33.4 
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Figure 3.3: The effect of surfactant and molecular weight on capsule size. The microcapsule size distribution (PDF) 

of hollow PLA microcapsules of different molecular weights: 2 kDa (top), 45 kDa (middle), and 100 kDa (bottom), 

fabricated in either a 2% (w/w) PVA aqueous solution (left) or water (right). The initial PLA concentration was 2kDa. 
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Figure 3.4 shows the corresponding typical bright-field images. In 2% (w/w) PVA aqueous 

solution, the outer radius and shell thickness of the hollow PLA microcapsules decreased and the 

uniformity deteriorated as the molecular weight increased. PLA microparticles, in addition to hollow 

PLA microcapsules were produced at molecular weights of 45 and 100 kDa. However, the fabricated 

microcapsules showed high PI values regardless of the molecular weight. 

It was observed that the number of PLA microparticles and aggregates of hollow PLA 

microcapsules increased with increased molecular weight. 

These results indicate that the addition of PVA and low molecular weight PLA yielded large and 

highly uniform hollow PLA microcapsules. Among the six conditions shown in Figures 3.3 and 3.4, 

the uniformity of the hollow PLA microcapsules was only very high when the PLA molecular weight 

was 2 kDa and the aqueous medium was 2% (w/w) PVA aqueous solution.  

Additionally, using these conditions very few micro particles and aggregates of hollow 

microcapsules were observed. This indicates that the mechanism of capsule shell formation depends 

on the PLA molecular weight as well as the addition of PVA. 

4. Discussion 

   4.1 Observation of microbubble release from the dichloromethane droplet 

In the bubble-template method, the size and uniformity of the fabricated PLA microcapsules 

should correlate with the bubble release mechanism. First, the release of the microbubbles from the 

dichloromethane droplets was observed through a microscope; two typical snapshots are shown in 

Figure 3.5. As shown in Figure 3.5a, each microbubble independently appeared on the droplet 

surface, detached from the surface, and moved into the aqueous medium. This mechanism was 

observed under most experimental conditions.  

However, the PLA-covered microbubbles are smoothly released from the interior with a low 

initial concentration of PLA, the addition of PVA, and a low molecular weight of PLA. Except for 

under these experimental conditions, as dichloromethane diffuses from the droplet into the 

surrounding aqueous medium the droplet shrinks and a high-PLA-concentration region grows at the 

liquid–liquid interface. Thus, when the microbubbles reach the interface, they stay there. Since the 

bubbles keep nucleating as a result of solvent diffusion, more and more bubbles aggregate. Under 

these conditions, the release of microbubbles shown in Figure 3.5b was observed. The shadow in the 

aqueous medium reflects the differences in density, that is, dichloromethane flow from the droplet is 

accompanied with microbubble emission. From these two images, the bubble-release mechanism can 

be classified as either single-bubble release due to solvent evaporation (Figure 3.5a) or multiple-
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bubble release as a result of bubble eruption (Figure 3.5b). The first mechanism is required for the 

fabrication of uniformly sized hollow PLA microcapsules. 

 

 

Figure 3.4: Typical bright field images of hollow PLA microcapsules. Different molecular weights, i.e., 2 kDa (top), 

45 kDa (middle), and 100 kDa (bottom) were employed to fabricate in a 2% (w/w) PVA aqueous solution (left) and 

water (right). The initial PLA concentration was 2 g L
-1

. The scale bar is 5 μm long. 
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Figure 3.5: Two release mechanisms of microbubbles. (a) single-bubble release as a result of solvent evaporation and 

(b) multiple-bubble release as a result of bubble eruption. The initial PLA concentrations of the dichloromethane 

solutions are (a) 2 and (b) 20 g L
-1

. The PLA molecular weight was 2 kDa and the surrounding aqueous medium was 2% 

(w/w) PVA aqueous solution in both cases. The scale bar is 10 μm long.  

 

   4.2 Microbubble release mechanism 

   To quantitatively discuss the bubble-release mechanism, the interfacial tension, droplet reduction 

rate, and viscosity were measured. The interfacial tensions were measured by the pendant drop 

method using the Drop Master Series DM-501 (Kyowa Interface Science, Japan) (see Supporting 

Information S1) and are summarized in Table 3.3. The measured interfacial tensions between 

dichloromethane–water and dichloromethane–2% (w/w) PVA aqueous solution were 2.81 × 10
-2

 and 

1.94 × 10
-2

 N m
-1

, respectively, at 298 K. This result suggests that PVA adsorbed on the interface 

between the droplet and the surrounding aqueous medium resulting in decreased the interfacial 

tension.
19

    

   If a 2 g L
-1

 PLA (2 kDa) dichloromethane solution was employed instead of pure dichloromethane, 

the measured interfacial tensions slightly decreased, as shown in Table 3.3. Although the effect of 

PLA on the interfacial tension was small, the PLA reduced the diffusivity of dichloromethane into 

the surrounding aqueous medium, which was confirmed by the difference of the size reduction rate 

of the droplets (Appendix 2). Therefore, the addition of PLA creates a more stable liquid-liquid 
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Table 3.3: Measured interfacial tensions between the liquid–liquid interfaces at 298 K. 

Liquid–liquid interface Interfacial tension (N m
-1

)
 

Dichloromethane–water 0.0281 

Dichloromethane–2% (w/w) PVA aqueous solution 0.0194 

2 g L
-1

 PLA (2kDa) dichloromethane solution–water 0.0269 

2 g L
-1

 PLA (2kDa) dichloromethane solution–2% (w/w) PVA aqueous solution 0.0189 

 

interface. Furthermore, the viscosity of polymer solutions generally increases with increasing 

polymer concentration and polymer molecular weight.
16

    

   It was confirmed that the viscosity of the PLA dichloromethane solutions increased with increasing 

PLA concentration and PLA molecular weight by measuring the viscosity of the solutions using a 

tuning fork vibration viscometer (SV-10, A&D Company, Japan) (Appendix 2). The measured 

viscosity of dichloromethane was 0.43 × 10
-3

 Pa s at 298 K. Upon the addition of 2 kDa PLA, the 

measured viscosities at 298 K were 0.47 × 10
-3

 and 1.07 × 10
-3

 Pa s for concentrations of 2 and 70 g 

L
-1

, respectively (see Supporting Information S3). 

   To explain the bubble release mechanism at the liquid-liquid interface, the following must be 

proven: 

 

(1) A droplet has sufficient potential energy for continuous bubble release 

(2) A force sufficient to break the interfacial tension can be produced at or near the interface 

 

Assuming that a bubble is spherical with a radius of r0, the energy required for a single bubble to 

pass through the interface is given by the following equation: 

 

 2

00 rE  ,                     (3.1) 

 

where γ is the interfacial tension at the liquid–liquid interface. The potential energy of a droplet of a 

dichloromethane solution of PLA is equivalent to the energy of the buoyancy of the bubbles when 

the dissolved air is nucleated. Assuming that the droplet is spherical with a radius of r and bubbles 

initially nucleate at the center of the droplet and then elevate to the top of the droplet, the potential 

energy of a single bubble due to buoyancy is given by 

 

3
0

3

4

1
rgrE   ,                    (3.2) 
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where ρ is the liquid density and g is gravitational acceleration. Since the volume ratio of dissolved 

air to dichloromethane is about 0.13,
17

 the volume of dissolved air inside the droplet is 
3

3413.0 r . 

If the droplet shrinks by n times, the total volume of the nucleated bubbles is   3
3413.011 rn  ; 

thus, the total number of nucleated bubbles is 
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From Equation ( 2) and (3, the total potential energy of a droplet of dichloromethane solution of PLA 

is 
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Assuming that r0 is 10
-6

 m, r is 5.0 × 10
-4

 m, γ is 2.0 × 10
-2

 N m
-1

, ρ is 1.33 × 10
3
 kg m

-3
, and g is 9.8 

m
2
 s

-1
, E0 and EN are calculated to be 6.28 × 10

-14
 J and (1−1/n) × 4.43 × 10

-10
 J, respectively. Thus, if 

n = 2, EN is 3.5 × 10
3
 times larger than E0. Therefore, the potential energy of a droplet of 

dichloromethane solution of PLA is large enough for single-bubble release. 

   The average pressure inside a dichloromethane droplet should equilibrate with the pressure of the 

surrounding aqueous medium, but, for single-bubble release, the local and instantaneous pressure 

around a bubble must be larger than the equilibrium pressure. The required pressure difference is 

given by 

 

0

2

r
p


 .                     (3.5) 

 

Assuming that r0 is 10
-3

 m, Δp was calculated to be 53.8 Pa and 37.8 Pa for γ = 2.69 × 10
-2

 and 1.89 

×10
-2

 N m
-1

, respectively. During the microscopic observations, a circulation flow, which had a 

maximum velocity in the order of 10
-4

 m s
-1

, was generated inside the dichloromethane droplets due 

to the buoyancy of the nucleated bubbles. The Reynolds number for this flow can be estimated to be 

Re = u (velocity) × r0 (bubble radius) × η (viscosity) 
-1

 × ρ (density) = 10
-5

 m s
-1

 × 10
-6

 m × (10
-3

 Pa 

s)
-1

 × 10
3
 kg m

-3
 = 10

-5
, which suggests that Stokes flow can be assumed. In fact, when single-bubble 
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release occurred, no turbulence was observed. Assuming that the dichloromethane droplet is 

spherical and the dichloromethane flows up along the vertical axis and then down along the 

circumference from the top to the bottom of the sphere, if the flow in the circumferential direction 

constantly decelerates, pressure is generated in the radial direction. The pressure in the radial 

direction can be approximately estimated using the following Stokes equation: 

 




d

du

rdr

rdp

2

2
 ,                    (3.6) 

 

where η is the viscosity of the solution, r is the radius of the droplet, θ is the inclination angle, and uθ 

is the velocity in the inclination angle direction. It is required to focus on the force balance in a small 

portion of the outermost spherical shell (i.e., dr, rdθ, rdφ, where φ is azimuth angle). Assuming that η 

is 10
-3

 Pa s, r is 10
-4

 m, dr is 10
-5

 m, and (duθ / rdθ) = –(10
-5

 m s
-1

 / 10
-5

 m), dpr is calculated to be 2 × 

10
-4

 Pa, which is far smaller than the pressure difference required for single-bubble release. Even if 

the pressure in the radial directions integrated over the surface of the droplet is focused on a single 

bubble, the pressure affecting a single bubble is calculated to be 8 Pa (  2
0

2
4 rrrdp  ). The radial 

pressure created by deceleration of circular flow does not reach the required pressure difference. 

However, in a real system, many bubbles are distributed at the liquid–liquid interface. In such 

conditions, the bubbles interact with each other and the local and instantaneous pressure affecting 

each bubble may overcome the pressure required for single-bubble release. The repulsive force 

between two adjacent bubbles is generally quite large. Furthermore, the deformation of bubbles and 

the squeezing flow between bubbles may change the direction of a bubble with respect to the 

aqueous medium.
19

 To clarify this release mechanism, it is necessary to make a model of the bubble 

dynamics at the liquid–liquid interface. 

   Another possible mechanism for single-bubble release is the imbalance of interfacial tensions 

around a bubble during the diffusion of dichloromethane into the surrounding aqueous medium. 

Figure 3.6 shows a schematic of the interfacial tensions at the triple phase interface between an 

aqueous phase (a), an organic phase (o), and a gas phase (g). The water–air, γw-air, and 

dichloromethane–air, γd-air, interfacial tensions are 7.18 × 10
-2

 and 2.72 × 10
-2

 N m
-1

, respectively, at 

298 K. However, in a real system, water containing PLA, dichloromethane, and PVA is in contact the 

mixture of air and dichloromethane gas at the interface between the aqueous phase and gas phase. On 

the other hand, dichloromethane containing PLA and water is in contact with the mixture of air and 

dichloromethane gas at the interface between the organic phase and gas phase. Therefore, γw-air > γa-g 
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> γo-g > γd-air. When the top part of a bubble is exposed to the aqueous phase (left schematic in Figure 

3.6), γa-o is in the tangential direction of a droplet. Because γa-g > γo-g, the bubble moves toward the 

aqueous phase. As this occurs, the direction of γa-o goes downward (right schematic in Figure 3.6).  

 

Figure 3.6: Schematics of the interfacial tensions around the bubbles at the triple phase interface between the 

aqueous phase (a), organic phase (o), and gas phases (g).  

 

However, because the dichloromethane concentration decreases in the aqueous phase, γa-g increases 

causing the bubble to still move toward the aqueous phase. To elucidate this release mechanism, it is 

necessary to predict the interfacial tensions at the triple phase interface by considering the local PLA 

shell properties. 

   4.3 Size control using the bubble template method 

   It is noted that even if the release mechanism is single-bubble release as a result of solvent 

evaporation (Figure 3.5a), the fabricated hollow PLA microcapsules are smaller than the template 

microbubbles. Assuming that all of the dichloromethane gas diffuses into the aqueous medium and 

only air gas remains in the template bubbles, the fabricated hollow PLA microcapsules are still 

smaller than the template air bubbles. It is possible that the size of the hollow capsules depends on 

some structural and dynamic properties of the shell materials in addition to the size of template 

microbubbles. Inside the droplets, the PLA chain configuration is swollen because dichloromethane 

is a good solvent, while in the surrounding aqueous medium, the PLA chain configuration is 

globular.
19–21

 Therefore, when the microbubbles covered with PLA pass through the interface, the 

PLA chain configuration changes to form coils. As a result, the possible surface area covered with 

the PLA coils decreases yielding smaller hollow PLA microcapsules. Furthermore, if PVA is present 

in the aqueous medium, it hinders the interactions between PLA and water.
16,18-23 

In particular, the 



 61 

hydrophobic segment of PVA adsorbs onto PLA, which reduces the direct interactions between PLA 

and water and prevents the PLA capsule shell from shrinking. 

