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1-1 Research background  

In the past decades, polymer micro/nano particles have been considered as one of the most 

attractive research areas among the materials research community since they can be used in a wide 

range of applications (1-5), via various fabrication methods (6-9). Depending on the particular application, 

polymer particles have been created to achieve desired properties by having the fabrication methods as 

a vital tool. Various fabrication methods for polymer micro/nano-sized particles are shown in Fig.1-1, 

which could be classified in to two groups namely the fabrication method that derives directly from 

monomer via classical polymerization such as, emulsion, interfacial, and controlled/living radical etc., 

and the one that is from preformed polymer such as, solvent evaporation, salting-out, dialysis and 

supercritical fluid technology, etc (8). 

1-2 Fabrication methods of polymer micro/nano particles 

 

Fig. 1-1 Schematic diagram of various techniques for the preparation of polymer particles (cited and 

partially modified from ref. 8). 
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1-2-1  Fabrication methods of polymer particles from monomer 

In these fabrication methods, polymer particles are created from monomers via polymerization 

process. The desired properties for each particular application are desired by the selection of suitable 

polymer as well as adjusting polymerization operating conditions. The major methods currently in use 

are discussed as following.  

Emulsion polymerization 

Fig. 1-2 Schematic diagram of emulsion polymerization for the preparation of polymer particles (cited 

and partially modified from ref. 10). 

Emulsion polymerization is one of the most common method, using water as dispersion 

medium which is considered as environmentally friendly (see Fig. 1-2). This method can be classified 

to be main two types namely conventional and surfactant-free emulsion polymerization. In conventional 

emulsion polymerization, a monomer of lower water soluble is polymerized with initiator and surfactant 

in water. The common polymers used in convention emulsion polymerization method are styrene, 

methyl methacrylate, etc., by having potassium persulfate and sodium dodecyl sulfate as a general 

imitator and surfactant, respectively (8), (11). Since the surfactant used in conventional emulsion 

polymerization is difficult to completely remove and it is a time-consuming process, surfactant-free 
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emulsion polymerization has been proposed to fabricate polymer particles without any required 

surfactant (12). Common monomers used in this surfactant-free method are vinyl and acryl monomers 

with potassium persulfate and ammonium persulfate as common initiators (8), (13). 

Miniemulsion polymerization

Fig. 1-3 Schematic diagram of miniemulsion polymerization for the preparation of polymer particles 

(cited and partially modified from ref. 14).  

The typical substrates of mini/micro emulsion polymerization are the same with conventional 

emulsion polymerization, namely water, monomer mixture, surfactant, and initiator. The crucial 

differences of these two methods are the using a low molecular mass compound as the co-stabilizer and 

the using of a high-shear in mini/micro emulsion polymerization.  Hexadecane and cetyl alcohol are the 

most common co-stabilizers in publications (15). In this method (see Fig 1-3), the solution of surfactant 

in water is mixed with the co-stabilizer which is dissolved in the monomers under stirring. Then, the 

mixture is homogenized (normally by rotor-stator systems, sonifers or high-pressure homogenizers) to 

form the miniemulsion. The growing of each polymer droplet dominates through nucleation during 

polymerization and considered as a mini reactor which is different from the growing of polymer 

particles driven by the monomer mass transfer between discrete droplets in emulsion polymerization. 
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Microemulsion polymerization 

Fig. 1-4 Schematic diagram of microemulsion polymerization for the preparation of polymer particles 

(cited and partially modified from ref. 8, 16).  

Microemulsion and emulsion polymerization seem to be very similar method which both can 

be fabricated polymer particles of high molar mass. However, particle size and the average number of 

chains per particle obtained from microemulsion are considerably smaller than emulsion polymerization. 

(17). Another key difference between these two processes is the amount of surfactant consumption in 

microemulsion is significantly larger for the formation of microemulsion droplets with fast nucleation 

and to stabilize latex particles.  However, the remaining of surfactant in polymer particles is the key 

drawback of microemulsion method, thus, two main approaches have been recently reported to 

overcome this problem.  The first one is the using surfactants that are able to solubilize large amounts 

of monomer, while, another employs the increase amount of polymer produced for a given amount of 

surfactant (18). In this method, an initiator is added to the aqueous phase of a thermodynamically stable 

microemulsion containing swollen micelles where the polymerization starts from (see Fig.1-4).  

Interfacial polymerization 

This method involves the polymerization at the interface of two immiscible phases namely 

continuous- and dispersed-phase (see Fig. 1-5).  Generally, two highly reactive monomers dissolved in 

each phase are polymerized by polycondensation reaction when they come in contact with each other 

at the interface (19).  Since the polymerization reaction is confined to the interface, higher molecular 

weights can be achieved at mild reaction conditions because reactants are expected to encounter the 

growing polymer chain instead of other monomers (20). 
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Fig. 1-5 Schematic diagram of interfacial polymerization polymerization for the preparation of polymer 

particles (cited and partially modified from ref. 19, 21).  

Controlled/living radical polymerization (C/LRP) 

Fast radical-radical termination reactions seem to be the key limitations of radical 

polymerization. This results in difficult problems of molar mass and molar mass distribution control in 

conventional radical polymerization (19). C/LRP method has been proposed to solve this problem via 

three approaches namely nitroxide-mediated polymerization (NMP), atom transfer radical 

polymerization (ATRP) and reversible addition and fragmentation transfer chain polymerization 

(RAFT) (22). By this method, the structure and composition of polymer chains could be controlled which 

is expected to open a new potential in a wide range of applications. However, the remaining of residual 

control agents are the drawback of this method raising the concerns about color, odor, stability, and 

environmental legislative compliance (8). 

1-2-2 Fabrication methods of polymer particles from preformed polymer 

In these fabrication methods, polymer particles are derived from preformed polymer by 

miscellaneous techniques. However, these methods shared one specific principle in common which is 

polymer precipitation. This can be obtained by adding poor solvent or decreasing polymer solubility in 

a solvent (23). The major methods currently in use are discussed as following. 
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Solvent evaporation  

Fig. 1-6 Schematic description of solvent evaporation method for preparation of polymer particles 

(cited and partially modified from ref. 24). 

Solvent evaporation is one of the most common fabrication methods for polymer particles. It 

has been applied extensively in pharmaceutical application for various purposes such as controlled drug 

delivery and protection of drug degradation (25). As can be seen in Fig 1-6, polymer is dissolved and 

disperses in volatile organic solvent such as dichloromethane, chloroform, and ethyl acetate. Then, 

emulsions are formulated by adding organic phase to the aqueous phase with the presence of surfactant. 

The organic phase and the aqueous phase are mixed by high-speed homogenization or ultrasonication, 

which results in the formation of a stable emulsion (26). The solvent is then evaporated by continuous 

magnetic stirring at room temperature, room temperature with vacuum or at high temperature to obtain 

polymer particle suspension. Afterwards, polymer particles can be collected by centrifugation and 

washed with distilled water. 

Precipitation 

Precipitation method is also known as interfacial deposition or solvent displacement method. 

The basic principal of this technique bases on the decrease of interfacial tension between the two phases, 

which increases the surface area which induces the forming of small droplets of organic solvent (27). As 
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shown in Fig. 1-7, Polymer is initially dissolved in a good solvent (the solvent that has solubility 

parameter closely matches to polymer) and then mixed with a poor solvent, which is miscible with the 

good solvent. The solution gradually shifts to the poor solvent since the evaporation of the good solvent, 

when the polymer precipitates as polymer particles and disperses in the poor solvent (28). Due to this 

reason, boiling point of a good solvent should be lower than that of the poor solvent. The solvents that 

most frequently use as a good solvent in this method are ethanol, acetone, hexane, methylene chloride 

or dioxane, while the most common poor solvent is water. 

Fig. 1-7 Schematic description of precipitation method for preparation of polymer particles (cited and 

partially modified from ref. 28). 

Salting out 

Fig. 1-8 Schematic description of salting out method for preparation of polymer particles (cited and 

partially modified from ref. 29). 
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This method modifies from the conventional method which generally requires chlorinated 

solvent, which is considered as hazardous to the environment as well as human health. As shown in Fig 

1-8, polymer is dissolved in the organic solvent which is miscible with water such as tetrahydrofuran 

(THF) and acetone. Then, this solution is mixed with the aqueous solution containing of surfactant and 

saturated solution of electrolyte, by continuous stirring. According to the miscibility of the aqueous 

phase with the organic phase, the formation of an emulsion can be achieved. With excess of water, the 

diffusion of organic solvent into the aqueous phase by a reverse salting out effect takes place, which 

leads to the formation of polymer particles. Finally, the polymer particles are purified to remove 

electrolytes by centrifugation process (29), (30).  