   In the bubble template method of hollow microcapsules, the bubble dynamics and material 

properties strongly correlate. In general, the size and uniformity of the capsules depend on bubble 

dynamics, whereas the shell properties depend on material properties. However, these two cannot be 

completely separated. In this study, the factors that affect the size and uniformity of the fabricated 

hollow PLA microcapsules and the relationship between the uniformity of the hollow PLA 

microcapsules and the bubble-release mechanism were clarified. However, further investigations of 

the bubble dynamics at the liquid–liquid interface and the structural and dynamic properties of PLA 

and PVA are needed to completely understand how the PLA-covered microbubbles are released from 

the droplets into the surrounding aqueous medium and, as a consequence, how the solidification of 

the PLA soft shell proceeds. 

5. Conclusion 

   To precisely control the size of the hollow PLA microcapsules fabricated using the bubble template 

method, the effect of the initial PLA concentration, the addition of PVA to the aqueous medium, and 

PLA molecular weight on the capsule radius distribution were investigated. In addition, the 

relationship between the uniformity of the hollow PLA microcapsules and the bubble release 

mechanism were clarified. The following conclusions were drawn from this study: (1) The initial 

PLA concentration should be within 2–3 g L
−1

, which is much lower than the PLA concentration at 

which the release of bubbles starts, in order to delay release until the dissolving PLA molecules 

adsorb on the nucleated bubble surface; (2) PVA should be added to the surrounding aqueous 

medium as a surfactant; and (3) PLA with a low molecular weight should be used. In view of the 

above three conclusions, the bubble-release mechanism can be classified as either single-bubble 

release as a result of solvent evaporation or multiple-bubble release as a result of bubble eruption. 

The first mechanism is required for the fabrication of uniformly-sized hollow PLA microcapsules. 

The bubble release mechanism remains to be fully elucidated. Further investigations on the bubble 

dynamics at the liquid–liquid interface and the structural and dynamic properties of PLA and PVA 

are needed to completely understand the bubble release mechanism. 
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4 
The Effect of PLA on the Microbubble Size 

 

 

 

 

 

 

   The effect of PLA concentration, cPLA, on the final microbubble size was investigated by 

measuring the decrease in pressure due the absorption of N2 into different solutions of PLA in 

dichloromethane in the temperature range between 15-30 °C. For a given droplet size, the correlation 

of the Henry’s law constant to the average bubble size was experimentally determined and on the 

basis of the measurements, a final semi empirical correlation for the dependence of the Henry’s law 

constant on cPLA was determined. The experimental results revealed that the solubility of nitrogen in 

the solutions increases as PLA concentration increases. This result suggests that a high cPLA is a key 

towards achieving mass production.  

 

1. Introduction 

 In the previous chapters, the conditions required for spontaneous microcapsule release from the 

droplet were determined.
  1- 3 

Furthermore, the radius of the microbubble inside the droplet was 1 

μm given that the PLA solution is initially diluted (cPLA = 2 g L
-1

) and made from a low-

molecular-weight (2 kDa) PLA and a 2% (w/w) aqueous solution of poly(vinyl alcohol) (PVA).  

If these capsules were to be fabricated under conditions different than these, the resultant 

microcapsules were smaller and less uniform. This fabrication technique, although it yielded 
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highly uniform microcapsules, was not suitable for fabricating large microcapsules. Therefore 

Sakurai et al
3
 introduced a new technique which is disclosed in Appendix 1. This technique 

required smaller droplets for larger bubbles to appear (i.e. the amount of air content is small). 

However, eventhough they attained bigger capsules  (Gas/O/W method), uniformity was 

compromised.  

In this chapter, special focus was given to the control of the size of the nucleated 

microbubble. For this purpose the effect of the parameters in the Laplace equation (e.g. the vapor 

pressure, and the surface tension at the gas liquid interface) on the bubble size were investigated. 

The measurements indicated that neither the vapor pessure nor the surface tension changed 

considerably to justify the size increment observed in the microbubbles as the polymer 

concentration increases. Therefore the theory developed by Ward et al
4
. for the stability of 

microbubbles (which is discussed extensively in Chapter 2) does not apply to the conditions 

where high viscosity and a high polymer concentration are present. Furthermore, it was found 

that the solubility of Nitrogen increases in the solution as the concentration of the polymer  is 

increased. If the solubility of air also increases with the addition of the polymer, then  it is 

possible to make more microbubbles and finally attain mass production.  

Eventhough the microbubble radius was increased, the reasons for the dependance of the 

bubble radius on the concentration of PLA remain to be elucidated. Finally, the measured 

solubility data was analyzed to determine a semiempirical correlation between the concentration 

of PLA and the solubility of Nitrogen.  

2. Experiment 

2.1 Chemicals 

The polymeric shell material comprised PLA with molecular weight of 2 kDa (Polysciences, 

Warrington, PA, USA) and the solvent was CH2Cl2 (99.99% purity, Wako Pure Chemical 

Industries, Ltd., Osaka, Japan)were employed. All the chemicals were of reagent grade.  

 

2.2 Methods 

To demonstrate the effect of the initial polymer concentration on the final microbubble size, 

different solutions of different concentrations of PLA in dichloromethane were prepared. Solutions 

of 2, 10, 20, and 50 g L
−1

 PLA in dichloromethane were prepared. The interfacial tensions at the 

liquid-liquid interface were measured by the pendant drop method using the Drop Master Series DM-

501 (Kyowa Interface Science, Japan). Likewise, the surface tension at the gas-liquid interface for a 

bubble nucleated inside different solutions of PLA was also measured to determine the effect of cPLA.   
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PLA solutions with a cPLA of 0, 2, 10, 20, 30, 40, 50, 60 and 70 gL
-1 

were employed to measure the 

surface tension at the bubble-solution interface. The interfacial tension values were determined from 

at least 5 independently formed droplets and bubbles, respectively. The volume of the bubbles and 

droplets was kept constant and the interfacial tension was monitored for at least 10min. The 

temperature of the experiments was 298 K. 

Furthermore, solutions with 10, 30, 50 and 70g L
−1

 dichloromethane solutions of 2 kDa PLA 

were prepared. These solutions were placed in a pressure vessel and were degassed to measure the 

vapor pressure following the same procedure as described by Shirono et al
5
. Afterwards, the 

solutions were pressurized using nitrogen to determine the solubility of nitrogen into the solutions. A 

schematic of the setup is shown in Figure 4.1. The total volume of the vessel was           m
3
 

and was calculated from the inner geometry of the vessel. The digital pressure indicator P1 is an AP-

53A (Keyence, Japan), which range and resolution are (   )      Pa and      Pa, and the 

pressure indicator P2 is an AP-V85 (Keyence, Japan) which range and resolution is (   )      

and 10Pa respectively. P2 was employed to measure the initial Vapor pressure of the solution after 

degassing. P2 was employed to measure the total pressure (     
      ) , where    

   is the vapor 

pressure of the solution) in the vessel after applying Nitrogen. After vacuuming, the solutions were 

mechanically agitated and the pressure sensor was allowed to reach an equilibrium value.  

 

Figure 4.1: Schematic of the experimental setup to measure the vapor pressure and N2 gas solubilities in different 

PLA solutions. V1, V2, and V3 are valves. P1 is the total pressure inside the vessel and P2 measures the initial vapor 

pressure.  

The degassed sample was then pressurized with nitrogen and the initial total pressure    was 

measured from P1. For this purpose valve 3 and 1 were open. After applying pressure valve 3 and 1 
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were closed.  The pressure reading from P1 decreased as Nitrogen dissolved into the PLA solution. 

The vessel was shaken to enhance the dissolution of air in the vessel. The final pressure reading and 

the temperature were recorded. The vessel was placed into the thermostat and the pressure was 

recorded at different temperatures. 

The gas solubility of Nitrogen in the PLA solution was calculated by determining the volume of 

the vapor and liquid phases,    and    which was measured by calculating the total volume of the 

pressure vessel, V, the total mole number of the solvent,   , at a given temperature, T, by using the 

following equation (Shirono et al)
5
, 

  
  

  
    

   
  

  
     

     for       
    

   

Where the universal gas constant,                  , M1(        ) is the molecular weight 

of the dichloromethane (                  ); PA is the saturation vapor pressure of gas; ρ1 is 

the saturated liquid density at the set temperature T; n is the mole numbers, subscript 1 and 2 refer to 

the liquid or gas (nitrogen) and superscript prime and double prime refer to liquid and gas phase 

respectively. When solutions of PLA are employed, for simplicity, we assume that PLA dissolves 

completely into the solution and that the volume of the final solution changes (increases) by the 

addition of PLA. For low concentrations of PLA, the numbers of moles in the solutions is small, 

which yields to minimal volume changes, however, these changes ought to be consider for high 

concentrations. The solubility of the gas was determined as follows. The moles of dissolved gas, 

  
 were calculated by using the following equation, 

  
   

   
    

   
 

    

  
 

where   
  was calculated from the difference between    and   

     
 and   

   is the partial pressure of 

the gas obtained by substracting the saturated vapor pressure,   
    of the solvent from   .      is the 

vapor volume of the solution at   , and     is the vapor volume at T. The superscript i denote the 

value given at a specific temperature.  

The mole fraction of the dissolved gas in the solvent, χ, is defined as  

  
  
 

  
    

  

 

And thus the Henry’s law constant is given by 

  
   

 
 

Since it is the same setup, the measurement uncertainties are the same as the ones given by 

Shirono et al.  
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2.3 Results  

2.3.1 Surface tension, Vapor pressure and Nitrogen solubility 

   Figure 4.2 shows the dependence of the microbubble size on cPLA. When a higher concentration of 

PLA was employed, larger microbubbles could be observed. The results are summarized in Table 4.1. 

It is can be noticed that increasing the polymer concentration reduces the uniformity of the final 

microcapsule.
 

 

Table 4.1: Microbubble radius as a function of the initial PLA concentration. 

PLA conc. 

(g L
-1

) 

Mean radius 

(μm) 

Standard dev. 

(μm) 

PI 

(%) 

2 1.03 0.14 13.6 

10 1.14 0.22 19.3 

30 1.31 0.24 18.3 

50 1.47 0.35 23.8 

60 1.60 0.36 22.5 

70 1.72 0.77 44.8 

80 
2.04 0.92 45.1 

 

 

Figure 4.2: The radius of nucleated microbubbles as a function of the initial concentration of PLA, cPLA.  
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In order to explain the trend shown in Figure 4.2, the Laplace relation was considered. From the 

Laplace relation it is understood that a decrease in the value of the surface tension at the gas liquid 

interface or an increase in the vapor pressure, yields to an increase in the microbubble size. However, 

the results showed that adding PLA reduces the surface tension at most a 12% from its original value. 

This is, when pure dichloromethane is used, the surface tension is γ=28.3mN m
-1

, yet when a cPLA= 

50g L
-1

 is employed, the surface tension achieves a minimum γ=24.9mN m
-1

. These results are 

shown in Figure 4.3.  As it can be seen, the only expression left to analyze is the ratio between the 

actual concentrations of Nitrogen in the solution over the saturation concentration of Nitrogen in the 

solution (equation 2.38, 
  
 

   
 ).  

The vapor pressure of several solutions of PLA was measured as well. However, it was found 

that the vapor pressure of the solutions did not change as the polymer concentration or molecular 

weight was increased. This can be observed from Figure 4.4.  

Figure 4.5 shows the Henry’s law constant as a function of temperature and Figure 4.6 shows the 

isotherms for the Henry’s law constant as a function of polymer concentration. The solubility of air 

increases as the concentration of PLA increases, this is, Henry’s law constant decreases as cPLA 

increases. Table 4.2 summarizes these results. 

 

 

Figure 4.3: Surface tension at the gas liquid interface as a function of cPLA.  

30

28

26

24

22

20

γ
(m

N
/m

)

706050403020100

cPLA (g L
-1

)



 69 

 

Figure 4.4: Vapor pressure of solutions of PLA with different concentrations of PLA. The solid line is the 

theoretical prediction. 

 

 

  

Figure 4.5: Isotherms for the Henry’s law constant for N2 as a function of cPLA. The fit curves are exponential 

functions. 
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Figure 4.6: Henry’s law constant for N2 as a function of cPLA. The solid black line is the theoretical prediction. 

 

 

 

Table 4.2: Henry’s law constant for different cPLA 

T/K cPLA [g L
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   In the study made by Shirono et. al
5
, a semi empirical expression for correlating H and the 

temperature of the solution, this is, an expression for the solubility of Nitrogen gas in pure 

dichloromethane, is expressed as, 

  (   
⁄ )       (  

  
 ⁄ ) 

Where T0=298.15K, and H0=294MPa. By defining a variable χ, which is the difference of the right 

hand side and the left hand side of the above equation, namely 

    (   
⁄ )      (  

  
 ⁄ ) 

   For the measured data, it is found that it’s not equal to cero, thus clearly showing the dependence 

of the Henry law’s constant on the polymer concentration. Plotting the quantity χ as a function of the 

concentration gives us Figure 4.7. 

 

Figure 4.7: χ as a function of cPLA. The solid line is the fitted curve. 
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It was also found that the solubility of nitrogen increases as the molecular weight of the polymer 

increases. As the number of molecules increases (i.e. the molecular weight decreases), the Henry’s 

law constant increases, which implies that the saturation concentration increases as the molecular 

weight increases. This is result is fundamental for manufacturing bigger (yet not so uniform) in the  

Gas/O/W fabrication (refer to Appendix 1). These results are shown in Figure 4.8. The concentration 

of the solutions was fixed to cPLA=10gL
-1

.  

 

Figure 4.8: Henry’s law constant for N2 as a function of the molecular weight. The solid lines are fitted curve. 

 

2.4 Discussion 

2.4.1 Bubble equilibrium size as function of the molar content of Nitrogen in the droplet and 

microcapsule release 

Ward’s theory shown previously in chapter 2 (equation 52 and 53)4
 is employed. It was used the 

derived equation for determining the relation between the total molar amount of nitrogen, N2, and the 

equilibrium radius of bubbles, rb, for different numbers of bubbles, q, at constant p′, T, and N1 is 

given by the following equation: 
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And the stability condition  given by 
   

   
  . Figure 4.9 show the calculated N2–rb curves for a 

single (q = 1) or multiple (q ≥ 2) bubbles at p′ = 1 atm, T = 298 K, and N1 = (4/3)πrd
3
/Vm1. Here, rd is 

the effective radius of a CH2Cl2 droplet and Vm1 is the molar volume of pure CH2Cl2 in the liquid 

phase. The following parameters are employed: c′01 = Vm1
-1

 = 1.56 × 10
4
 mol m

-3
, c′2s = 5.30 mol m

-3
, 

γ = 2.78 × 10
-2

 N m
-1

, and p″01 = 5.81 × 10
4
 Pa. For each N2–rb curve, if N2 is lower than a certain 

minimum, there are no possible equilibrium states for a bubble or bubbles in the system. If N2 is 

equal to the minimum, there is only one equilibrium radius, and if N2 is higher than the minimum, 

there are two possible equilibrium radii. However, it should be noted that when there are two 

possible equilibrium radii, the bubble with larger radius is stable while that of smaller radius is 

unstable. 

In Figure 4.9, using equation (13), if the droplet radius in the CH2Cl2–nitrogen solution is rd 

= 1 mm and the nitrogen concentration of the solution is close to the solubility (c′2 ≈ c′2s), the 

total molar amount of nitrogen inside the droplet is about N2 = 2.2 × 10
-2

 μmol. If a droplet of rd 

= 1 mm and N2 = 2.2 × 10
-2

 μmol is formed gently in an aqueous medium, bubbles with radius of 

rb = 0.96 μm will gradually appear
 9

. Because the initial nitrogen concentration of the solution is 

close to the solubility and the solubility of nitrogen in the aqueous medium is much lower than 

that in the solution, microbubbles are generated due to the dissolution of CH2Cl2 into the 

surrounding aqueous medium and the nitrogen concentration of the solution should remain close 

to the solubility (c′2 ≈ c′2s). This suggests that bubbles with radius of rb = 0.96 μm will 

continuously appear. In Figure 4.8, a single bubble (q = 1 and rd = 1 mm) or multiple bubbles 

(e.g. q = 10
4
 and rd = 1 mm) of rb = 0.96 μm is unstable because dN2/drb < 0. But as time goes on, 

the number of bubbles, q, increases, while the effective droplet radius, rd, decreases at constant 

N2 = 2.2 × 10
-2

 μmol. When q = 2.83 × 10
7
 and rd = 0.931 mm, the bubbles of rb = 0.96 μm 

become stable because the N2–rb curve for q = 2.83 × 10
7
 and rd = 0.931 mm is minimized at rb = 

0.96 μm and the minimum value is N2 = 2.2 × 10
-2

 μmol. Subsequently, when the effective 

droplet radius, rd, decreases further to 0.8 mm, while c′2 ≈ c′2s, the number of bubbles, q, should 

be in the range from 1.80 × 10
7
 to 7.15 × 10

7
 to keep the system thermodynamically stable. At q 

= 1.80 × 10
7
, the N2–rb curve is minimized at rb = 0.96 μm, whereas, at q = 7.15 × 10

7
, the N2–rb 

curve passes through the point (rb, N2) = (0.96 μm, 2.2 × 10
-2

 μmol). According to this analysis, 

it can be possible that the system keeps stable when q increases while rb decreases. However, in 

a real system, if the number density of bubbles is so high, the bubbles cannot stay inside the 

droplet because of the interactions between bubbles. Since the solubility of nitrogen in the 

aqueous medium is much smaller than that in CH2Cl2, N2 decreases through the bubble release 
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from the droplet interior to the surrounding aqueous medium during the process of droplet 

shrinkage. Inside a droplet of CH2Cl2–air solution of PLA, many microbubbles are generated. As 

CH2Cl2 diffuses into the surrounding aqueous solution, microbubbles covered with PLA are 

released from the droplet interior to the surrounding aqueous medium, and hollow PLA 

microcapsules whose inner radius is the same as the template bubble radius can be produced.
 2 

 

Figure 4.9: Total molar amount of nitrogen in a closed volume of CH2Cl2–nitrogen solution including a single (q = 

1) or multiple (q > 1) nitrogen bubble vs. bubble radius (N2–rb) curves for rd = 0.8–1 mm. The system is in the 

equilibrium state at constant pressure, p′, temperature, T, and total amount of CH2Cl2 in moles, N1. Here, p′ = 1 atm, T = 

298 K and N1 = (4/3)πrd
3
/Vm1, where Vm1 is the molar volume of pure CH2Cl2 in the liquid phase. 

 

In Figure 4.10, if the droplet radius of the CH2Cl2-nitrogen solutions is 1mm and assuming that 

the total bubble count is      , the equilibrium bubble radius is        . As the microbubble 

count increases, the radius of the stable bubble gradually shifts towards lower sizes. When the bubble 

count is 10
7
, the equilibrium size of the bubbles is 10

-6
μm.  

The measured solubility of nitrogen in different solutions of dichloromethane at different 

temperatures showed that when cPLA is 70gL
-1

 the Henry’s law constant at 25C° decreases 16% from 

its value compared to the case when no PLA is present in the solution. This implies that more air can 

be dissolved into the solution.  
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Figure 4.10: Total molar amount of nitrogen in a closed volume of CH2Cl2–nitrogen solution including multiple (q 

> 1) nitrogen bubble vs. bubble radius (N2–rb) curves for rd = 1 mm. The system is in the equilibrium state at constant 

pressure, p′, temperature, T, and total amount of CH2Cl2 in moles, N1. Here, p′ = 1 atm, T = 298 K. 

 

   As the concentration of the polymer increases, the solubility of air increases as well. Since 

microbubbles are continually nucleating inside the solution the concentration of air in the PLA 

solution could decrease well below the saturation limit. If so, from theory, the bubble size is 

expected to increase. However to clarify this scenario a study on the concentration of air at the 

vicinity of the bubble should be considered.  

3. Conclusions 

   If the concentration of PLA is increased, bigger micro bubbles can be observed. Furthermore, 

increasing the concentration of PLA also increases the solubility of Nitrogen in the polymer solution.  

Because there is more dissolved air as the concentration of the polymer increases, it is possible to 

nucleate more bubbles in the solution and thus attain more microcapsules. Thus increasing the 

polymer concentration is a key parameter for mass producing the microcapsules.  
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5 
Mass Production of Uniform Hollow Poly (Lactic Acid)  

Microcapsules Fabricated from Microbubble Templates 

 

 

 

 

 

 

 

In the bubble template method it was found that ultrasound enhances bubble nucleation inside 

the droplets of a dichloromethane solution of poly(lactic acid) (PLA) formed in an aqueous solution 

of poly(vinyl alcohol), which yields to the mass fabrication of hollow PLA microcapsules without 

compromising the uniformity of the bubble size. Mass production of hollow PLA microcapsules 

could be achieved without compromising capsule uniformity when the initial concentration of PLA 

was 30 g L
-1

; the final average microcapsule radius was 0.54 μm with a standard deviation of 0.11 

μm. From direct observation, it was concluded that the interactions among microbubbles increased 

locally and instantaneously the pressure inside the droplet, which led to the spontaneous release of 

PLA coated microbubbles from the droplet interior to the outer aqueous solution. 

1. Introduction 

  In Chapter 3 it was determined that if an initially diluted dichloromethane (CH2Cl2) 

solution of low-molecular-weight (2 kDa) PLA (cPLA = 2 g L
-1

) and a 2% (w/w) aqueous solution 

of poly(vinyl alcohol) (PVA) was employed as the dispersed and continuous phases, 

respectively, uniform microcapsules of about 1 μm radius could be obtained. If capsules were to 

be fabricated under conditions different than these, the resultant microcapsules were smaller and 

less uniform.  
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  In this chapter, it is shown the viability of enhancing bubble nucleation by the application of 

ultrasound. The final produced microcapsule displayed high uniformity. Furthermore, based on the 

direct observation of microbubble release from the droplet interior when ultrasound was applied or  

was not applied, it was concluded that the number of released capsules from the droplet interior 

depends on the number of nucleated bubbles and the bubble size. The effects of the application of 

ultrasound, and the initial concentration of PLA, cPLA, on the nucleated microbubble and on the final 

microcapsule size, in addition to the specific conditions at which the highest uniformity could be 

attained, are disclosed. 

2. Experimental  

   2.1 Chemicals 

The following reagents were used: PLA with molecular weights of 2 kDa (Polyscience, 

U.S.); CH2Cl2 (99.99% purity, Wako Pure Chemical Industries, Ltd., Japan) and 2% (w/w) 

aqueous PVA (Gohsenal T-350, Nippon, Gohsei, Osaka, Japan). All the chemicals used were 

reagent grade. Water from a Milli-Q Advantage A10 water purification system was used. 

 

   2.2 Methods 

The following two fabrication processes were employed: 

Process A (Chapter 2): The same fabrication process used in chapter 2 was employed to 

fabricate hollow PLA microcapsules from microbubble templates. During the purification of the 

microcapsule solution, Millipore water at 313 K was employed to remove PVA which adsorbed 

onto the capsule shell. The hollow PLA microcapsules were dried in a desiccator at 0.7 kPa for 

36 h. Silica gel was used as the desiccant. The final product was a white powder of hollow PLA 

microcapsules. 

Process B: The droplets of a CH2Cl2 solution of PLA were formed in a glass dish with 2% 

(w/w) PVA aqueous solution in the same manner. The glass dish was placed at the water surface 

in an ultrasonic bath. The output power and frequency of the ultrasonic transducer were 35 W 

and 38 kHz, respectively. During sonication, the droplets became cloudy, which indicated 

internal nucleation of microbubbles. Experiments in which each sample was continuously 

sonicated were performed. The collection, purification, and drying stages were the same as for 

process A. 

All the above experiments were performed at room temperature, 298 K. To verify the effect 

of each parameter on the bubble and capsule size, several bright field images of the microbubbles 

and capsules were obtained using an inverted microscope (ECLIPSE Ti-E, Nikon, Japan) and the 
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bubble and capsule size was measured by processing these bright field images. This microscope 

was also used to observe the release of hollow microcapsules from the interior of the droplets. 

The size of the nucleated microbubbles inside the droplet was measured at the middle of the 

droplet, and thus, the measurements did not include coalesced microbubbles that could be mainly 

found at the top of the droplet due to buoyancy. PLA was stained with Nile Red; when the 

microscope was used in fluorescent mode, only the capsule shell was observed. This confirmed 

that the microbubbles served as templates, as they exhibited no fluorescence. 

3. Results and Discussion 

   3.1 Fabrication of hollow PLA microcapsules under sonication 

In this study, hollow PLA microcapsules in the bubble template method under sonication 

(process B) were successfully fabricated. In process A, the total production time was determined 

solely by the diffusivity of CH2Cl2 into the aqueous medium/air (solvent evaporation), this process 

lasted several hours (>7 hours). Now, the process to fabricate several microcapsules, referred as 

process B, takes less than an hour. Figure 5.1 shows the pressure waves measured at two different 

positions in the ultrasonic bath. The positions A and B are near the anti-node and node of the 

pressure standing wave, respectively. The amplitudes at positions A and B were about 70 and 10 kPa, 

respectively. At both, position A and B, the bubble nucleation was enhanced but the droplet was 

stable. In this study, the hollow PLA capsules were synthesized at position A.  

 

 
Figure 5.1: Pressure waves measured at two different positions in the ultrasonic bath. 
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   However, when the glass dish was located at some places, the droplet was deformed and PLA 

particles and films were generated at the droplet surface. Such places were located both near the 

node and anti-node of the pressure standing wave. In this study, such places were avoided. 

   The optimum conditions to fabricate hollow PLA microcapsules without compromising uniformity 

were also clarified. This can be seen from right panels of Figure 5.2. A low or high cPLA considerably 

deteriorates the final capsule uniformity. A cPLA of 30 g L
-1

 proved to be the optimum condition to 

fabricate independent hollow and uniform PLA microcapsule. This technique proved to be robust as 

high uniformity was also attained when a PLA of molecular weight of 100 kDa and a cPLA = 30 g L
-1

 

was employed. The mean radius, standard deviation, and PI of these synthesized microcapsules were 

0.55 μm, 0.12 μm, and 21.2%, respectively. In spite its robustness, it should be noted that in this 

technique the mean radius of hollow PLA capsules synthesized with sonication was smaller than that 

without sonication (ca. 1 μm) 

   The top panels of Figure 5.2 show a typical bright field image and the radius distribution of 

microbubbles inside a droplet of a CH2Cl2 solution of PLA, respectively, when cPLA = 30 g L
-1

 and 

ultrasound was employed. During this observation, the ultrasound was not applied to the solution, 

but the droplets were kept cloudy. The mean values, standard deviations, and polydispersity indices 

(PI = standard deviation/mean) of microbubble radius were 1.34 μm, 0.23 μm, and 17.4%, 

respectively.  