Dialysis 

Dialysis is another well-known method for polymer particles fabrication which is quite similar 

to the precipitation method mentioned previously (see in Fig. 1-9). The only different is that the polymer 

with dissolved in the water-miscible organic solvent (good solvent) is placed inside a dialysis membrane 

which is then put into water (26). The organic solvent diffuses to the water phase through the dialysis 

membrane resulting in a loss of polymer solubility, and subsequent formation of polymer particles (31). 

Fig. 1-9 Schematic description of dialysis method for preparation of polymer particles (cited and 

partially modified from ref. 32). 

Supercritical solution 

In this method, polymer is dissolved in the supercritical fluid without any organic solvents 

which is recognized as more environmental friendly method (see Fig. 1-10). Then, this solution is 
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immediately depressurized through capillary nozzle to the ambient pressure. This leads to the polymer 

precipitation since the solubility difference of the polymer in supercritical fluids at high and low 

pressures, respectively (33). 

Fig. 1-10 Schematic description of supercritical solution method for preparation of polymer particles 

(cited and partially modified from ref. 32, 33). 

1-3 Current fabrication methods of polymer micro/nano discs 

Since their unique properties, there are a significant number of researches that have addressed 

the fabrication method of polymer discs. These methods can be broadly classified into two main 

categories namely bottom-up methods and top-down methods (see Fig. 1-11). 

1-3-1 Bottom-up methods 

Bottom-up method generally refers to the process that starts from smaller building blocks such 

as monomer or block copolymer to be polymer discs. The key bottom-up methods include of seeded 

dispersion polymerization (34), electrosprayed synthesis (35), and phase inversion in emulsions (36), 

disassembling of stacked block copolymer particles (37), (38). 
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Fig. 1-11 Schematic diagram of fabrication methods of polymer micro/nano discs.  

Seeded dispersion polymerization 

Fig. 1-12 Schematic description of seeded dispersion polymerization for preparation of polymer discs 

(cited and partially modified from ref. 34). 
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In this method, polystyrene (PS) seed particles in methanol/water was used as a media with the 

presence of droplets of various saturated hydrocarbon (see Fig. 1-12). These hydrocarbons are selected 

to be predominantly absorbed by the domain comprising the second polymer, 2-ethylhexyl methacrylate 

(EHMA). The evaporation of the solvent after polymerization encourages the significant volume 

reduction of the phase comprising the second polymer and the solvent.  Hamburger-like morphology 

was observed to as metastable before evaporation of the hydrocarbon before converting to be disc-like  

shapes (34).   

Electrosprayed synthesis 

Electrospraying based on electrospinning (see Fig. 1–13), generally using for fabrication 

polymer fiber, has potential for the fabrication of disc like particles. A polymer solution is forced to 

pass through a small nozzle under the electric field. The formation of an electrified jet induces by the 

electrostatic charge on the surface of a liquid droplet. In cellulose derivatives, the crystal structure of 

the cellulose results in the formation of the sheet structure. This sheet structure might become discoid 

and dent in its center because of electrostatic repulsions between the surface charge and the resistance 

undergone during the moving from needle to collector (34). 

Fig. 1-13 Schematic description of electrosprayed synthesis for preparation of polymer discs (cited 

and partially modified from ref. 35). 
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Disassembling of stacked block copolymer particles 

Fig. 1-14  Schematic description of disassembling disc-stacked particles (DSPs) of a deblock 

copolymer for preparation of polymer discs; a) disc-stacked particles of PS- b -P4VP diblock 

copolymer; (b) P4VP/PS/P4VP sandwiched nanodiscs; (c) crosslinking both the top and bottom P4VP 

layers; (d) Janus nanodiscs (cited and partially modified from ref. 38). 

In this method, disc-stacked particles (DSPs) of PS- b -P4VP diblock copolymer is dissembled 

by emulsion droplet confined self-assembly (see Fig. 1–14a). By using selective solvent of poly(4-vinyl 

pyridine) (P4VP), the DSPs are partially disassembled into P4VP/PS/P4VP sandwiched nanodiscs (see 

Fig. 1-14b). Then, both top and bottom layers of these sandwiched nanodiscs are crosslinked with 1, 5-

diiodopentane (DIP), turning to be positive charged (see Fig. 1–14c). Finally, chloroform is used to 

disassemble the crosslinked sandwiched nanodiscs into two isolated nanodiscs eventually (see Fig. 1-

14d) (38).  

Phase inversion in emulsions 

Fig. 1-15 Schematic description of phase inversion in emulsions for preparation of polymer discs (cited 

and partially modified from ref. 36).  
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In this method, phase inversion from water-in-oil (W/O) to oil-in-water (O/W) emulsions is 

utilized to fabricate non-spherical particles (e.g., disc-like particles) by generating inhomogeneous 

distribution of polymers within the oil droplets (see Fig. 1-15). To achieve such an inhomogeneous 

distribution, a mixed solvent comprising good and poor solvents as the oil phase of the O/W emulsion 

for the polymer is used. The addition of water induces phase separation which is required for the phase 

inversion from W/O to O/W emulsions (36).  

1-3-2 Top-down methods 

On the other hand, top-down methods generally refers to the process that polymer is thermal or 

mechanical deformed, or template-assisted processed, such as stretching a film with embedded polymer 

spheres (39), blown film process (40), stirring of particles suspension (41), direct lithography (42), and 

particle replication in non-wetting templates (PRINT) (43) and thermal fusion of particles adsorbed onto 

a patterned substrate (44), (45).   

Stretching a film with embedded polymer spheres 

 This method is considered as the well-known method for fabrication various shapes of particles 

including polymer discs since its simplicity. First, spherical polymer particles are put in polymer 

mixture which is normally polyvinyl alcohol (PVA) with small amount of plasticizer such as glycerol.  

This polymer mixture is casted as film by drying and then stretched with heat (see Fig. 1–16) (39). 

Fig. 1–16 Schematic description of stretching a film with embedded polymer spheres for preparation of 

polymer discs (cited and partially modified from ref. 39). 
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Blown film process 

Fig. 1-17 Schematic description of blown film process for preparation of polymer discs (cited and 

partially modified from ref. 40). 

This method is utilized the same principal with film stretching method mentioned in previous 

section. The key difference of these two methods is that in blown film process air is used to stretch cast 

film with embedded polymers instead of using stretcher (see Fig. 1-17). Similar to film stretching 

method, a thin composite polymer/PVA film is initially prepared by slowly evaporating the solvent. 

Then, embedded film is mounted to on top of the wide opening of a ceramic filtering funnel, and tightly 

sealed. This mounted film is then immersed into a hot silicon oil bath to soften the film. Air is then 

injected into the system to blow the film into a dome-like shape.  Finally, the film is cooled in air with 

the pressure maintained and dissolved in isopropanol/water to collect polymer discs (40). 

Stirring of particles suspension 

In this method, the high-throughput production of colloidal discs can be achieved via magnetic 

stirring of sulfate-stabilized PS spheres in aqueous solution in the presence of a good organic solvent 

(see Fig. 1-18). This solvent could be whether water-miscible or water-immiscible. In the case of water-

immiscible organic solvents, the aqueous solution with the presence of sulfate-stabilized PS particle is 

mixed with the solvent. Morphology of PS discs could be controlled by magnetic stirring time and speed, 

the stirring bar weight, and the amount of organic solvent (41). 
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Fig. 1-18 Schematic description of stirring of particles suspension for preparation of polymer discs 

(cited and partially modified from ref. 41). 

Direct lithography 

Fig. 1-19 Schematic description of direct lithography for preparation of polymer discs (cited and 

partially modified from ref. 42). 

Lithography is unique model systems that uses for mass-producing exotic colloids 

(LithoParticles). As can be seen in Fig.1-19, this method starts with the spin-coating of polished wafers 

with sacrificial layer of water-soluble polymer. Then, these wafers are then coated with one more layer 

by UV-sensitive photoresist. The thickness of the resist layer can be controlled from about 100 nm to 

many microns with excellent uniformity. Next, lithographic projection exposure system, or “stepper”, 

is used to rapidly expose the photoresist. The mask patterns of letters or other shapes on a photomask 
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is exposed to the coated wafer which causes cross-linking of the polymer resist. Finally, the unexposed 

area is removed followed by the sacrificial layer by water where the particles are lifted completely off 

of the surface into aqueous solution (42). 

Particle replication in non-wetting templates (PRINT) 

Particle replication in non-wetting templates (PRINT) is the method that develop based on a 

soft lithography technique. As can be seen in Fig. 1-20, PRINT mold is initially prepared by 

perfluoropolyether (PFPE) elastomers on silicone master to create patterns. Then, a liquid pre-particle 

material is filled into the cavities of PRINT mold using a roll-to-roll process. These pre-particles are 

solidified through a number of different processes and removed from the mold by bringing the mold in 

contact with an adhesive layer for detachment (43). 

Fig. 1-20 Schematic description of Particle replication in non-wetting templates for preparation of 

polymer discs (cited and partially modified from ref. 44). 