   The bottom panels of Figure 5.2 show bright field & fluorescent images and the outer radius 

distribution of dry hollow PLA microcapsules, respectively. The mean values, standard deviations, 

and PI of the outer radius were 0.54 μm, 0.11 μm, and 21.2%, respectively. This result suggests that 

the hollow PLA microcapsules fabricated under these conditions were smaller than the template 

microbubbles but highly uniform.  

In addition, the size of the bubble was larger than the size of the released wet microcapsule, 

which was also larger than the final dry microcapsule (rb > rc, wet > rc). This result also agreed with 

those obtained when capsules were fabricated with process A using EtOH, and can be observed in 

Figure 2 of Appendix 3. 

Using sonication enabled mass production of the capsules in less time and with high uniformity. 

In process A, the total production time was determined solely by the diffusivity of CH2Cl2 into the 

aqueous medium/air (solvent evaporation); this process lasted several hours (>7 h). Process B now 

takes less than an hour. 
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Figure 5.2: Size distribution of Hollow microcapsules fabricated using ultrasound. A bright field image and the 

radius distribution of microbubbles inside a droplet of a CH2Cl2 solution of PLA when ultrasound was employed (top). 

Bright field and fluorescent images of hollow PLA microcapsules and the radius distribution inside 2% (w/w) PVA 

aqueous solution (middle) and after drying (bottom). The initial concentration of PLA, cPLA, was 30 g L
-1

. The scale bars 

represent 5 μm. 

 

3.2 Effect of ultrasound on the kinetics of bubble release 

 In process A, it was determined that the minimum required pressure difference Δp for a 

microbubble to be released from the droplet interior was given by the Laplace equation. In Chapter 3 

it was concluded that for a droplet of radius, rd, of 10
-3

 m, Δp corresponds to 37.8 Pa when 2% (w/w) 

PVA aqueous solution was employed as the bulk phase.
1
 In the present study, to enhance 

microbubble nucleation, ultrasound was employed. Figure 5.3 shows two representative images of 

microbubble nucleation and release when ultrasound was not applied (process A), and when 



 

 82 

ultrasound was applied (process B), respectively. 

   The linear resonance frequency of a free bubble is known to be given by the Minnaert 

formula
2
:
 

 

   
 

    
[
    

  
 

 (    ) 

    
]
   

                   (1) 

 

where f0 is the resonance frequency of a bubble with equilibrium radius rb; γ is the heat capacity 

ratio of the gas inside the bubble; p′ is the hydrostatic pressure in the surrounding liquid; ρ′ is the 

equilibrium density of the liquid; and σ is the surface tension at the gas-liquid interface. The 

resonance frequency f0 was calculated to be 3.4 MHz at rb = 1 μm. The values of the physical 

parameters used in the calculations were: p′ = 101.3 kPa, ρ′ =1330 kg m
-3

, σ = 0.0278 N m
-1

, and 

γ = 1.4. Because the frequency of the acoustic wave employed in this study was 38 kHz, the 

ultrasonic wave cannot collapse a 1 μm radius bubble and cannot produce shockwaves.  The 

ultrasonic wave just enhances the nucleation of microbubbles and does not produce the large 

pressure required for bubble release. However, if more bubbles are nucleated an are distributed 

at the liquid-liquid interface, the frequency of bubble release could increase, because bubbles 

interact with each other and the local and instantaneous pressure affecting each bubble may 

overcome the pressure required for bubble release. The repulsive force between two adjacent 

bubbles is generally quite large, and the deformation of bubbles and the squeezing flow between 

bubbles may change the direction of a bubble with respect to the external aqueous medium.
3
 

Several images of microbubble release showed that the number density of nucleated bubbles 

inside a droplet in process B was about 10 times larger than that in process A, and further, the 

number density of released bubbles around the droplet in process B was also about 10 times 

larger than that in process A. Thus, it is reasonable to say that the number of released capsules 

from the droplet interior depends on the number of nucleated bubbles. The mechanism of bubble 

release could be the same for processes A and B, but the frequency was different. This is, more 

capsules were fabricated using Process B. 

 

   3.3 Effect of PLA concentration on the bubble and capsule size 

   When a higher concentration of PLA was employed, larger microbubbles could be observed. This 

phenomenon was also observed when process A was employed. Figure 5.4 show the dependence of 

the average bubble radius on cPLA when ultrasound was not applied (process A) or applied (process 

B). The measured values were summarized in Table 5.1.  
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Figure 5.3: Release of hollow PLA microcapsules from the droplets. (a) when ultrasound was not applied and, (b) 

when ultrasound was applied. The initial PLA concentration, cPLA, was 2kDa g L
-1

. The scale bars represent 25 μm. 

 

Figure 5.4: The radius of  nucleated microbubbles with and without sonication as a function of initial 

concentration of PLA, cPLA. The black dot is the theoretically predicted equilibrium radius of 0.95 μm for microbubbles 

nucleated inside a CH2Cl2 droplet when p1″ is assumed to be the saturation vapor pressure of pure CH2Cl2. 
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Table 5.1: Microbubble radius as a function of the initial PLA concentration when ultrasound was not 

applied (process A) or applied (process B). 

 Process A Process B 

PLA conc. 

(g L
-1

) 

Mean radius 

(μm) 

Standard dev. 

(μm) 

PI 

(%) 

Mean radius 

(μm) 

Standard dev. 

(μm) 

PI 

(%) 

2 1.03 0.14 13.6 1.11 0.14 12.9 

10 1.14 0.22 19.3 1.27 0.44 34.6 

30 1.31 0.24 18.3 1.34 0.23 17.4 

50 1.47 0.35 23.8 1.37 0.43 31.4 

60 1.60 0.36 22.5 1.42 0.32 23.0 

70 1.72 0.77 44.8 1.77 0.63 35.6 

80 2.04 0.92 45.1 1.74 1.1 63.2 

 

 

 
Figure 5.5: Microcapsules fabricated when ultrasound was not applied (process A) or applied (process B) as 

a function of initial concentration of PLA, cPLA. 

 

 

Figure 5.5 shows the outer radius of fabricated dry hollow PLA microcapsules as a function of 

cPLA when ultrasound was not applied (process A) or applied (process B).  

   The optimum conditions for fabricating hollow PLA microcapsules without compromising 

uniformity were also clarified. Low or high cPLA values considerably deteriorated the final 

capsule uniformity, and a cPLA of 30 g L
-1

 proved to be optimal for the fabrication of 
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independent, hollow, and uniform PLA microcapsules. This technique proved to be robust,  as 

high uniformity was also attained when 100 kDa PLA and cPLA of 30 g L
-1

 were employed. The 

mean radius, standard deviation, and PI of these synthesized microcapsules were 0.55 μm, 0.12 

μm, and 21.2%, respectively. In spite of its robustness, it should be noted that, in this technique, 

the mean radius of the hollow PLA capsules synthesized with sonication was smaller than that 

without sonication. 

4. Conclusions 

   It was shown that ultrasound can be effectively employed to mass produce microcapsules 

within the required range for ultrasound contrast agents and drug delivery applications without 

compromising uniformity. The optimum conditions at which highly uniform capsules could be 

obtained when ultrasound was employed were identified: namely, a low intensity ultrasound and 

a high initial concentration of PLA (cPLA = 30 g L
-1

). In addition, it was clarified the relationship 

between the microbubble size and the initial concentration of PLA. Furthermore, the kinetics of 

the release of the hollow PLA microcapsules created under the bubble template method was 

clarified. The pressure was increased locally due to the interaction/collision between the 

microbubbles, which led to spontaneous microbubble release. 
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6 
Fabrication and Size Control of Hollow PAH/PSS  

Microcapsules in the Bubble Template Method 

 

 

 

 

  In a Na2CO3 solution, PAH becomes colloidal particles of carbamate (R-NHCOO
-
) and amino 

R-NH3
+
) ions within a certain pH range. When CO2 bubbles nucleate in this solution, colloidal 

PAH stabilizes the microbubble via adsorption. In this chapter, the microcapsules radius was 

successfully controlled by changing the concentration of PAH in the Na2CO3 solution. Zeta 

potential value for these capsules at pH 8.5 is positive, thus allowing PSS adsorption onto the 

hollow PAH microcapsules and with it, the synthesis of a bilayer PAH/PSS. In addition, the 

bilayer PAH/PSS capsule solution was titrated until the pH was adjusted to 7.0 and the bilayer 

microcapsules were stable at this pH. This proved that these bilayer capsules can be potentially 

employed for medical applications. Nevertheless, the success of the bilayer fabrication strongly 

depends on the PAH:PSS mass ratios. Increasing this ratio yields to irreversible flocculation. 

From the analysis of the  FTIR-ATR spectra for both PAH and PAH/PSS microcapsules, and 

analysis from zeta potential measurements, the whole adsorption mechanism of PSS on PAH 

micrcoapsules was elucidated as well.  

1. Introduction 

   Controlled encapsulation and release has been one of the main focuses over the last decade, 

especially for hollow polyelectrolyte microcapsules since they have the greatest potential in the 

pharmaceutical industry due to its low density, optical scattering,
 1, 2, 3

 large and useful inner 
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space, and tailorable shell thickness. One common technique for manufacturing polyelectrolyte 

microcapsules characterized for non covalent interactions in the polymer chains to synthesize 

nano-thick layers around a liquid or solid core by multiple adsorption of polyanions and 

polycations groups is the layer-by-layer (LbL) method.
 4, 5, 6

 

   Polyelectrolyte microcapsules also display high biocompatibility and controllable shell 

properties such as permeability, adhesion, and mechanics. In addition, there is great flexibility 

for embedding several types of functional groups in the shell. Commercially, two of the most 

used polymers are poly alyllamine hydrochloride (PAH) and poly styrene sulfonate (PSS). Yet, 

sequential addition of polyelectrolyte requires exact ratios of polyelectrolyte. Failure to achieve 

this increases the chances of forming free polyelectrolyte or particle aggregates.
 7, 8, 9

 

   Recent studies
 3 

proposed the use of microbubbles as templates. In this procedure microbubbles 

are created via sonication and first stabilized in a tween-span suspension. Then, by sequential 

adsorption of PAH and PSS, microbubbles are completely covered. Yet, the inclusion of 

surfactant molecules makes this procedure disadvantageous for medical applications.  

   In a Na2CO3 aqueous solution, CO2 microbubbles were covered with colloidal PAH particles
 10, 

11, 12, 13 
containing carbamate ions, R-NHCOO

-
 , and amino ions, R-NH3

+
. These colloidal PAH 

particles can only be present within a specific pH range 7.5 < pH < 9.0, and PAH microcapsules 

can exist in the same pH range. Furthermore, when PSS is added in the diluted solution of PAH 

it is possible to form bilayer microcapsules that can exist at pH = 7. Furthermore, the mean 

radius for these human pH resistant microcapsules was measured to be about 2.5 μm. 

   Daiguji et al made possible the stabilization of a microbubble in an aquous solution and 

employed these microbubbles as templates by directly absorbing PAH onto their surface
 14, 15

. 

Since the size control of capsules and the condensation of capsule solutions are required for more 

practical applications, this chapter focuses on (1) the size control of PAH microcapsules, (2) the 

fabrication of PAH/PSS microcapsules, and  (3) the PSS layer formation around PAH 

microcapsules. 

2. Theory 

2.1 Fabrication of colloidal PAH:  

 The theory was developed by Daiguji et. al. They found that in a Na2CO3 aqueous solution, if 

bicarbonate is dissolved in water, a re-equilibration takes place according to the following 

equations: 
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    HHCOOHaqCO 322
                (6.1) 

      
  HCOHCO 2

33                 (6.2) 

 

PAH reacts with carbonate and bicarbonate as follows: 

 

       
  HOHNHCOO-RHCONH-R 2

-

33
                (6.3) 

 HCONH-ROHNHCOO-R -2

322

-                 (6.4) 

 

   By adding equation 3 and equation 4 and then subtracting equation 2 from the addition, the 

following equation can be obtained 
16

: 

  HNH-RNH-R 23                 (6.5) 

   The logarithmic measure of the acid dissociation constants for equation (1), (2) and (5) are 

pKa1=6.352, pKa2=10.329, and pKa5=8.7, respectively. The pKa for eqs 3 and 4 are unknown, but the 

following relationship must be satisfied: 

pKa3+ pKa4= pKa2+ pKa5                (6.6) 

   Thus, the logarithmic measure of the acid dissociation constants for equations 3 and 4 were to be 

pKa3=7 and pKa4=12.029, respectively. Furthermore, PAH reacts with CO2 and this reaction yields to 

the formation of carbamate ion as follows
 17

: 

 
 HNHCOO-R)(CONH-R -

22 aq                   (6.7) 

 

   The logarithmic measure of the acid dissociation constant for this reaction, pKa7, is 4.8
 17

. R-NH2 

and R-NH3
+
 are fully dissolved in the solution. However, if R-NH3

+
 and R-NHCOO

-
 co-exist in the 

solution, these two different states of PAH can co-aggregate and form neutral colloidal particles due 

to electrostatic interactions. This is a key aspect event for our technique to work. Figure 6.1 shows 

the calculated compositions vs. pH curves in two different titration conditions: (a) The overall mass 

of carbon dioxide, m_CO2* = m_CO3
2-

 + m_HCO3
-
 + m_CO2 (aq) + m_R-NHCOO

-
, is constant and 

(b) the mass of carbon dioxide in the aqueous phase, m_CO2 (aq), is constant.  
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Figure 6.1: Titration curves, and calculated composition vs pH curve. (left): Measured and calculated titration curves 

of 100 ml of 0.054 M Na2CO3 aqueous solution containing PAH titrated with 1 M HCl under two different conditions: (a) 

The overall CO2 mass m_CO2* = m_CO3
2-

 + m_HCO3
-
 + m_CO2(aq) + m_R–NHCOO

-
 is constant and (b) the CO2 mass 

in the aqueous phase, m_CO2(aq), is constant. (right) Calculated compositions vs. pH curves under two different titration 

conditions: (a) The overall CO2 mass m_CO2* = m_CO3
2-

 + m_HCO3
-
 + m_CO2(aq) + m_R–NHCOO

-
 is constant and (b) 

the CO2 mass in the aqueous phase, m_CO2(aq), is constant (Daiguji et al).
14

 

 

 

   The calculation results showed that R-NHCOO
-
 and R-NH3

+
 coexisted when the solution became 

cloudy (7.5 < pH <9), suggesting that the colloidal state of PAH was the aggregates of R-NHCOO
-
 

and R-NH3
+
. When the solution was cloudy, in the case of (a), the concentration of CO2 (aq) was 

larger than the solubility, thus CO2 bubbles were generated. Whereas in the case of (b), the 

concentration of CO2 (aq) was the same to the solubility, thus CO2 bubbles were not generated. 