Thermal fusion of particles adsorbed onto a patterned substrate 

In this method, disc-shaped nanosheets is fabricated using patterning process. First, SiO2 is 

patterned with 3 µm disc shaped hydrophobic regions of octadecyltrimethoxysilane/mPEO-SAM 

(ODS/mPEO-SAM) which is immersed into a suspension of the poly(ᴅ,ʟ-lactide-co-glycolide) (PLGA) 

nanoparticles (see Fig. 1-21). After withdrawing from the suspension, the substrate slowly blown off 

with a horizontal N2 and washed with distilled water. This process is repeated for ten times to obtain 

packed pattern of PLGA nanoparticles. Then, the substrate is dried and heated to initiate thermal fusion 
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of the adsorbed PLGA nanoparticles. To obtain freestanding disc-shaped nanosheets, PVA is used to 

detach disc-shaped nanosheets from SiO2 substrate (45), (46).  

Fig. 1–21 Schematic description of thermal fusion of particles adsorbed onto a patterned substrate for 

preparation of polymer discs (cited and partially modified from ref. 46). 

1-4 Applications of polymer micro/nano particles and discs 

As mentioned previously, polymer micro/nano particles, which will be further referred as 

polymer particles, have been used in many applications and in various fields; for example, Painting: 

the using of polymer particles instead of TiO2 particles to prevent the reduction in the luminescent 

intensity in pressure-sensitive paint (47), Printing: the using of polymer particles as a binder for textile 

inkjet printing of cotton fabrics (48), Paper manufacturing: the using of hydrophobic particles with 

different charge for paper surface hydrophobation (frequently referred to as surface sizing) (49), 

Electronics: the using of conducting magnetic nano composite polymer particles for potential 

applications such as energy storage devices, electron field emitters, chemical and biological sensors, 

actuators, etc (50), (51). Energy: the using of microporous polymer particles as a hydrogen storage (52). 

Construction: the using of polymer particles for improvement of various properties, such as 

impermeability, durability, adhesive and mechanical strength, toughness in cementitious materials (53). 

Cosmetic: the using of polymer particles with encapsulated ultraviolet (UV) absorbent, fluorescent 

agent, and blue pigment for cosmetic (54), Biomedical: the using of polymer magnetic particles for drug 

vectoring and antitumoral therapy, etc. and the using of polymer particles for drug delivery systems 

(DDSs) (55), (56) (see more details in Table 1-1).  
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The most general shape of polymer particles is sphere since the tendency to form the minimum 

surface energy. However, many studies have been shifted to fabricate non-spherical polymer particles 

in these past several years to utilize their unique and fascinating properties (57)-(62).  Among them, a 

polymer disc is one of the promising shapes that can improve the surface adhesion to an interface owing 

to their larger surface area for contact and interaction. Both computational and experimental studies 

have demonstrated a stronger interfacial adhesion and margination to the wall under flow for polymer 

discs (63)-(65), which is, for example, the key feature for use as a drug carrier in a drug delivery system 

(66)-(68). In addition, a seminal work reported that the shape at the contact point between particles and 

cells is crucial for phagocytosis, and polymer discs may have longer lifetime due to the inhibited 

macrophagic uptake compared to that of the spherical particles (69). Such unique and fascinating 

properties obtained from polymer discs provide competitive advantages to overcome the problems that 

spherical particles may unable to solve (66). 

Accordingly, polymer discs have intensively used in biomedical applications to improve or 

overcome conventional limitations which spherical particles cannot serve.  For example, the using 

polymer discs as a drug carrier for bone repair to overcome the problem of non-localised high oral doses 

(70), the using disc prototype of anti-intercellular adhesion molecule (ICAM) carriers to prolong half-

life in the circulation in blood (71), the using polymer discs to maximize accumulation in the target organ 

while reducing sequestration by the liver (72), improving cellular uptake by intestinal cells of oral drug 

(1-62), and improving cellular uptake by mammalian cells (60) etc. 
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1-5 Purpose of this thesis 

Although a significant number of studies have been proposed for the fabrication of polymer 

discs as mentioned in previous section, there are still limitations of these current methods in term of 

high production cost, low yield, process complexity, and/or shape polydispersity. In addition, most of 

these processes consume a huge amount of organic solvent which is realized as non-environmentally 

friendly.  Therefore, to develop a facile, versatile, and environmental friendly method for fabrication 

disc-shaped polymer particles remains an imperative for their applications.  

Fig. 1-22 Schematic description purpose of this study 

 

First, we aimed to propose a novel method to fabricate polymer discs by hot-press process 

combined with a sacrificial matrix technique. By this method, only aqueous solution and suspension 

are employed which is less toxic for the human health and environmental pollution. The simplified 

pressing process was utilized to fabricate individual polymer discs in a controllable manner from PS 

and poly(ʟ-lactic acid) (PLLA) microspheres with a wide range of size in a controllable manner. 
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Furthermore, the unique high interfacial adhesion of the prepared discs was verified, including the 

adhesiveness of polymer discs to surface of cover glass under airflow, as well as the enhancement of 

aggregation for bovine serum albumin (BSA)-coated polymer discs in the presence of glutaraldehyde 

(GA).  However, complication is still likely to be encountered when scaling up this process by having 

the size of pressing equipment as a bottleneck.  

Second, to overcome the difficulties of both hot-press, we aimed to propose a novel, 

straightforward, and time-saving method to continuously fabricate micro/nano-discs via phase 

separation and a roll-to-roll coating process. By combining phase separation with roll-to-roll coating 

process on PVA film, large amounts of polymer micro/nano-discs can be continuously produced in a 

one-pot manner. Polyvinylpyrrolidone (PVP) and PS, as model discs components, are chosen as the 

major and minor components in the polymer blend. Since PVA and PVP are water-soluble, the 

micro/nano-discs composed of PS could be continuously obtained in large amounts by washing with 

water in a one-pot manner. Since PVA substrate film used for the roll-to-roll coating shows a good 

extensibility and heat resistance, which implies a high likelihood of combining this method with a 

stretching method for fabrication of polymer particles with further peculiar shapes. 

Finally, we aimed to propose a facile method to fabricate disc micro/nano particles with high 

aspect ratio by combining our previously proposed method of phase separation and a roll-to-roll coating 

process with film stretching. Biodegradable PLGA is herein selected as a minor component by having 

PVP as a major component in the polymer blend. The surface adhesiveness of elongated PLGA discs 

is compared with three distinct shapes, namely discs before stretching, spheres and elongated spheres 

by water-dropping test. 

1-6 Organization of this thesis                                                                                                                                                                                                                                 

This paper consists of the following five chapters: 

Chapter 1 is an introduction which describes the applications and the fabrication methods of 

polymer particles. In addition, the advantages and fabrication method of polymer micro/nano discs were 

also discussed. Finally, the purpose and the organization of this thesis have been described. 
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In Chapter 2, a hot-press process combined with a sacrificial matrix technique was proposed 

and discussed. PS and PLLA microspheres with a wide range of size was used as model polymer. The 

choice of sacrificial matrix and the optimal condition for hot-press is also discussed. Moreover, the 

adhesiveness of polymer discs to surface of cover glass under airflow, as well as the enhancement of 

aggregation for BSA-coated polymer discs in the presence of GA were investigated.  

In Chapter 3, a continuously fabricate micro/nano-discs via phase separation and a roll-to-roll 

coating process was proposed and discussed.  The effect of operating conditions of roll-to-roll machine 

on phase separation morphology was studied having PVP and PS, as model discs components. The 

effect of polymer mixture blend ratio and the percentage of total concentration on morphology of PS 

discs before and after collection was investigated. Then, how to control aspect ratios of polymer discs 

by these parameters was established. Finally, the versatility of this method was also evaluated with 

various polymers. 

In Chapter 4, a facile method combining the phase separation and a roll-to-roll coating process 

with film stretching was proposed. The effect of film stretching and stretching temperature on polymer 

elongated discs was discussed having PLGA and PVP as minor and major components, respectively. 

The effect of film stretching and stretching temperature were studied. Finally, the surface adhesiveness 

of PLGA elongated discs comparing with other distinct shapes of polymer particles were evaluated and 

discussed by water-dropping test. 

Chapter 5 summarizes the results obtained in Chapters 2-4 and the future works. 
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Fig. 1-23 Organization of this thesis 
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Chapter 2 
Hot-pressing fabrication method of 

polymer discs and their adhesiveness  
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2-1 Background 

Polymer micro/nano particles have shown great potentials in various industrials especially in 

biomedical applications, which seems to be a permanent topic in the field of polymer materials. In 

general, such particles can be synthesized by various fabrication methods as mentioned in Chapter 1.  

In order to minimalize the surface energy during the formation process, the shape of prepared particles 

is always spherical. Recently, the particle shape effect has been intensely studied, and the non-spherical 

polymer particles, especially disc shaped particles or oblate particles have been emphasized. There are 

a number of studies showing that disc shaped particles provide better interfacial adhesion than other 

shape of particles in both computational and experimental studies (1-4). In addition, the shape at the 

contact point between particles and cells was reported to be crucial for phagocytosis. Polymer discs 

showed ability to inhibit macrophagic uptake compared to that of the spherical particles and thus may 

have longer lifetime (5).  Encouraging by its unique and fascinating properties of polymer discs, 

competitive advantages to improve their performances and address the problems that spherical particles 

may unable to solve could be expected.  

As mentioned previously, there are a significant number of studies that have been proposed the 

fabrication method of polymer discs, which could be divided into two main groups namely bottom-up 

method and top-down method. The key advantage of top-down method is the simplicity of the process 

utilizing the deformation of original spherical particles to become discs. Among these, hot-pressing is 

one of the top-down method applying the combination between thermal and mechanical force to deform 

sperical particles to be discs. Based on the fact that polymer will obviously deform at temperatures 

higher than Tg for sufficient time (6), however fusion between spherical polymer particles during hot-

pressing could be expected leading to a film of particles instead of monodisperse discs. Accordingly, to 

develop a facile and versatile method to fabricate disc-shaped polymer particles remains an imperative 

for their applications. 
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2-2 Purpose 

In this chapter, we propose a facile method to fabricate polymer discs by hot-press process 

combined with a sacrificial matrix technique. By this technique, it allows to employ only aqueous 

solution and suspension to achieve discs without any organic solvent. PS and PLLA and PLGA 

microspheres with various in size as a model polymer were mechanical pressed into individual polymer 

discs in a controllable manner. The choice of sacrificial matrix and the optimal condition for hot-press 

is also discussed. In addition, to improve the idea of the unique high interfacial adhesion of the prepared 

discs, adhesiveness of polymer discs to surface of cover glass and the enhancement of aggregation for 

BSA-coated polymer discs in the presence of GA were used to evaluated.  

2-3 Material and methods  

2-3-1 Materials  

PS microspheres (Polybead®, ca. 0.2, 1.0 or 10 µm in diameter, Polysciences Inc., Warrington, 

PA) and fluorescent-labeled PS microspheres with or without carboxyl groups (Fluoresbrite® YG, ca. 

1.0 µm in diameter, Ex: 441 nm, Em: 486 nm, Polysciences Inc.) were employed as a model of the 

spherical polymer particles. While, PLLA (Mw: 80–100 kDa, Polysciences Inc.) were used to prepare 

microspheres. Na-Alg (Mw: 106 kDa, Kanto Chemical Co., Inc., Tokyo, Japan) used as a sacrificial 

matrix by having CaCl2 (Kanto Chemical Co., Inc.) as a gelation agent. An aqueous solution of 0.1 M 

ethylenediaminetetraacetic acid (EDTA, Kanto Chemical Co., Inc.) was used to dissolve gel. Without 

a sacrificial matrix test, a silicon wafer (KST World Co., Fukui, Japan, size: 10×10 mm2) was used as 

a substrate. Moreover, PVA (Mw: 22 kDa, 89% hydrolyzed, Kanto Chemical Co., Inc.) was used to 

evaluate as an alternative sacrificial matrixes and used as aqueous solution in Shirasu Porous Glass 

(SPG) emulsification process. An aqueous solution of poly(ethylene glycol) (PEG, Mw: 100 kDa, final 

concentration 25 mg/mL, FUJIFILM Wako Pure Chemical Co., Osaka, Japan) was used to evaluate the 

concentration of the PLLA microspheres.  

To evaluate the adhesiveness of the PS particles to the surfaces, cover glasses (diameter: 25 

mm, thickness: 0.13–0.16 mm, Model No.: 0111650, AS ONE Co.) were used as a substrate.  PLL (Mw: 
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150–300 kDa, Sigma-Aldrich Co., St. Louis, MO) was applied to the surface of the cover glass to 

achieve positively charged surfaces. To evaluate the enhancement of aggregation for BSA-coated 

polymer discs in the presence of GA, BSA (Product No.: A7906, SigmaAldrich Co.) and GA aqueous 

solution (FUJIFILM Wako Pure Chemical Co.) were used.  

2-3-2 Fabrication of PS disc-shaped particles 

To prepare PS disc-shaped particles, PS microspheres and fluorescent-labeled PS microspheres 

with or without carboxyl groups were used as model polymer. First, sodium alginate used as a sacrificial 

matrix was dissolved in 10 mL of distilled water at a concentration of 20 mg/mL. Then, 0.5 mL of the 

microspheres (ca. 1 µm, 0.25% (w/v), corresponding to 5×109 particles/mL) were added in and stirred 

at room temperature (RT) for 5 min. To allow gelation, 20 mL of CaCl2 aqueous solution (20 mg/mL) 

was gently added to the suspension, slowly centrifuged to be gel-ball in shape and further incubated at 

RT overnight. Next, the alginate gel-ball was washed with distilled water to remove all the non-gelation 

part out and pressed under conditions of varying temperatures and pressures (AH-2003, AS ONE Co., 

Osaka, Japan). The pressed gels were dissolved in an aqueous solution of ethylenediaminetetraacetic 

acid (25 mL, 0.1 M) at RT for 3 h. The pressed particles were collected with distilled water by 

centrifugation (13,000g, 5 min, RT, 5 times). According to the same procedure, the disc shaped particles 

with different diameters were fabricated as well. The concentrations for 0.5 mL of ca. 0.2 µm and ca. 

10 µm microspheres are corresponding to 5×109 particles/mL and 5×107 particles/mL, respectively.  

We also tested whether the PS microspheres without a sacrificial matrix can be deformed. In 

this case, 0.1 mL of microspheres at the concentration of 5×109 particles/mL (ca. 1.0 µm in diameter) 

were deposited on a silicon wafer and dried in a desiccator.  Then, the samples were incubated at 110°C 

for 2 min on a hot-plate (ND-2A, AS ONE Co.). In addition, PVA was also considered the possibility 

to be an alternative of sacrificial matrixes instead of alginate gel. To this end, PVA was dissolved in 5 

mL of distilled water to obtain the final concentration of 100 mg/mL, to which 0.5 mL of PS 

microspheres with the concentration of 5×109 particles/mL (ca. 1.0 µm in diameter) were added and the 

mixture and stirred at RT for 5 min. The suspension was gently casted into petri dishes (40 mmϕ) and 

dried at 50°C overnight in an oven (EO-600B, AS ONE Co.). The obtained cast films were hot-pressed 
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at 110°C for 10 min and dissolved in distilled water (25 mL) at RT for 3 h. The particles were collected 

by centrifugation with the same process as mentioned above. The size of alginate gel and the thickness 

of PVA cast film were measured with a digimatic micrometer (QuantuMike, Mitutoyo Co., Kanagawa, 

Japan). 

2-3-3 Fabrication of biodegradable PLLA microspheres and discs 

PLLA microspheres were fabricated by a membrane emulsification technique according to a 

procedure reported previously (7, 8). First, PLLA was dissolved in methylene chloride (10 mg/mL) and 

the solution was then added to the oil tank on the membrane emulsification apparatus as shown in Fig. 

2-1 (MN-20, SPG Technology Co. Ltd., Miyazaki, Japan) with the SPG membrane with a pore size of 

1.1 µm. The PLLA solution was pressed through the SPG membrane by nitrogen gas and emulsified 

into an aqueous solution of PVA (ca. 190 mL,10 mg/mL). The suspension was stirred at 800 rpm at RT 

for 4 h in order to evaporate the solvent. The PLLA microspheres were collected with distilled water 

by centrifugation (13,000g, 5 min, RT, 5 times) to remove PVA. To determine the concentration of 

PLLA particles, the volume ratio of the microspheres in the suspension according to a procedure 

reported previously was used (9). In summary, the suspension was mixed with an aqueous solution of 

PEG and incubated at 37°C for 1 h to enhance aggregation. The suspension was filled into a hematocrit 

capillary tube and precipitated by the centrifugation (15,000g, 10 min, RT). The number of particles 

per volume (n, particles/mL) was calculated by the following equation,  

         n = 3b/(a - b) × 4πr3 × 103      (1) 

where a (m), b (m) and r (m) were the height of the water surface from the bottom of the 

capillary tube, the height of the precipitate of the microspheres, and the average radius of the 

microspheres, respectively. 
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Fig. 2-1 Schematic diagram of SPG emulsification method (permitted reuse reproduction for doctor 

thesis from the publisher, cited and partially modified from ref. 1). 