   If CO2 is removed from surrounding environment during the synthesis process of hollow PAH 

microcapsules, the titration curves and compositions vs. pH curves will change as shown in Figure 
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6.1 (from condition (a) to condition (b)). Not only the concentrations of R–NHCOO
-
 decreases, but 

also the equimolar point of R–NHCOO
-
 and R-NH3

+
shifts to higher pH. It will be more difficult to 

control pH near the equimolar point, that is, it is more difficult to control PSS layer forming process.  

If CO2 is removed from surrounding environment after forming hollow PAH microcapsules but 

before forming PSS layer, the hollow PAH microcapsules will disappear gradually because the 

hollow PAH microcapsules are stable for several hours in a closed bottle. If CO2 is removed from 

surrounding environment after forming hollow PAH/PSS bilayer microcapsules, the CO2 leakage 

rate will increase, but the effect will not be so crucial as the PAH shell contains the gas. Other 

titration curves for different concentrations of PAH are shown in Appendix 4. 

 

2.2 Size distribution of Colloidal PAH:  

   Daiguji et al
14

 performed Dynamic Light Scattering (DLS) measurements to two different solutions 

of aqueous PAH with different amounts of CO2. One solution was prepared by adding NaOH to the 

PAH aqueous solution until the pH of the solution became 11.0, and then CO2 gas was dissolved into 

this solution. CO2 pressurization lasted few minutes. The other solution was prepared using the 

aforementioned procedure, however, for this case CO2 was applied until the solution became cloudy 

(whitish). Then the pressure was released a little. The colloid mean diameter for the first solution 

(transparent) was ca. 20 nm, whereas that for the cloudy solution was ca. 3 μm. The results are 

displayed in Figure 6.2. These results not only indicated that PAH molecules formed colloidal 

particles transparent, but the concentration of the particles was so low that the solution 

 

 
Figure 6.2. Mean diameters of colloids and hollow capsules at two different pH for a 1 g/L PAH.

 14
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was transparent, whereas the colloidal particles of PAH encapsulated the CO2 microbubbles, and the 

solution became cloudy. The results strongly implied that the mean diameter of the colloidal particles 

was ca. 20 nm, whereas the mean diameter of the hollow PAH microcapsules was ca. 3 μm. This is, 

when the CO2 bubble nucleates, they can be stabilized by adsorbing colloidal PAH to the surface, a 

layer can form and thus hollow PAH microcapsules can be attained.  

3. Experimental 

   3.1 Materials:  

   The polyelectrolyte shell materials were PAH (molecular weight: ca. 56 000) (Sigma-Aldrich, 

US) and PSS (molecular weight ca. 70 000). FITC-PAH (molecular weight: ca. 56 000) (Sigma-

Aldrich, US) was used for fluorescence microscopy. The pH adjusted were 1 M NaOH solution 

(Wako, Japan), 1 M HCl (Wako, Japan), and sodium carbonate (Wako, Japan).  All chemicals 

used in this study were reagent grade. Water with resistivity higher than 18.2 MΩ cm was 

obtained from a Milli-Q Advantage A10 water purification system. 

 

   3.2 Methods:  

   Hollow PAH microcapsules were fabricated at atmospheric pressure by titration of a Na2CO3 

aqueous solution including PAH with HCl. Prior to these series of experiments, a 1 M Na 2CO3 

solution was prepared. Size control was attained by changing the concentration of the 

polyelectrolyte in the solution. While titrating, the solution was gently stirred at 300 rpm at 25 ºC 

and atmospheric pressure and the final pH for all experiments was adjusted to pH=8.5.  

 

 

 
Figure 6.3: Fabrication of PAH microcapsules.When CO2 microbubbles nucleate in this solution, the colloidal 

particles of PAH stabilize the micro bubbles via adsorption. 
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   Experimental and theoretical titration curves were in good agreement, which validated the 

experimental procedures.    

   Several 1 M solutions of Na2CO3 with different concentration of PAH (0.1, 1.0, 2.0, 3.0, 7.0, 

15.0, and 20.0 g/L) were prepared to analyze PAH concentration effect on final microcapsules 

size. Likewise several solutions of Na2CO3 (0.5, 1.0, 2.0, and 3.0 M) were prepared to analyze 

the effect of Na2CO3 concentration on final capsule size. A schematic of this process is shown in 

Figure 6.3. 

   Bilayer microcapsules were fabricated by adsorbing PSS onto the FITC-PAH stained PAH 

microcapsule. The concentration of PAH solutions was kept at 0.5 g/L and the concentrations of 

PSS solution were set to be 0.5, 1.0 and 2.0 g/L, respectively. The pH of PSS solutions and PAH 

solutions respectively, was adjusted to pH=8.5. Then the PAH microcapsule solution was added 

slowly to the PSS solution stirring at 300 rpm for more than 5 min to guarantee adsorption of 

PSS to the PAH microcapsule surface. Then it followed titration of the solution until this 

solution was stabilized at pH of 7.0. 

   Size measurements on PAH and PAH/PSS microcapsules were performed 2 hours after 

microcapsules were synthesized to allow for microcapsules to achieve its equilibrium size.  The 

time evolution of microcapsule size was also measured during standing time. The microcapsule 

size was obtained by processing several bright field images of microcapsules in several focused 

planes inside a solution using an inverted microscope system. The electrical properties of PAH 

and PAH/PSS microcapsules were evaluated by measuring zeta potentials. FTIR-ATR spectra for 

PAH microcapsules and PAH/PSS bilayer microcapsules in Na2CO3 solutions were measured. 

   Transmission and epifluorescense images were obtained and analyzed using an inverted 

microscope system (Eclipse Ti-E, Nikon Corporation, Tokyo, Japan). The zeta potential 

measuremnt was performed using a zeta potential analyser (ZEECOM, Microtec Corporation, 

Chiba, Japan). The FTIR measurement was performed using an FTIR spectrometer (Nicolet 6700 

FTIR, Thermo Scientific, US) with a diamond attenuated total reflectance (ATR) smart 

accessory. 

4. Results and Discussion 

   4.1 Fabrication of hollow PAH microcapsules:  

  Figure 6.4 shows the bright field and epifluorescent images of hollow PAH microcapsules. 

These images clearly show microspheres and the epifluorescent image shows PAH adsorbed on 

the microspheres. These images confirmed that the generated CO2 microbubbles were covered 

with the aggregates of R-NHCOO
-
 and R-NH3

+
.  
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Figure 6.4: Hollow PAH microcapsules. For a concentration of PLA, cPLA = 1g/l in a 0.05 M Na2CO3aq solution, it is 

seen (to the left) a fluorescent image of hollow PAH microcapsules, and (to the right) its corresponding bright field 

image. 

 

   Furthermore, the average diameter of the fabricated microcapsules was about 1 µm. Even more 

interesting is the fact that before some bubbles coalesced, these were covered with the aggregate. 

By adjusting the concentration and diffusivity of the aggregates, the diameter could be controlled.  

 

   4.2 Size control of hollow PAH microcapsules: 

Figure 6.5 shows the effect of standing time on the mean radius of hollow PAH 

microcapsules for two different PAH concentrations, cPAH=1 and 3 g/L. The time was set as t=0 

when the pH of the solutions decreased down to 8.5. Before t=0, because CO2 gas was generated, 

the bubbles expanded and the colloidal particles of PAH were accumulated on the surface of the 

bubbles. Once CO2 bubbles are nucleated in the solution, CO2 bubbles should grow due to either 

the coalescence of bubbles or the heterogeneous nucleation of CO2 gas at the surface of the 

bubbles because the solution is oversaturated with CO2 and bubbles in the bulk solutions are 

unstable and there is no equilibrium radius. After t=0, because CO2 gas was no longer generated, 

the bubbles remained the same or shrunk due to the leakage of CO2 gas. At t = 0, if CO2 bubbles 

are covered with the colloidal particles of PAH, the bubbles will survive. However, if not, the 

bubbles will disappear soon.  

Furthermore, it takes about 1 hour before reaching the final radius of bubbles, suggesting 

that it takes about 1 hour before forming a continuous layer of PAH on the surface of CO 2 

bubbles.  
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Figure 6.5: Effect of standing time on the mean radius of hollow PAH microcapsules for two different PAH 

concentrations, cPAH=1 and 3 g/L. The pH of the solutions was 8.5. 

 

 

Figure 6.6: Radius distribution (PDF) of the hollow PAH microcapsule radius at pH=8.5 (right) and the 

corresponding bright field images of hollow PAH microcapsules (left). The scale bar is 5 m. The PAH concentration 

of the solutions were 0.1, 1.0, 2.0, 3.0, 7.0, and 15.0 g/L, respectively. 

3.5

3.0

2.5

2.0

1.5

1.0

r 
(µ

m
)

2101801501209060300

t (min)

 cPAH = 3 g/L

 cPAH = 1 g/L '



 95 

   Figure 6.5 also shows that the final mean radius increases with increasing PAH concentration 

and the time required for reaching the final mean radius is independent of PAH concentration.  

   Figure 6.6 shows the frequency histogram of microcapsule radius and the representative bright 

field images of microcapsules floating in the solution as a function of PAH concentration. The 

radius of microcapsules in this solution was measured from several bright field images. The 

curves in the graphs show the fitted Gaussian curves.  

   Table 6.1 summarizes the effect of PAH concentration on final capsule size. The mean radius 

of microcapsules and their standard deviation increase with increasing polymer concentration.  

   Figure 6.7 shows the mean radius of microcapsules vs. PAH concentration curves. The curve 

fit on the graph corresponds to a power function of exponent 1/2, making evident the 

proportionality between the mean surface area of microcapsules and PAH concentration. To 

interpret this result, here, the following two assumptions were employed: 

 

(1) PAH colloidal particles are uniform in size, and the number is proportional to PAH 

concentration. 

(2) Total number of nucleated bubbles is the same and independent of PAH concentration, and 

all microbubbles have mean radius. 

 
   If all PAH colloidal particles are adsorbed on microbubbles and the number density on the 

microbubble surface is constant, the mean surface area of microcapsules should be proportional 

to PAH concentration. Furthermore, when PAH concentration is 20 g/L, PAH were sedimented 

from the solution. PAH could no longer be dispersed in the solution as a colloidal form, 

therefore, no capsules were observed. 
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Figure 6.7: The mean radius of hollow PAH microcapsules as a function of PAH concentrations . The pH of 

the solutions was 8.5. 

 

Table 6.1: Measured capsule radius at pH = 8.5 as a function of PAH concentration, cPAH. 

 

PAH conc. 

(g/L) 

Mean radius 

 (μm) 

Standard dev. 

(μm) 

PI 

(%) 

0.1 1.32 0.26 20.41 

1.0 1.77 0.45 25.30 

2.0 1.84 0.55 30.11 

3.0 2.23 0.63 28.40 

7.0 3.21 1.04 32.46 

15.0 4.08 1.62 39.85 

 

 

   To interpret the deviations of capsule size (see Table 6.1), the time course of number density of 

PAH colloidal particles dispersed in the solution should be considered. The number density of 

dispersed PAH colloidal particles decreases as time goes on due to the adsorption on the 

microbubble surface. The change in number density of dispersed PAH colloidal particles 

increases with increasing PAH concentration. Therefore, both of the mean radius and standard 

deviation of PAH microcapsules increase with increasing PAH concentration. 

   Figure 6.8 shows the mean radius of hollow PAH microcapsules as a function of Na2CO3 

concentrations. PAH concentration was kept at 1.0 g/L. The mean radius was independent of 

Na2CO3 concentration, suggesting that the amount of nucleated CO2 bubbles does not affect the 

capsule size. 
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Figure 6.8. The mean radius of hollow PAH microcapsules as a function of Na2CO3 concentrations. PAH 

concentration was 1.0 g/L. 

 

 

Table 6.2: Measured zeta potentials of PAH microcapsules at pH = 9.0, 8.5, and 7.5. 

Type of 

microcapsules 
pH 

Zeta potential 

(mV) 

PAH 9.0 -64.8 

PAH 8.5 21.2 

PAH 7.5 63.9 

 

 

   4.3 PSS layer formation around hollow PAH microcapsules:  

   Once hollow PAH microcapsules are synthesized, if the pH was decreased, colloids disappeared 

from the solution since the concentration of R-NHCOO
-
 decreases and that of R-NH3

+
 increases, 

resulting in nonequimolar particles. Since the pH of 7.0 is required for medical applications, it is 

vital that hollow capsules can be stable at this pH. First, to confirm the electrical properties of PAH 

microcapsules, zeta potential was measured at two different pHs of the solution. Table 6.2 

summarizes the result. The measured velocity profiles of the particles are shown in Appendix 4. 