The PLLA discs were prepared by hot-press process as well. In short, 0.5 mL PLLA 

microspheres (3×109 particles/mL, 0.5 mL) were added to the solution of Na-Alg of 10 mL at the 

concentration of 20 mg/mL, followed by gelation process to create the alginate containing the 

microspheres. The gel-balls were then hot-pressed at 10 MPa for 10 MPa which the temperature was 

set at 70 oC (near the glass transition temperature (Tg) of PLLA (65°C).  After pressing, the gels were 

dissolved with an EDTA solution of 25 mL (0.1 M). Finally, the discs were collected by the 

centrifugation (13,000g, 5 min, RT, 5 times). 

2-3-4 Morphology, rheology and composition of polymer particles 

Morphology of particles both before and after hot-press process was evaluated with a field 

emission scanning electron microscope (FE-SEM S-4800, Hitachi High-Technologies Co., Tokyo, 

Japan) at an accelerating voltage of 3 kV. Briefly, particles were filtrated on a Whatman® membrane 

filter (Anodisc™ (for cross-sectional view) or Nuclepore™ (for other conditions) with a pore size of 

0.1 µm, GE healthcare, Chicago, IL) and dried at RT overnight in a desiccator. The filters were fixed 

on the stage with a carbon tape, to which gold was sputtered at an ionic current of 3 mA for 60 s by 

using a SC-701 Quick coater (Sanyu Electron Co., Ltd., Tokyo, Japan) prior to observation. The 

dimensions of the particles were manually measured from the SEM images. The obtained values of long 

axis (more than 50 particles taken from 5–18 top view images) and short axis (more than 10 particles 
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taken from three cross-sectional view images) of the particles were averaged for each condition. The 

long axis diameter was plotted against the pressure, time, and temperature used in the hot-press process. 

Values were given as mean ± standard deviation (SD). The calibration curve between fluorescent 

intensity and concentration of the microspheres using a microplate reader (SH-9000Lab, Corona 

Electronic Co., Ltd., Ibaraki, Japan) set in the fluorescent mode (Ex: 441 nm, Em: 486 nm) was used to 

determine the concentration of fluorescent-labeled particles both discs and microspheres. Their 

concentrations were also measured by a Burker-Turk counting chamber (Sunlead Glass Co., Saitama, 

Japan). For fluorescent-labeled PS discs and microspheres (ca. 1.0 µm in diameter), the concentration 

of 1.0 wt% particles equal to 1.8×1010 particles/mL in suspension. The rheological measurements were 

evaluated by a rotational rheometer (Physica MCR 101, Anton Paar GmbH, Graz, Austria), equipped 

with a cone-plate CP50-0.5 (50 mm diameter, 0.5° cone angle). The suspension of PS discs and 

microspheres (ca. 1.0 µm in diameter) in water, varying concentrations from 0.75 to 6.0 wt% of 380 

µL was injected into the rheometer. The measurements were performed at 25°C at the shear rate from 

1 to 10,000 s–1. The shear viscosity at 237 s–1 was extracted and plotted versus the concentration of 

particles (N = 3–4). Values were given as the mean ± SD. 

To confirm whether alginate used as a sacrificial matrix remains on the surface of the discs or 

not, Fourier-transform infrared spectroscopy (FTIR-8400, Shimadzu Co., Kyoto, Japan) was used to 

evaluate PS discs (non-fluorescent-labeled, ca. 1.0 µm in diameter). The freeze-dried powder of disc 

sample was mixed and ground with potassium bromide. The obtained pellets were dried overnight in a 

vacuum dryer (ETTAS AVO-250NB, AS ONE Co.) just before measurement. As controls, FTIR 

spectra of the microspheres (non-fluorescent-labeled) and the only Na-Alg were measured as well. 

2-3-5 Loading and release behavior of PLGA particles 

The PLGA microspheres (lactide:glycolide = 50:50 (mol%), intrinsic viscosity: 0.6 dL/g, Tg: 

50°C, Polysciences Inc.) were fabricated by membrane emulsification technique with SPG membrane 

with a pore size of 10.1 µm. Other parameters were the same as mentioned in the fabrication and 

collection PLLA microspheres. 3,3’-Diethyloxacarbocyanine iodide (DiOC2(3), Sigma-Aldrich Co.) 

was used as model of a hydrophobic drug to be loaded into the PLGA particles. Specifically, DiOC2(3) 
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was dissolved in 10 mg/mL PLGA methylene chloride solution at a concentration of 24 µg/mL, and 

thus the amount of encapsulated drug in PLGA particles was 0.24 wt%. The PLGA discs were prepared 

by embedding microspheres in alginate gel and hot-pressing with the conditions of 30 s, 10 MPa, and 

55°C. Both top view and cross-sectional view of PLGA microspheres and discs were investigated by 

SEM. The drug release test was performed by incubating 2×105 DiOC2(3) loaded PLGA particles 

suspended in 1 mL of phosphate buffered saline (PBS) buffer (pH: 7.4) containing 0.05% Triton™ X-

100 (Sigma-Aldrich Co.) at 37°C. At certain time intervals, the suspension was centrifuged (13,000g, 

5 min, RT), and the concentration of DiOC2(3) in the supernatant was determined by the microplate 

reader (SH-9000Lab). The cumulative release percentage, namely of the ratio of the total released 

amount of DiOC2(3) to the original encapsulated amount, was calculated and plotted versus time for 

both PLGA microspheres and discs (N = 3). Values were given as the mean ± SD. 

2-3-6 Adhesiveness of the PS particles to the surfaces 

To evaluate adhesiveness of the PS particles to the surfaces, cover glasses were cleaned with 

piranha solution, followed by rinsing with distilled water. Then, an aqueous solution of PLL (300 µL, 

1 mg/mL) was applied to the surface of the cover glass set into a 6-well plate and incubated at RT 

overnight. After that, these PLL-coated glasses were gently rinsed with distilled to remove all the 

uncoated reagent out. The fluorescent-labeled PS discs and microspheres with carboxyl groups (ca. 1.0 

µm in diameter, 1×108 particles/mL, 0.2 mL) were deposited on the PLL-coated glass and the glass 

were incubated at RT for 1h, followed by washing with distilled water. The glass was placed in a 

custom-made circulating chamber mounted with a syringe pump (SPS-1, ASONE Co.) established 

previously (10-12). The chamber was mounted on an Olympus IX71 fluorescence microscope with a 

20×0.45 NA objective lens (LUCPlanFLN, Olympus Co., Tokyo, Japan) and a cooled digital color 

camera (DP72, Olympus Co.). Air was injected into the chamber using the pump at flow rates ranging 

from 0.5 to 3 mL/min. To evaluate the detachment of the discs and microspheres on the PLL-coated 

glass, the filter set U-MWIB3 (Olympus Co.) was utilized in combination with a 200 W metal halide-

lamp integrated into a microscope illumination system (ScopeLite 200, Optical Building Blocks, 

Birmingham, NJ). Images were taken at an exposure time of 50 ms. The number of particles adhered to 
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the PLL-coated glass was counted using ImageJ software (NIH, Bethesda, MD). The adhesion number 

prior to air flow was defined as 100% and the corrected values were averaged for each condition (N = 

3–4), and plotted against the flow rate. Values were given as the mean ± SD. 

2-3-7 Aggregation assay with BSA-coated PS particles 

To investigate the aggregation assay with BSA-coated PS particles, the fluorescent-labeled PS 

discs and microspheres with carboxyl groups (ca. 1.0 µm in diameter) were mixed with 1 mL of BSA 

dissolved in PBS buffer (pH: 7.4) at a concentration of 20 mg/mL (corresponding to 5×109 particles/mL) 

and stirred at RT for 2 h. The BSA-coated PS particles were collected by centrifugation (13,000g, 10 

min, 4°C) and washed with 10 mM PBS buffer (pH: 7.4). The amount of BSA adsorbed on the surface 

of PS particles was quantified using Micro BCA™ protein assay kit (Thermo Fisher Scientific Inc., 

Waltham, MA). The aggregation test was performed by adding 100 µL of 25% GA aqueous solution 

into 200 µL of BSA-coated PS microspheres or discs (1×109 particles/mL) on a slide glass, and gently 

stirring pipette tip in the droplet for 1 min. The photos and videos during aggregation test were recorded 

using a digital camera G7 X Mark II (Canon Inc., Tokyo, Japan). Besides the visual inspection, the 

morphology of particle aggregations was observed on an inverted confocal microscope (A1R+, Nikon 

Instruments Inc., Tokyo, Japan) mounted with a 60× water-immersion objective (CFI Plan Apo 

VC60×WI, 1.20 NA, WD: 0.27 mm). Laser line at 488 nm was used, and fluorescence signals in the 

wavelength range of 500–550 nm was investigated. After the test, a drop of suspension was deposited 

on a rectangle cover glass (thickness: 0.12–0.17 mm, Matsunami Glass Ind., Ltd., Osaka, Japan). 3D 

image stacking was acquired with a 200 nm z-step from the surface of cover glass to a depth of 15 µm 

through NIS-Elements C software (ver. 4.51, Nikon Instruments Inc.). 