   The measured zeta potential of PAH microcapsules at pH=8.5 was positive and the value 

increased with decreasing pH. This result suggests that the concentration of R-NHCOO
-
 

decreases and that of R-NH3
+
 increases with a decrease in the pH.

12
 In the aqueous solution with 

CO2, amino group of PAH reacts with CO2 and becomes carbamate ion R-NHCOO
-
. As shown in 

the above graph,  the concentration of R-NH3
+
 is larger than that of R-NHCOO

-
 at pH < 8.5, 
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while the concentration of R-NHCOO
-
 is larger than that of R-NH3

+
 at pH > 8.5.Therefore, a low 

pH is preferable for the sequential adsorption of PSS. However, the solution at pH = 7.5 was 

more transparent than that at pH = 8.5, suggesting that parts of the PAH colloidal particles could 

be decomposed and dissolved in the solution and that parts of the PAH microcapsules could 

disappear. Therefore, if it is desired to adsorb a counter ion to the PAH shell at this pH to form a 

bilayer, it can be done.   

PSS aqueous solutions with concentration of 0.5, 1.0 and 2.0 g/L were also adjusted to pH=8.5. 

Then, the PAH microcapsule solution was uniformly mixed with each of the PSS solutions and thus 

enabling bilayer formation around the CO2 cores. Bilayer microcapsules were synthesized in a 

solution of which mass ratios of PAH and PSS were mPAH:mPSS=1:1, 1:2, and 1:4, respectively. The 

volume ratio was kept constant at 1:1 throughout the experiments. After hollow PAH/PSS bilayer 

microcapsules were synthesized at pH=8.0, the pH of the solution was carefully decreased down to 

pH=7.0 by titrating with HCl. 

   Figure 6.9 shows the bright field and epifluorescent images of hollow PAH/PSS bilayer 

microcapsules at pH=7.0. The mass ratio of PAH and PSS were mPAH:mPSS=1:1, 1:2, and 1:4, 

respectively. In the solution of mPAH:mPSS=1:4, each capsule was independent. 

 However, after decreasing the mass ratio of PAH and PSS, hollow PAH/PSS bilayer 

microcapsules tended to form the aggregates. This result suggests that when the mass ratio of 

PAH and PSS is large, hollow PAH microcapsules are completely covered with PSS and 

independent hollow PAH/PSS bilayer microcapsules can be formed, whereas, if it is small, PSS 

plays a role as a binder to connect several hollow PAH microcapsules and aggregates can be 

formed. To verify the electrical properties of hollow PAH/PSS bilayer microcapsules, the zeta 

potentials were measured for mPAH:mPSS=1:2 at pH=8.5 and 7.0. 
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Figure 6.9: Bright field (left) and epifluorescent (right) images of hollow PAH/PSS bilayer microcapsules. The 

scale bar is 5μm. The mass ratios of PAH and PSS were mPAH:mPSS= 1 : 1 (top), 1 : 2 (middle), and : 4(bottom). The pH 

of the solution was 7.0. 
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   Table 6.3 summarizes the result.   The zeta potential of hollow capsules was changed from 

positive to negative by adding a hollow PAH microcapsule solution into PSS aqueous solution at 

pH=8.5, suggesting that PSS adsorbed on hollow PAH microcapsules. Sequentially, when the pH 

of the solution was decreased to 7.0 by titrating with HCl, the magnitude of zeta potential 

slightly decreased but the value was still negative. 

 

Table 6.3: Measured zeta potentials of PAH/PSS microcapsules at pH = 8.5. 

Type of 

microcapsules 
pH 

Zeta potential 

(mV) 

PAH/PSS 8.5 -92.9 

PAH/PSS 7.0 -83.3 

 

 

 
Figure 6.10: Bilayer Fabrication procedure. (pH = 9) CO2 Microbubbles nucleate in a Na2CO3aq solution and 

will keep growing due to microbubble coalescence or microbubble nucleation at the CO 2 microbubble interface; 

simultaneously, the colloidal PAH starts to stabilize the microbubbles. (pH = 8.5) At this pH the concentration of 

amino group and carbamate group is equimolar and a PAH shell is completely formed around the microbubbles. At 

this pH ζ potential is positive and PSS can be adsorbed to the surface. (pH = 7.0) The bilayer shell is formed and 

the microcapsules can withstand this pH. 

 

   Figure 6.10 shows a complete schematic of the bilayer formation kinetics process. CO2 

microbubbles nucleate and because the solution is oversaturated with CO2, the system is 

unstable, therefore CO2 microbubbles will keep growing until they are completely stabilized by 

PAH colloidal particle. After some time these particles form a PAH shell that entirely wraps the 

bubble preventing its diffusion. A solution of PSS stabilized at pH = 8.5 was made using  the 

procedure shown in Section 3 of this chapter. Both solutions are mixed and PSS adsorbs to the 
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PAH capsule surface. Finally a PSS layer forms and the pH of the solution is reduced to pH = 

7.0. 

   Concerning the stability of PAH/PSS microcapsules, it was found that these could last for 

several weeks. Figure 6.11 shows the FTIR-ATR spectra of 0.05-M aqueous Na2CO3 solutions 

with PAH and with PAH + PSS titrated with 1-M HCl. 128 scans were collected for each 

measurement over the spectral range of 800–1800 cm
-1

 with a resolution of 2 cm
-1

. Daiguji et al
 

14
 performed the FTIR measurements for the PAH microcapsules solution using a FTIR 

spectrometer with a diamond attenuated total reflectance (ATR) smart accessory.  

 

 
Figure 6.11: FTIR-ATR spectra of 0.054 M Na2CO3 aqueous solutions with (left) and without PAH (right) 

titrated with 1 M HCl. The initial concentration of PAH was set to be 1.0 g /l .
 14

 

 

In this work they identified the corresponding band for the amide II and amide III. Since this 

band only appeared at pH 8.9 and 8.0 , it can be derived from the carbamate group. The FTIR-

ATR spectra of the solution without PAH at pH = 8.9 and 8.0 show bicarbonate bands due to 

stretching vibrations of the carbonate groups at 1362 and 1620 cm
-1

. The FTIR-ATR spectra of 

the solutions at pH . 10.9 and 10.0 do not show the bands observed at pH . 8.9 and 8.0. Further, 

the spectra of the solutions with PAH at pH . 8.9 and 8.0 show bands typical for carbamates 

within the range of 1200–1600 cm
-1

.These results confirmed the reaction shown in section 2 of 

this chapter. 

   However Figure 6.12 shows a comparison FTIR-ATR spectra of a solution of pure PAH and 
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that including PSS. The solutions containing PAH at pH = 7.0 and 6.5 were transparent, but 

those solutions that had PSS microcapsules were cloudy at the same pH. The FTIR-ATR spectra, 

Figure 6.14, of the solutions with PAH at 7.0 < pH < 9.0 shows, again, the bands typical for 

carbamates within the range of 1200–1600 cm
-1

.  

   The band around 1500–1600 cm
-1

 is the amide II and is attributed mainly to the distortion 

oscillations of N–H and the stretching oscillations of C–N in the carbamate.
18

 Further, the band 

around 1300 cm
-1

 is the amide III. The band at 1320 cm
-1

 can also be attributed to the carbamate. 

The FTIR-ATR spectra of the solution with PAH at pH = 6.5 shows the bicarbonate bands due to 

the stretching vibrations of the carbonate groups at 1360 and 1622 cm
-1

.
19-21

 

   The FTIR-ATR spectra of the solutions with PAH + PSS show that the bands typical for 

carbamates disappeared. 

 

  
Figure 6.12: FTIR-ATR spectra of bilayer capsules. FTIR-ATR spectra of 0.05-M aqueous Na2CO3 solutions 

with PAH (left) and with PAH + PSS (right) titrated with 1-M HCl. The initial concentrations of PAH and PSS 

were set to be 0.5 and 1.0 g/L, respectively. 

    
    

 This result suggests that R-NHCOO
-
 changes to R-NH3

+
 in aqueous PSS solutions and the 

negative PSS firmly adsorbs on the positive PAH capsule shell. The hollow PAH microcapsules 

were stable in the solution for several hours in a closed bottle, while, the hollow PAH/PSS 

bilayer microcapsules were stable more than a week in the same condition. Because the hollow 

PAH/PSS microcapsules are stable and have a negative charge, the sequential layer formation 
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can be performed in the same way as that in the normal LbL method. 

5. Conclusions 

   The radius of the hollow PAH microcapsules was successfully controlled by changing the PAH 

concentration in an aqueous Na2CO3 solution in the bubble template method. The radius was 

independent of the Na2CO3 concentration. The zeta potential of the hollow PAH microcapsules 

was negative at pH = 9.0 and this value changed to positive above pH = 8.5, and then increased 

with a decrease in the pH. A low pH value was preferable for the sequential adsorption of PSS, 

but if the pH was very low, the hollow PAH microcapsules disappeared since the PAH colloidal 

particles could be decomposed and dissolved in the solution. 

Hollow bilayer PAH/PSS microcapsules were successfully fabricated by adding a hollow 

PAH microcapsule solution to an aqueous PSS solution at pH = 8.5. Nevertheless, the success of 

bilayer fabrication strongly depended on the mass ratio of PAH and PSS. Decreasing the mass 

ratio of PSS yielded irreversible flocculation. The zeta potential of the hollow PAH/PSS 

microcapsules was negative because of the adsorbed PSS. The FTIR-ATR spectra revealed that 

the R-NHCOO
-
 band peak disappeared when PSS adsorbed to the PAH shell, suggesting that 

PSS firmly adsorbed on the hollow PAH microcapsule because of the transformation of R-

NHCOO
-
 to R-NH3

+
. 
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7 
Conclusions 

 

 

 

 
 

 In order to functionalize micro bubbles with a shell in the micrometer size range, a simple technique 

was developed in which hollow biodegradable microcapsules have been fabricated by using micro 

bubbles as a template.  This method was called The Bubble Template Method. In this method, hollow 

microcapsules of poly(lactic acid) (PLA) were fabricated using bubbles. The process consist on the 

nucleation of bubbles inside droplets of a dichloromethane solution of PLA prepared in a continuum 

medium of an aqueous solution of either poly(vinyl alcohol) (PVA) or water. Furthermore two other 

variants of this method were developed to manufacture bigger PLA microcapsules and bilayer 

polyelectrolyte microcapsules that can withstand human pH. This is, three types of hollow 

biodegradable microcapsules made from microbubble templates were successfully manufactured in a 

facile way.  

Regarding hollow PLA microcapsules, the experimental conditions required for the stability of 

the uniformly sized microbubbles inside a droplet of a dichloromethane solution of PLA were 

identified, for which it was theoretically and experimentally found that the equilibrium radius is 

given by Laplace equation. Furthermore, the conditions required for the release of hollow PLA 

microcapsules from the droplet were also elucidated. There exist a required minimum amount of 

microbubbles in order to attain a stable radius. Moreover, size control of the fabricated capsules was 

attained, and it was concluded that in order to attain high uniformity, a low initial concentration of 

PLA, the addition of PVA, and a low molecular weight of PLA is required. At this condition, the 

energy barrier at the liquid-liquid interface is reduced. On the other hand, in order to mass produce 

them, a higher concentration of polymer is required. A higher concentration increases the solubility 
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of air in the system and by enhancing the nucleation process using ultrasound, much more 

microcapsules of uniform size were fabricated.  

As for PAH/PSS (poly-allylamine hydrochloride/ poly-sodium styrene sulfonate) bilayer 

capsules, the success of fabricating a bilayer strongly depends on the mass ratio of PAH and PSS. If 

this ratio is below one, irreversible flocculation is produced. On the basis of the analysis of the zeta 

potentials and Fourier transform infrared-attenuated total reflection (FTIR-ATR) spectra for hollow 

microcapsules of both PAH and PAH/PSS it was understood that it was the transformation of the 

carbamate ion (anion) into the amino ion (cation) in the PSS solutions which allowed the negative 

PSS to firmly adsorbs on the positive PAH capsule shell.  

 



 

 

Future Research 

 

1. PLA microcapsules fabricated using the Bubble template method: 

(1) Better understanding of bubble nucleation and growth in polymer solutions is required. It is 

understood that adding PLA into dichloromethane increases the solubility of Nitrogen in the solution, 

yet we cannot explain the mechanism of bubble growth in the ternary system. Furthermore, the in 

vitro analysis of the acoustic properties of the microcapsules, the degradation kinetics and the 

mechanical characterization (e.g. nano identation) of the capsules must be performed in detail. (2) 

Because of the standing free geometry of hollow capsules, the clarification of their stress-strain 

curves is desirable from the scientific and engineering point of view. Furthermore, current theoretical 

models cannot properly describe the whole stress-strain curves because these are based on the 

important assumption that deformation is completely reversible (which is not). It is important to 

determine these curves, and develop better models. (3) In addition, a new research direction can be 

considered as the appropriate modeling of the dynamics of ultrasound contrast agents is based on a 

modified Rayleigh Plesset equation in which the main assumption is that ultrasound contrast agents 

are surrounded by an infinite fluid and remain spherical until collapse. This view is not accurate 

because it is a poor description of the system considering the space in small blood vessels. (4) Future 

studies should also analyze mass transport through the polymer shell in several flow conditions that 

characterize blood flow in human bodies (vessels, capillaries, blood clots, etc). It is possible to load 

the capsules with hydrophobic drugs, however, the fabrication methods displayed in this thesis can 

be adjusted to load hydrophilic drugs. (5) Furthermore, the shown process can be potentially 

employed for manufacturing inorganic capsules that can serve as acoustic or heat insulator systems.  

2. The Gas/O/W method: 

   (1) Capsules manufactured using the Gas/O/W method must be tested as well to assess the 
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mechanical properties of the capsules as they are intended to be employed as shock absorbers. 

Because of their size and its potential size tailorability over a wider range of sizes, these capsules 

have the great potential to host phase change materials, be employed as bioreactors or as scaffolds 

for cell cultivation. Because of their size, they can also be employed in the food industry and 

cosmetics.  



 

 

Appendix 1 
 

 

1. Bigger bubbles bigger capsules: The Gas/O/W method 

  In the work of Sakurai et al (Sakurai, D.; Molino, J. J.; Daiguji, H.; Takemura, F. Journal of 

Material Chemistry A 2013, 1, 14562-14568) based on the theoretical analysis in Chapter 2, if 

the droplet radius in the CH2Cl2–nitrogen solution is rd = 10 μm and the nitrogen concentration 

of the solution is close to the solubility (c′2 ≈ c′2s), the total nitrogen molar amount inside the 

droplet is about N2 = 2.2 × 10
-8

 μmol. If a single bubble appears inside the droplet of rd = 10 μm 

and N2 = 2.2 × 10
-8

 μmol, the equilibrium radius is 4.8 μm. The smaller radius of 0.96 μm is 

unstable. Now, lets imagine that such a droplet of CH2Cl2–nitrogen solution is located in an 

aqueous medium. If the solution includes bubble nuclei, microbubbles will appear from the 

nuclei. Initially, bubbles with radius of rb ≈ 2γ/p″1 ≈ 2γ/p″01 (= 0.96 μm) may appear because c′2 

≈ c′2s. However, a single bubble (q = 1) or multiple bubbles (e.g. q = 5) of rb = 0.96 μm is 

unstable because dN2/drb < 0. In addition, the N2–rb curve for rd = 10 μm and q = 15 does not 

cross N2 = 2.2 × 10
-8

 μmol, suggesting that there is a limitation on the number of bubbles in a 

droplet. Thus, bubbles grow and/or coalesce, and ultimately become a single bubble of rb = 4.8 

μm, while the nitrogen concentration of the solution decreases below the solubility (c′2 < c′2s). 

According to this analysis, it can be possible that a single bubble is formed in a droplet by 

keeping the CH2Cl2–nitrogen solution in a closed volume. In a real system, dissolution of CH2Cl2 

into the surrounding aqueous medium should be slow enough to form a single bubble without 

appreciable change in size of the droplet. Subsequently, even if the dissolution of CH2Cl2 is 

extremely slow, CH2Cl2 dissolves into the aqueous medium as time goes on, while most of the 

nitrogen stays inside the droplet because CH2Cl2 is miscible with the aqueous medium but the 

solubility of nitrogen in the aqueous medium is much lower than that in CH2Cl2. Furthermore, 
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the dissolution rate of CH2Cl2 is much lower than the relaxation rate needed to achieve bubble–

liquid equilibrium inside the droplet. Thus, it could be considered that a droplet of CH2Cl2–

nitrogen solution is in a closed system at each time step. Under such conditions, if N1 decreases 

(i.e., rd decreases) and N2 stays constant, the final bubble radius, rb, can be estimated by 

substituting q = 1 and N1 = (ηp″01/RT)(4/3)πrb
3
 = (p″1/RT)(4/3)πrb

3
 into equation 9 Specifically, 
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(10) 

The relation of N2 and rb given by equation 10 is also shown in Figure 1. When N2 = 2.2 × 10
-8

 μmol, 

the final bubble radius rb = 6.3 μm. It should be noted that a single bubble in the droplet is 

thermodynamically stable during the entire process of droplet shrinkage, which is shown by an arrow 

in Figure 1. This suggests that a single bubble inside the droplet stays stable during the following 

fabrication procedure. 

 

Figure 1: Total molar amount of nitrogen in a closed volume of CH2Cl2–nitrogen solution including a single 

(q = 1) or multiple (q > 1) nitrogen bubble vs. bubble radius (N2–rb) curves for an effective droplet radius rd = 

5–10 μm.
1
 

 

Figure 2 shows a schematic diagram of the proposed fabrication method of hollow PLA 

microcapsules (gas/O/W method). Here, a CH2Cl2 solution of PLA is used instead of pure CH2Cl2. 

Droplets of CH2Cl2 solution of a PLA–air solution are distributed in a continuous aqueous solution. 

With time, CH2Cl2 diffuses into the surrounding aqueous solution and a single air bubble is covered 

with PLA. If uniformly sized droplets of CH2Cl2 solution of PLA containing the same amount of air 

(more than the minimum amount of air is required for bubble stability) were distributed in the 

aqueous medium, uniformly sized hollow PLA microcapsules can be produced. 
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Figure 2: Schematic diagrams of two different fabrication methods of hollow PLA microcapsules: (a) gas/O/W 

method and (b) bubble template method.
1
 

 

Figures 3a and 3b show the procedures for two different fabrication methods of hollow PLA 

microcapsules: (a) the gas/O/W method and (b) the bubble template method, respectively. In the 

gas/O/W method, a droplet of CH2Cl2 solution of PLA (300 kDa) was formed in an aqueous solution 

of CH2Cl2 [Figure 3a (left)]. The initial concentration of PLA was 10 g L
-1

 and the initial 

concentration of air in the solution was close to the solubility at atmospheric pressure (c′2 ≈ c′2s).  

In order to visualize the fabricated hollow PLA microcapsules by fluorescence imaging, Nile Red 

was also dissolved in the CH2Cl2 solution of PLA; the color of the droplets was pink. The solution 

was sonicated for 10 s using an ultrasound bath. Microbubbles were generated in a droplet of CH2Cl2 

solution of PLA, and the droplet changed from transparent to cloudy [Figure3a (center)]. 

 
 

Figure 3: Procedures of two different fabrication methods of hollow PLA microcapsules: (a) gas/O/W method and 

(b) bubble template method.
1
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The average radius of the microbubble was about 5 μm. Since the droplet size was much larger 

than the bubble size, the system, i.e., the droplet of CH2Cl2–air solution in an aqueous medium, could 

be regarded as an open system and there should be no equilibrium bubble radius. However, the 

bubble radius was quite uniform. Then the droplet and the surrounding aqueous solution were mixed 

using a homogenizer at 3500 rpm for 10 s. A droplet of CH2Cl2 solution of PLA containing 

microbubbles was broken down into micro scale droplets containing a single microbubble or 

multiple microbubble, and they were dispersed in aqueous solution. If the droplet and the 

surrounding aqueous solution were mixed using a homogenizer without sonication, many microscale 

droplets that did not contain any bubbles were produced. 

Figures 4a and 4b show the bright-field and fluorescent images of hollow PLA microcapsules 

fabricated by the gas/O/W method and bubble template method, respectively. Both images have the 

same magnifications. These images clearly show that the size of hollow PLA microcapsules 

fabricated by the gas/O/W method is about one order larger than that of the microcapsules produced 

by the bubble template method. In Figure 4a, most of the microspheres are hollow microcapsules 

with a single internal void, but microspheres containing multiple voids or no void could also be 

observed. 

 
Figure 4: (I) Bright-field and (II) fluorescence microscopy images of hollow PLA microcapsules fabricated by (a) 

gas/O/W method and (b) bubble template method. The scale bar is 10 μm.
1
 

 

Figures 5a and 5b show the radius distributions of hollow PLA microcapsules fabricated by the 

gas/O/W method and bubble template methods, respectively. For the microcapsules fabricated by 

the gas/O/W method, the mean values (m), standard deviations (σ), and polydispersity indices (PI 

= standard deviation/mean) of the outer and inner radii are (m = 5.49 μm, σ = 2.14 μm, and PI = 

39.0%) and (m = 2.35 μm, σ = 0.93 μm, and PI = 39.6%), respectively. For the microcapsules 
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fabricated by the bubble template method, these values are (m = 0.78 μm, σ = 0.060 μm, and PI = 

7.69%) and (m = 0.42 μm, σ = 0.058 μm, and PI = 13.6%), respectively. The PI of hollow PLA 

microcapsules fabricated by the gas/O/W method was larger than that of those produced by the 

bubble template method, indicating lower uniformity of the hollow PLA microcapsules 

fabricated by the gas/O/W method.  

 

Figure 5. Radius distribution of hollow PLA microcapsules fabricated in (a) gas/O/W method and (b) bubble 

template method. 

 

2. Radius distributions of microbubbles in a droplet of CH2Cl2 solution of PLA in the 

Gas/O/W method 

   Figure 6 shows a bright-field image of microbubbles inside a droplet of CH2Cl2 solution of 

PLA (300 kDa) when the initial concentration of PLA in CH2Cl2 was 10 g L
-1

. The central part of 

a droplet was observed just after sonication as shown in  Figure 3a (center). The bubble size was 

quite uniform and did not change considerably during the observation. 



 114 

 

Figure 6:  Bright-field image of microbubbles inside a droplet of CH2Cl2 solution of PLA (300 kDa). The initial 

concentration of PLA in CH2Cl2 was 10 g L
-1

. 
1
 

 

   Figure 7 shows the radius distributions of microbubbles in a droplet of CH2Cl2 solution of PLA 

(300 kDa). The initial concentrations of PLA in CH2Cl2 were 5, 10, and 20 g L
-1

. The mean 

values (m), standard deviations (σ), and polydispersity indices (PI = standard deviation/mean) of 

the bubble radius for the initial concentrations of 5, 10, and 20 g L
-1

 were (m = 3.78 μm, σ = 1.23 

μm, and PI = 32.5%), (m = 4.23 μm, σ = 1.26 μm, and PI = 29.8%), and (m = 6.34 μm, σ = 2.63 

μm, PI = 41.5%), respectively. As the initial concentration of PLA increased, the size increased 

and the uniformity deteriorated. 

 

Figure 7: Radius distributions of microbubbles in a droplet of CH2Cl2 solution of PLA (300 kDa). The initial 

concentrations of PLA in CH2Cl2 were 5, 10, and 20 g L
-1

.
1
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3. The condition for constant 𝒅𝒓𝒅 𝒅𝒕⁄   

   If the dissolution of the PVA aqueous solution into methylene chloride is negligible, the dissolution 

rate of the a spherical methylene chloride droplet into the surrounding PVA aqueous solution, 1m , 

can be expressed as follows: 

 

dt

dr
Scm d

d11  , (1) 

 

where c1 is the concentration of methylene chloride inside the droplet, and rd is the radius of the 

droplet. By using the mass flux of methylene chloride from the surface of a spherical droplet into the 

surrounding PVA aqueous solution, J1, 1m  can also be expressed as follows: 

 

1d1 JSm  , (2) 

 

where Sd is the surface area of a methylene chloride droplet. From eqs. a17 and a18, dtdrd
 can be 

expressed as follow: 

 

1

1d

c

J

dt

dr
 , (3) 

If J1 is constant, that is, the dissolution rate of methylene chloride is restricted by the surface area of 

a droplet and is not restricted by the diffusion in the PVA aqueous solution, dtdrd
 remains 

constant.
2
 

 

4. Measurements of the external and internal radii  

A 60x water immersion lens that has a depth of field of 0.4 μm was employed. The focusing 

plane is the plane at which the measurements were made. This plane was intended to be at the middle 

of the microcapsules. This plane is located at a height z = 0 μm. Thus, planes located between -0.2 

μm  ≤ z ≤ 0.2 μm, are in focus. 

Several planes above and below the focusing plane for a single microcapsule were analyzed. 

Figure 8 shows the sequential micrographs of the same microcapsule taken at different planes. Notice 

that the micrographs that lie within -0.2 μm  ≤ z ≤ 0.2 μm are exactly the same image. As we deviate 

from this range, error in the measured data increases as well. 
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Figure 8: Sequential micrographs of a hollow microcapsule taken at different planes. Micrograph #6 is the plane of 

focus. The scale bar is 2 µm long. 

 

In the images and distributions shown, small number of microcapsules is located outside of the 

depth of field. Even if the center of capsules was located below or above the focusing plane, the error 

was about 0.1 µm. However, the number of capsules outside the depth of field was negligible 

compared to the population located within the depth of field. Thus the measured average radius was 

unaffected by the errors in measurements made on those capsules that were out of focus. 
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Appendix 2 
 

 

1. Measurement of interfacial tensions 

   Interfacial tension measurements were performed via the pendant drop method using the Drop 

Master Series DM-501 (Kyowa Interface Science, Japan). Dichloromethane drops with or without 2 

g/L PLA were formed in either pure water or a 2% (w/w) PVA aqueous solution. The interfacial 

tension values were determined from at least 5 independently formed drops. The volume of the drops 

was constant and the interfacial tension was monitored for at least 12 min. The temperature of the 

experiments was 298 K. As shown in Figure A1, the sizes of the droplets were kept at 17, 16, 10, and 

8 μL for the dichloromethane–water (CH2Cl2–H2O), 2 g L
-1

 PLA (2kDa) dichloromethane solution–

water (CH2Cl2+PLA–H2O), dichloromethane–2% (w/w) PVA aqueous solution (CH2Cl2–PVA aq.), 

and 2 g L
-1

 PLA (2kDa) dichloromethane solution–2% (w/w) PVA aqueous solution (CH2Cl2+PLA–

PVA aq.), respectively. The measured initial interfacial tensions were 2.81 × 10
-2

, 2.64 × 10
-2

, 1.94 × 

10
-2

, and 1.89 × 10
-2

 N m
-1

 and the standard deviations were estimated to be 2 × 10
-4

, 2 × 10
-4

, 4 × 

10
-4

, and 7 × 10
-4

 N m
-1

, respectively. The measured interfacial tension decreased as time continued. 