2-4 Results and discussion 

2-4-1 Deformation from microspheres to discs 

PS microspheres with a diameter of ca. 1.0 µm were used as model particles to perform the 

preliminary test on the deformation. The Tg of the microspheres was 109.9°C as measured previously 

(13). Hence, the water-suspended microspheres were dropped on a silicon wafer and heated at 110°C on 
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a hotplate. PS microspheres started to deform and fused with each other (Fig. 2-2b), while their spherical 

shape before heat almost maintained in shape as can be seen in Fig. 2-2a.  

 

Fig. 2-2 SEM images for PS microspheres (ca. 1.0 µm in diameter) without sacrificial matrix (a) 

before and (b) after heated at 110°C on a hot plate (permitted reuse reproduction for doctor thesis 

from the publisher, cited and partially modified from ref. 2). 

This result confirmed that the Tg of the component polymer is an important parameter for the 

particle deformation. However, the microspheres were welded and fused with each other by a capillary 

force during evaporation of water which is difficult to obtain disperse pressed particles by direct hot-

press process. To solve this problem, hydrogel as a sacrificial matrix was used to create sufficient space 

between each microsphere during hot-press process. In this study, Na-Alg which is a natural 

polysaccharide with some favorable such as it can be converted into a hydrogel instantly by adding 

divalent cations such as Ca2+, and it can be re-dissolved by adding chelating reagents such as EDTA (14, 

15). In addition, it showed excellent thermal stability up to 200°C (16). As can be seem in Fig. 2-3, the 

microspheres (2.5×109 particles) were homogenously suspended into the solution of Na-Alg (200 mg), 

followed by a gelation with Ca2+. When the gel was hot-pressed at 110°C at 10 MPa for 30 s (the optimal 

condition as discussed below), the gel was broken into pieces and spread out on the plate of the hot-

presser. The gels were then dissolved with EDTA, followed by a centrifugation to collect the pressed 

particles. 
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Fig. 2-3 Schematic of fabrication process, including microspheres embedded in alginate gel, hot-press, 

and washing with EDTA (permitted reuse reproduction for doctor thesis from the publisher, cited and 

partially modified from ref. 2). 

It should be noted here that the obtained suspension solution of discs represented a swirling 

motion when they were shaken unlike the microspheres. This motion is a well-known unique behavior 

of disc-shaped platelets suspension (17) which implies that the microspheres have already deformed to 

be disc-shaped particles. The results by SEM revealed that the long axis diameter of the obtained 

particles was significantly increased in a spread-out configuration compared to the microspheres prior 

to the hot-press process which is repeatedly confirmed by cross-sectional observations (as can be seen 

in Fig. 2-4). It is also noteworthy that our fabrication process is a waterborne technology, which is no 

organic solvent is required thus it is considered as an environmentally friendly process. 

Fig. 2-4 SEM images (top view and cross-sectional view) for PS microspheres (ca. 1.0 µm in diameter) 

before and after hot-press (permitted reuse reproduction for doctor thesis from the publisher, cited and 

partially modified from ref. 2). 

Microspheres
CaCl2

Hot press

Washed EDTA

Na-Alg Ca-Alg gel Disc-shaped particles

Washed
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Then, the optimal conditions of the hot-press process to fabricate the discs were evaluated. In 

this case, PS microspheres with a diameter of 1,015 ± 3 nm were hot-pressed at varying pressures at the 

constant temperature and time (110°C, 30 s). They were not deformed by applying only heating without 

pressing. The results showed that the diameter of the microspheres was significantly increased with the 

pressure of 5 MPa (1,501 ± 103 nm) and reached a plateau of 1,664 ± 39 nm above 10 MPa. The 

diameter tended to slightly decrease to 1,473 ± 82 nm when hot-pressing at 20 MPa. We assumed that 

the pressed PS discs under a larger strain level tend to return to their original shape to some extent after 

the pressure is released (Fig. 2-5a). Then, temperature and pressure were kept constant (110°C, 10 MPa) 

and varying time, resulting 30 s of hot-press time was sufficient for deformation of the microspheres 

(10 s: 1,405 ± 135 nm, 30 s: 1,664 ± 39 nm, 60 s: 1,558 ± 62 nm, and 120 s: 1,612 ± 87 nm; Fig. 2-5b). 

In addition, at the constant pressure and time (10 MPa, 30 s), the diameter of the discs was drastically 

increased at a temperature higher than 110°C, corresponding to the Tg of the microspheres (25°C: 1,028 

± 14 nm, 50°C: 1,091 ± 45 nm, 70°C: 1,105 ± 23 nm, 100°C: 1,212 ± 105 nm, 110°C: 1,664 ± 39 nm, 

and 120°C: 1,623 ± 91 nm;  Fig. 2-5C).  

Fig. 2-5 Diameter of prepared PS discs versus the hot-press conditions of (a) pressure, (b) time, and (c) 

temperature (permitted reuse reproduction for doctor thesis from the publisher, cited and partially 

modified from ref. 2). 

Therefore, it can be concluded that deformation of the microspheres was triggered by a 

combination between pressing and heating at the Tg of the microspheres. Especially, the hot press at 10 

MPa at 110°C for 30 s was sufficient for fabricating the PS discs. In this case, the short axis of the discs 
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was 358 ± 25 nm, corresponding to a size-aspect ratio of ca. 4.6. Due to their anisotropic shapes, the 

obtained discs were intriguingly filtrated onto the membrane by a surface contact manner (Figure 2-4). 

Moreover, the band at 3,350 cm–1 which is corresponding to the O–H stretching vibration of alginate 

was not detected in the prepared PS discs in a FTIR analysis (Figure 2-6). This observation suggested 

that most of alginate used as the sacrificial matrix has been washed out by EDTA. However, there may 

exist a trace amount of residual alginate on the surface of discs, which cannot be detected by FTIR.   

Fig. 2-6 FTIR spectra for only Na-Alg, microspheres and the prepared discs after washing. Arrow 

indicates the O–H stretching vibration at 3,350 cm–1 of alginate (permitted reuse reproduction for doctor 

thesis from the publisher, cited and partially modified from ref. 2). 

The rheological properties of PS particle suspensions were studied as well. It is known that 

when the moving of spherical particles in fluid (Stokes regime) is isotropic by drag force and governed 

by Stokes’ law. For non-spherical particles, on the other hand, drag force becomes anisotropic with 

respect to the direction. The drag force parallel to the surface of a disc-shaped particle is much smaller 

than that of the perpendicular direction (18), which results in the spontaneous alignment of discs in fluid, 

namely the swirling phenomenon. Here, the apparent viscosity of PS discs suspension was measured at 

various particle concentrations and shear rates. In contrast to the rheological behavior of PS 

microspheres suspension, the viscosity of PS discs suspension was decreased with increasing of the 

shear rate, indicating a typical non-Newtonian pseudoplastic behavior. Moreover, the degree of shear 
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thinning is increased with a higher particle concentration (see Fig. 2-7a). The viscosity at the shear rate 

of 237 s–1 from both microspheres and discs were investigated for comparison (see Fig. 2-7b). The 

results showed that discs suspension viscosity was significantly increased with the particle 

concentration, while no such correlation was found for microspheres suspension in the concentration 

range from 0.75 to 6.0 wt%. It is reasonable to expect the increasing of apparent viscosity with discs 

concentration since when the alignment of discs increases, there is possibility of their intermittent 

contact with the large surface area in fluid. These results provide the different rheological properties of 

disc-shaped particles compared to that of microspheres, which may be closely related to their 

applications in physiological environment. 

Fig. 2-7 (a) Viscosity of PS microspheres and PS discs (ca. 1.0 µm in diameter) suspension at various 

particle concentrations and shear rates. (b) Viscosity at the shear rate of 237 s–1 from both microspheres 

(triangle) and discs (circle) versus the particle concentration in suspension (N = 3–4, data given as mean 

± SD) (permitted reuse reproduction for doctor thesis from the publisher, cited and partially modified 

from ref. 2). 

2-4-2 Operational applicability of the method 

This process was also employed to fabricate PS disc with varying original size, and polymers. 

PS microspheres with diameters of 172 ± 2 nm and 10.7 ± 0.1 µm were embedded in alginate gel, hot-

pressed, and collected using the same method as described above. The diameters of particles increased 

to 249 ± 28 nm and 15.9 ± 1.0 µm, respectively after the hot-press process (Fig. 2-8a and 2-8b).  
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Fig. 2-8 Representative SEM images showing the versatility of the proposed method. (a) PS 

microspheres (ca. 0.2 µm in diameter) and (b) PS microspheres (ca. 10 µm in diameter) before and after 

hot-press. (c) SEM images (top view and cross-sectional view) for the fabricated PLLA microspheres 

(ca. 1.0 µm in diameter) before and after hot-press (permitted reuse reproduction for doctor thesis from 

the publisher, cited and partially modified from ref. 2). 