In the cases of CH2Cl2–H2O and CH2Cl2+PLA–H2O, the value decreased almost linearly because 

dichloromethane diffused into the surrounding aqueous medium. In contrast, in the cases of CH2Cl2– 

PVA aq. and CH2Cl2+PLA– PVA aq., the value exponentially decayed in the early stages because 

PVA in the aqueous medium adsorbed onto the droplet surface. These results indicated that the 

addition of PVA reduced the interfacial tension by about 30%, but the effect of PLA on the 

interfacial tension was much smaller than that of PVA. 

   During the measurements of interfacial tension, the size of the droplet was kept constant by forcing 

either dichloromethane or a PLA dichloromethane solution from a microsyringe to compensate for 

the diffusion of these liquids into the surrounding aqueous medium. Without the addition of liquid,  
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Figure 1: Time courses of interfacial tension, γ (left) and droplet volume of either dichloromethane or 2 g L
-1

 PLA 

(2 kDa) dichloromethane solution, v (right). The surrounding aqueous medium is either water or 2% (w/w) PVA 

aqueous solution. 

 

the size of the droplet decreased as time went on due to diffusion. 

   Figure 2 shows the time course of the droplet volume; the volume of the droplet decreased almost 

linearly. The measured volume reduction rates of the droplet were 5.12 × 10
-2

, 3.31 × 10
-2

, 5.51 × 10
-

3
, and 2.40 × 10

-3
 μL s

-1 
for CH2Cl2–H2O, CH2Cl2+PLA–H2O, CH2Cl2–PVA aq., and CH2Cl2+PLA–

PVA aq., respectively. This result indicates that the volume reduction rate decreased by 35.4% in 

water and 56.4% in the PVA aqueous solution due to the addition of PLA. 

1. Measurement of viscosity 

   Viscosity measurements were performed using a tuning fork vibration viscometer SV-10 (A&D 

Company, Japan). The viscometer was calibrated using pure water. The measured viscosity of 

dichloromethane was 0.43 × 10
-3

 Pa s at 298 K. Figure 3 shows the specific viscosity of PLA 

dicholoromethane solutions as a function of PLA concentration for three different PLA molecular 

weights, 2, 45, and 100 kDa, at 298 K. The specific viscosity is defined as   00sp   , where 

η0 and η were the measured viscosities of dichloromethane and the PLA dichloromethane solution, 

respectively. The curve fit on the graph corresponded to power functions of 
1.14

PLAsp 0.0123 c , 

1.52

PLAsp 0300.0 c , and 
1.62

PLAsp 0.0709 c  for PLA molecular weights of 2, 45, and 100 kDa, 

respectively. The viscosity of the solution increases with increasing PLA concentration and 

molecular weight. 
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Figure 2: Time courses of the droplet volume of either dichloromethane or a 2 g L
-1

 PLA (2 kDa) dichloromethane 

solution, v, without the addition of liquid. The surrounding aqueous medium is either water or a 2% (w/w) PVA 

aqueous solution. 

 

Figure 3: Specific viscosity of the PLA dicholoromethane solutions, ηsp, as a function of the PLA concentration, 

cPLA. 

 



 

 

Appendix 3 
 

 

1. The Effect of EtOH on the bubble and capsule size 

The inclusion of EtOH in the PLA polymer solution enhanced bubble nucleation. As the 

concentration of EtOH increased, the average microbubble size increased but its uniformity 

decreased. The presence of a higher volatile component yielded to the continuous nucleation and 

growth of microbubbles.
1,2

 This can be observed from left panels of Figure 1. This suggests that 

the theoretical model of bubble stability and equilibrium bubble radius cannot be used when 

EtOH is added because the system no longer can be regarded in the equilibrium state and the 

nucleation of EtOH have to be considered explicitly. Hollow PLA microcapsules created using 

EtOH have low uniformity. In addition, as the concentration of EtOH increases (i.e. 20% EtOH) 

size distribution deteriorates. This is shown in right panels of Figure 1. The largest hollow PLA 

microcapsules are attained when the concentration of EtOH is 5%. This fabrication condition is 

similar to the fabrication conditions reported in our previous studies  (Daiguji, H.; Takada, S.; 

Molino, J.J.; Takemura, F.;  Journal of Physical Chemistry B, 2009, 113, 15002-15008). Thus, 

increasing the content of volatile solute, which in turn increases the number of nucleated 

microbubbles inside the droplet, does not yield to larger capsules; but rather it yields to smaller 

capsules with deteriorated uniformity.The addition of EtOH to the CH2Cl2 solution of PLA 

reduces the quality of the solvent. Indeed, when EtOH was added to the CH2Cl2 solution of PLA 

slowly, a part of dissolved PLA polymer precipitated. Subsequently, when the solution was 

agitated, the polymer dissolved again. This simple experiment also suggests that the addition of 

EtOH reduces the quality of the solvent. When adding EtOH, the size of the bubble is larger than 

the size of the wet microcapsule, which is also larger than the final dry microcapsule (rb > rc, wet 

> rc) as reported in the previous section. 
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Figure 1: Radius distributions of nucleated microbubbles (left) and hollow PLA microcapsules (right). The 

concentrations of 5, 10 and 20% volume of EtOH in CH2Cl2 were employed using a PLA of molecular weight of 2 kDa 

and an initial cPLA of 2 g L
-1

. 
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Figure 2: Release of hollow PLA microcapsules from the droplets (a) when ultrasound was applied and (b) when 

20% volume of EtOH was employed. The PLA molecular weight was 2 kDa and the surrounding aqueous medium was 

2% (w/w) PVA aqueous solution in both cases. The scale bar is 50 μm long. 

 

2. Shrunken and Bridged microcapsules  

The analysis of the experimental results suggested that shrinkage was a two-stage process. 

The first stage happened as the bubble crossed the liquid-liquid interface (top and middle of 

Figure 5.2 in Chapter 5), and the second stage happened when the microcapsules were dried 

(middle and bottom, Figure 5.2 in chapter 5). Inside the organic solvent in the first stage, the 

hydrophobic portions of PLA prefer the swollen state to a compact, collapsed state. When the 

polymeric shell of PLA contacts the aqueous phase, the hydrophobic areas of the polymers 

reduce their size to minimize surface exposure and to avoid any inclusion of water. Furthermore, 

because the encapsulated gas is a mixture of air and CH2Cl2 (the volume ratio of air to CH2Cl2 is 

about 0.13
3
), more CH2Cl2 gas diffuses into the surrounding aqueous medium. The capsule 

shrinkage is attributed not only to the shell shrinkage but also to the dissolution of the CH 2Cl2 
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gas into the bulk aqueous medium. Especially when ultrasound was employed, bubble nucleation 

was enhanced, and thus the amount of PLA per bubble could also affect the capsule size. If this 

value was not large enough, the bubble could not be covered with PLA completely, and thus gas 

leakage could take place in the aqueous phase. As for the second stage, it is important to 

understand that the capsule shell is not completely solid. In fact, it is more accurately described 

as a gel state because CH2Cl2 has not been removed completely. Only a very dry/low pressure 

environment or heating will completely remove CH2Cl2 from the shell structure. In the end, the 

fabricated hollow PLA capsules become smaller than the template bubbles, and the dried 

capsules are even smaller than the wet ones. Figure 3a shows the FE-SEM images of dried 

hollow PLA microcapsules. 

 

Figure 3: FE-SEM images of hollow PLA microcapsules fabricated using process A from 2 kDa PLA solutions 

with different initial PLA concentrations. (a) cPLA = 2 g L
-1

 and (b) cPLA = 30 g L
-1

. The scale bars represent 1 μm. 

 

Regarding microcapsule bridging, the probability of fabricating bridged capsules increased as 

cPLA increased in process A (diffusion only driven pocess). This can be explained from the fact 

that, in a higher viscosity solution, the energy transferred is greatly damped by the viscous 

medium. Therefore, PLA-coated microbubbles have the opportunity to agglomerate at the 

interface. Furthermore, as solvent diffusion took place, a highly viscous layer of PLA solution 

was formed close to the liquid-liquid interface. This layer has completely different rheological 
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properties compared to the bulk solution.
4–6

 De Gennes
7
 provided a theoretical discussion of this 

layer, which was considered an elastic layer in the sol-gel transition. Therefore, the outermost 

part of this layer can solidify into a solid skin at the liquid-liquid interface. The initial cPLA is an 

important parameter, as it determines the time required to achieve such a solid skin, which also 

increases the opportunity to form agglomerated capsules at the interface. When a sufficiently 

strong energy can be transferred to the agglomerated capsules, they are released and become 

bridged capsules, as confirmed in Figure 3.b. 

Another scenario for the formation of bridged capsules is that the PLA polymer solidifies around 

the bubble and the PLA-covered bubbles agglomerate inside a CH2Cl2 droplet. This happens 

frequently, when the PLA concentration is high and EtOH is added. The addition of EtOH to the 

CH2Cl2 solution of PLA reduced the quality of the solvent. Indeed, when EtOH was added to the 

CH2Cl2 solution of PLA slowly, part of the dissolved PLA polymer precipitated. Subsequently, when 

the solution was agitated, the polymer dissolved. This simple experiment also suggests that the 

addition of EtOH reduced the quality of the solvent. The addition of EtOH could segregate PLA to 

the bubble surface. Figure 4 shows bridged microcapsules inside a CH2Cl2 droplet. Microcapsules of 

non-spherical shape retained those shapes inside the polymer solution during the entire period of 

experimental observation. This phenomenon occurred not only when EtOH was employed but also in 

processes A and B. 

 

Figure 4: Bridged microcapsules inside a CH2Cl2 droplet. The capsules kept their shapes (deformed and bridged) 

throughout the entire observation time (20 min). The PLA molecular weight was 2 kDa, the surrounding aqueous 

medium was 2% (w/w) PVA aqueous solution, cPLA = 30 g L
-1

, and 5% (v/v) EtOH. The scale bar represents 25 μm. 
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Appendix 4 
 

 

1. Titration Curves and Velocity Profiles at different pH 

   Several 0.05-M solutions of Na2CO3 with different concentrations of PAH (0.1, 1.0, 2.0, 3.0, 

7.0, 15.0, and 20.0 g/L) were prepared to analyze the effect of the PAH concentration on the 

final microcapsule size. Some titration curves for the different concentration of PAH are shown 

in Figure 4.8. As it is seen experimental results agreed with the theoretical titration curves. 

Likewise, several solutions of Na2CO3 (0.0125, 0.025, 0.05, 0.10, and 0.15 M) were prepared to 

analyze the effect of the Na2CO3 concentration on the final capsule size. 

 

 

Figure 1: Titration curves. Measured and calculated titration curves of 100 ml of 0.054 M Na2CO3 aqueous 

solution with a concentration of PAH, cPAH = 0.1, 1.0, 2.0, and 3.0 . 
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Figure A10 shows the velocity profile of the microcapsules inside the electrophoretic cell at 

different pH. The measured zeta potential of the PAH microcapsules at pH = 9.0 was negative, 

and this value changed to positive, and then increased with a decrease in the pH. This result 

suggests that the concentration of R-NHCOO
-
 decreases and that of R-NH3

+
 increases with a 

decrease in the pH. 

 

 

 

Figure 2: PAH microcapsules velocity profile at different pH At low pH zeta potential is positive, whereas at 

high pH it is negative. 
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Nomenclature  
 

 

In order of appearance here it is the list of nomenclatures employed through this thesis: 

1. Φ  scattering section, azimuth angle 

2. R  radius of the scatterer 

3. λ  wavelength 

4. k  2π/λ is the wave number 

5. ks   compressibility of the scatterer 

6. K   compressibility of the continuous phase 

7. ρs  density of the scatterer 

8. ρ  density of the continuous phase 

9. ΔP  pressure difference 

10. Pb  blood pressure 

11. Pd  drop pressure 

12. 𝛾,σ  surface tension 

13. L  Ostwald coefficient 

14. Dw   diffusivity of the gas in water 

15. f  ratio of gas concentration in the bulk to saturation 

16. Rshell Resistance of the shell to the encapsulated gas permeation 

17. PI, CV polydispersivity index, coefficient of variation. 

18. G  Gibbs energy 

19. T  Temperature  

20. p   pressure  

21. Nk  moles of the k
th

 component 

22. F   Helmholtz free energy  

23. 𝜈0  specific volume of the pure liquid 

24.         subscript for the initial value, the liq., the gas and the polymer substance respectively 

25.       prime and double prime for the liquid and gas phase respectively. 

26. 𝑐2𝑠  saturation concentration of the gas 

27.  2
    chemical potential of the pure gas in the gas phase 

28.  2
   chemical potential of the gas in the liquid phase 

29.   
    chemical potential of the pure liquif in the gas phase 

30.   
   chemical potential of the liquid in the liquid phase 

31. 𝑝 0
    saturation vapor pressure of the pure liquid 

32. 𝐾𝐻 𝐻 Henry constant 

33. R  Universal gas constant 

34. c   concentration  
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35. V  volume 

36. q  amount of nucleated bubbles  

37. rb  radius of the bubble 

38. N2  total amount of moles of Nitrogen 

39.    
   𝑐    the equilibrium area density of PLA on the surface of the bubbles 

40.      total surface area of bubbles and microcapsules 

41.      total volume of bubbles and capsules 

42.  ̅    average area density of PLA at the surface of the bubbles 

43. cPLA initial concentration of PLA 

44. E0  the energy required by a single bubble to pass through the interface 

45. N  total number of nucleated bubbles 

46. η  kinematic viscosity 

47. θ  inclination angle 

48. χ  mole fraction of the dissolved gas in the liquid 
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