Including with the results from PS microspheres with a diameter of ca. 1.0 µm, the increase of 

diameter in all the cases is ca. 1.5-fold. This increasing is not related to the original size of microspheres. 

However, the size distribution of discs deteriorated compared to that of the corresponding microspheres.  

While in general, microspheres with a smaller size is expected to deform more difficult, our proposed 

method is applicable for a wide range of PS particle size at least with the particles larger than 170 nm 
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in diameter. In addition, as our method is indeed a mechanical deformation of polymer microspheres at 

elevated temperature and pressure, it could be anticipated that any other polymers with appropriate Tg 

and elastic modulus can apply this method. In this study, a commonly used biocompatible and 

biodegradable polymer PLLA was tested as well. Difference from commercially obtained PS 

microspheres reported previously, PLLA microspheres were fabricated by SPG membrane 

emulsification technique with SPG membrane of 1.1 µm in pore size. As can be seen Fig. 2-8c, the 

diameter of the prepared PLLA microspheres was 1,120 ± 40 nm with a monodisperse particle size 

distribution. PLLA microspheres were deformed to disc-shaped configuration with a diameter of 1,544 

± 194 nm, after embedded in hydrogel and hot-pressed for 30 s at 10 MPa and 70°C a size-aspect ratio 

of ca. 2.6 which is 5°C above the Tg of PLLA, which further demonstrated the feasibility of our method. 

Taken together, our method provides a straightforward and versatile way to fabricate disc-shaped 

polymer particles with a wide range of diameters. Here, the hot-pressing method is valid for both 

amorphous polymer (PS) and crystalline polymer (PLLA). Our previous studies have demonstrated that 

the crystallization occurs, and consequently, the elastic modulus increases when a thermal process is 

performed on PLLA thin films (19, 20).  Accordingly, PLLA discs could be assumed to follow a similar 

behavior after hot-press process, and their enhanced elastic modulus needs to be characterized with a 

specific measurement, such as an atomic force microscopy-based nanoscale indentation method (21). 

It should be mentioned and discussed here that PS discs looked somewhat more olivary in shape 

(see Fig. 2-4), comparing with PLLA discs which have very flat surfaces (see Fig. 2-8c). This is a strong 

evident that the polymer properties are the important parameter in determining the final shape of the 

particles. This can be explained as following, after hot-press at a certain temperature above Tg of 

polymer, the system was cooled down. Obviously, for a higher operational temperature, the time spend 

to cool down the system below the Tg of polymer is shorter. In such a rapid vitrification process, the 

time may not sufficient for polymer chains to rearrange themselves. Therefore, elastic energy may still 

store in the discs, which induces the shape recovery. The Tg of PLLA, as mentioned previously, is lower 

than that of PS, thus the time for PLLA chains in rubber state is longer, which results in a less magnitude 

of shape recovery, namely disc-shape with very flat surfaces. For PS discs, however, the deformation 
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recovers to some extent, giving an olivary shape. The observation on PLGA discs also supports this 

statement, which will be shown later. The performance of PVA which is also water-soluble polymer 

which is widely used as a sacrificial film in the deforming of polymer microspheres under stretching (22, 

23) were also tested in comparison with alginate hydrogel. PS microspheres (ca. 1.0 µm in diameter) 

were embedded in PVA cast film and hot-pressed at 10 MPa and 110°C. After dissolving PVA 

sacrificial film, PS particles were obtained by centrifugation. Interestingly, PS microspheres became 

somewhat disc-like shape with a diameter of 1,249 ± 137 nm (see. Fig.2-9a, and 2-9b). The size-aspect 

ratio was increased to a limit of ca. 1.9, even though the hot-press was conducted for a long time of 10 

min. According to this result, it is reasonable to conclude that the relative elastic moduli of polymer 

microspheres and sacrificial matrix play a significant role in determining the final shape of particles.  

Fig. 2-9 SEM images for PS microspheres (ca. 1.0 µm in diameter) embedded in PVA sacrificial film 

instead of alginate gel (a) before and (b) after hot-press (permitted reuse reproduction for doctor thesis 

from the publisher, cited and partially modified from ref. 2). 

Compared to PS or PLLA used in this study (modulus: ca. 3.0 GPa) (24, 25) both alginate gel and 

PVA are soft. As the Tg of PVA is ca. 85°C, the PVA cast film for hot-press at 110°C is in the rubbery 

state, where its elastic modulus is ca. 1.0 GPa (26). The elastic modulus of alginate gel is extremely low, 

with a magnitude of ca. 7 kPa (27). Obviously, when using matrix with a less stiffness to encapsulate 

polymer microspheres upon hot-press, more compressive stress would concentrate at the microspheres, 

resulting in a deformation of particles to a large size-aspect ratio. In addition, alginate gel (unlike other 

water-soluble polymers) is humidity insensitive, by this reason, hot-press process with alginate gel is 

not affected by the environment, and the fabrication reproducibility is expected to be better. While other 



48 
 

candidates may find their fulfilment in our method, we believe that alginate hydrogel provides an ideal 

sacrificial matrix for its low elastic modulus and unique solubility. 

Another concern may come from the productivity of this method, which is the number of 

microspheres that can be embedded into the hydrogel for fabricating discs under hot-press. In this study, 

the average diameter of the prepared hydrogel ball was ca. 24 mm. In control case, the hydrogel was 

pressed at 10 MPa at room temperature, and the thickness of the pressed gel in a wet state was measured 

to be ca. 108 µm. Based on the conservation of gel volume, the lateral area of the gel after press was 

calculated to be ca. 6.7×104 mm2. Taken ca. 1 µm microspheres as an example, the projected area of an 

individual particle was ca. 7.9×10–7 mm2. And thus, the threshold number for microspheres without 

contacting each other after hot-press would less than 8.5×1010 particles. Here, the total number of 

embedded microspheres was chosen to be 2.5×109 particles, which is less than one thirty of the threshold 

values as estimated above. In fact, the decrease of threshold capacity could be expected since the 

particles at the center region would be more concentrated than at the peripheral region. However, the 

embedding density used in this study satisfied the requirement to provide sufficient space between the 

microspheres for the deformation of microspheres. With a higher embedding density above 2.5×109 

particles, the microspheres may fuse with each other after hot-press.  

Film stretching of polymer microspheres embedded in matrix film is one of the well-known 

methods to fabricate polymer discs since the simplicity of their design (22, 23). The stretching and hot-

pressing methods share many things in common namely both are classified into top-down methods 

utilizing mechanical deformation of polymer. Moreover, matrix (alginate gel in the case of hot-pressing 

and PVA film for stretching) are used in both processes to create appropriate space between 

microspheres during deformation. However, some differences of these two methods. First, the most 

significant difference is the shape of the obtained particles should be discussed for comparison. For hot-

pressing, spherical particles were pressed from top to down by the moving of heating plate. Accordingly, 

the microspheres are squashed into circular discs in a two-dimensional manner. While in the case of 

stretching of spherical particles in film, the deformation of embedded microspheres is induced by film 

stretching along with the stretching direction. Elongated disc-shaped with a high aspect ratio is obtained 
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by varying the film stretching ratio. A two-direction stretching is needed to obtain symmetrical discs-

shaped particles, which is considered to be troublesome. While stretching of spherical particles in film 

is capable of fabricating a variety of shapes, hot-pressing is believed to be a facile and straightforward 

method to fabricate disc-shaped particles. Moreover, interaction between particles and film is 

considered as a key parameter to determine the final particle shape in the case of film stretching. This 

is based on the fact that the deformation of embedded spherical particles in film stretching occurs when 

the stretching force is transferred from the stretching holder at the edge of the film throughout the film. 

The strong adhesion between particles and film will facilitate the transferring of stretching force to the 

entire film. However, the void between particles and matrix film could be observed after stretching if 

in the case of the adhesion between embedded particles and matrix film (28, 29). Also, the maximum 

stretching ratio is highly depended on the stretchability of the matrix film. In contrast, the pressing force 

in hot-press can be evenly applied throughout the sample, and the adhesion between particles and 

alginate gel could be neglected in this case. Therefore, hot-pressing method is more versatile and can 

be used with a wide range of polymers without the concerning of stretchability of the matrix and the 

adhesion between the matrix and the microspheres. 

2-4-3 Enhanced interfacial adhesiveness from polymer discs 

The interfacial adhesiveness of polymer particles to a surface substrate and the enhancement of 

aggregation for polymer particles themselves are directly associated with the contact surface area that 

participates in adhesion. For a fixed particle volume, the contact surface area of disc particles is 

significantly larger than that of microspheres. Accordingly, it is assumed that the interfacial 

adhesiveness of polymer discs prepared in this study can be much enhanced. To prove this assumption, 

the adhesion strength of PS particles to the surface of cover glass under the airflow using a 

microchamber were evaluated. The fluorescent-labeled PS microspheres (ca. 1 µm in diameter) with 

carboxyl groups was employed. Surface of cover glasses were coated with PLL, which is a general 

polycationic substate for facilitating cell adhesion (30). By this the electrostatic interaction between the 

carboxyl groups on surface of PS particles and the amino groups of PLL, both PS microspheres and PS 

discs were firmly adhered to the surface of the PLL-coated cover glass.  
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Fig. 2-10 Interfacial adhesiveness test for PS particles to the surface of cover glass under airflow. (a) 

Fluorescent microscopic images at the same location for PS microspheres and discs before and after 

airflow at a flow rate of 1 mL/min. (b) Adhesion ratio of PS particles on cover glass versus the flow 

rate of air (experimental setup schematically shown as inset), triangle: PS microspheres, circle: PS discs 

(N = 3–4, data given as mean ± SD) (permitted reuse reproduction for doctor thesis from the publisher, 

cited and partially modified from ref. 2). 

The number of particles adhered to the cover glass was counted before and after the injection 

of airflow and an adhesion ratio was shown in Fig.2-10a. The initial adhesion densities for both 

microspheres and discs were adjusted to be (1.5 ± 0.5) ×104 particles/mm2, and the flow rate varied 

from 0.5 to 3 mL/min. By assuming the particles to be sufficiently rigid, the adhesion between 
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microspheres and a flat surface can be deemed as a point contact. The adhesiveness of a conventional 

microsphere is always very limited. The result showed that more than 87.6% of particles were blown 

away, when the flow rate reached 1 mL/min in the case of PS microspheres.  On the other hand, for PS 

discs, almost all the particles were remained on the surface of cover glass, and the adhesion ratio kept 

at ca. 96.2%. While with the increasing of flow rate, the adhesion strength slightly declined as shown 

in Fig.2-10b.  

 

Fig. 2-11 Aggregation assay for BSA-coated PS particles mixed and stirred with GA. (a) Photos of the 

mixing suspension from PS microspheres and discs during the test at 0, 20, and 40 s. (b) Confocal 

microscope 3D images for particle aggregations from PS microspheres and discs, respectively (reaction 

between BSA-coated particles and GA schematically shown above each image) (permitted reuse 

reproduction for doctor thesis from the publisher, cited and partially modified from ref. 2). 
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This result agreed well with the previous studies which demonstrated that polymer discs can 

exhibit an enhanced interfacial adhesion and a higher resistance to the lift-off induced by the drag force 

exerted on the particles by the fluids. When used as a drug delivery carrier, polymer discs are expected 

to have a stronger extent of adhesion to target tissues in a physiological environment which will improve 

their diagnostic and therapeutic ability. It is reasonable to expect that polymer discs are more likely to 

adhere to each other by the ligand interactions within the contact area, and the aggregation status of 

polymer discs is different from that of polymer microspheres. GA which is a commonly used dialdehyde 

cross-linker in biochemistry, can predominantly react with the ɛ-amino groups of lysine residue in 

protein to form intermolecular cross-linkages (31). Here, the surfaces of fluorescent-labeled microspheres 

and discs were coated with BSA, and the aggregation behaviors triggered by GA were observed.  The 

absorbed amount of BSA on both microspheres and discs were constant to be ca. 6.0×104 

molecules/µm2, which implies that the particle surface was fully coated with BSA if we assumed BSA 

is an equilateral triangular molecule with ca. 8 nm length on each side (32).  

After adding GA into the homogeneous suspension during the stirring process, agglutination of 

particles can be observed by naked-eye in both cases, which indicates that BSA-coated particles were 

cross-linked by GA. As shown in Fig.2-11a, the aggregation of PS discs was instant appearance within 

20 s, and the size of aggregation was obviously larger than PS microspheres. The morphology of particle 

aggregations was further observed with a confocal microscope and the result showed that the 

monodisperse microspheres in an aggregation cluster formed a near close-packed arrangement. The size 

of aggregation was no larger than ca. 10 µm, and the arrangement of in the case of discs looked much 

random and incompact. Although the numbers of discs and microspheres were adjusted constant before 

test, the size of an individual aggregation cluster of PS discs was much increased, approaching ca. 50 

µm Fig.2-11b. In addition of the point contact in the microspheres, discs provide a larger contact area, 

which leads to a stronger interaction from larger contact area, showing a rapider and larger aggregation. 

In fact, the above test mimicked the process of a latex turbidimetric assay, where PS discs can be coated 

with antibodies that react with a specific antigen to trigger the particle aggregation. Our results implied 
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that polymer discs with an enhanced adhesiveness can provide a fast and high-sensitive detection in 

latex turbidimetric assay. 

2-5 Summary 

A novel method to fabricate polymer discs by hot-press process combined with a sacrificial 

matrix technique was proposed. By embedding polymer microspheres in alginate gel, space between 

the microspheres is created, and the microspheres are deformed to disc-shaped particles in a separate 

manner after hot-press near the Tg of the polymer. The feasibility of this method in fabricating polymer 

discs from different kinds of polymer microspheres with a wide range of size were also demonstrated. 

Regarding the potential applications of polymer discs, both the interfacial adhesiveness of discs to a 

foreign surface, and the strength of discs aggregation are verified. The results exhibited that polymer 

discs enhanced interfacial adhesion compared to that of the microspheres, owing to their larger contact 

surface area in geometry. This is expected to improve their performances in both particle-based targeted 

drug delivery and latex turbidimetric immunoassay. We anticipate the method and the findings proposed 

here will be of practical value in fabrication of desired polymer particles for a number of applications. 
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Chapter 3 
Phase separation and a roll-to-roll 

coating for polymer disc fabrication 
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3-1 Background 

3-1-1 Basic of roll-to-roll coating process and gravure coating method 

Roll-to-roll coating process is a fabrication method which involves the transferring material 

continuously from one onto another moving roller. This process is also referred as web processing or 

reel-to-reel processing. This process is considered as a rational solution for high volume production 

since the ability of continuous fabrication. Generally, thin and flexible web materials such as 

polyethylene terephthalate (PET), polyethylene naphthalate (PEN), polyimide (PI), metal, paper, and  

Fig. 3-1 Roll-to-roll coating process of self-metered coating. (a) dip coating; (b) knife-over-edge coating 

and pre-metered coating. (c) slot-die coating; (d) micro-gravure coating; and (e) spray coating (cited 

and partially modified from ref 1-4). 
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textiles have been used as substrates (1). Roll-to-roll coating process can be divided into two main 

categories namely self-metered and pre-metered as shown in Fig. 3-1 (4). The difference between these 

two methods is that self-metered coating determines the coating thickness (weight) through combined 

effects of coating parameters such as liquid properties, web velocity, and geometry of coater shapes. 

While, coating thickness (weight) of pre-metered is independent of coating solution properties such as 

viscosity but can be controlled by the volumetric flow rate of coating solution per unit width and the 

web speed. The well-known methods of self-metered coating are dip and knife-over-edge, whereas, the 

important methods of pre-metered coating are slot-die, direct gravure, micro-gravure, and spray coating 

techniques. 

Fig. 3-2 Cross-sectional image of gravure roller and illustrate of fluid transfer process from gravure 

roller to substrate in reverse gravure coating (cited and partially modified from ref 2). 

Gravure coating, one of the most well-known pre-metered coating, is a high-throughput 

industrial coating method which can be used with fluids of a wide range of viscosity (5) onto substrates 

at speeds of up to 900 m/min (6). Gravure coating includes various a number of distinct gravure coating 

arrangements which can be simply classified according to the operating direction of gravure roller as in 

the same direction of substrate and in opposite directions. This opposite direction setting called reverse 

gravure coating, is considered as the most commonly configuration setting because it is considerably 

more stable than the corresponding forward mode of operation (7). In gravure coating, the process of 



60 
 

transferring fluid to the substrate can be classified into two consecutive steps. First, a rotating gravure 

roll picks up fluid from the feed reservoir by having doctor blade positioned against the roll for 

removing excess fluid. Then, a proportion of fluid is transferred to the coating substrate when it 

continuously sweeps over the gravure roll surface and create a thin liquid film layer on the substrate 

(see in Fig. 3-2) (5, 8).  

3-1-2 Introduction of phase separation in polymer blend 

Polymer blends can either form homogenous mixtures or they can undergo phase separation 

which is usually based on the concepts of solution thermodynamics (9). Phase separation, in general, is 

a de-mixing process, in which is usually induced by a change in temperature or molecular weight.  This 

mechanism takes place when the system enters either the metastable (binodal) or two phase region 

(spinodal) by slow nucleation followed by growth of the phase separated domain. In the case of 

temperature, as can be seen in Fig. 3-3, the diagram shows two critical solution temperatures namely 

lower critical solution temperature (LCST) and upper critical solution temperature (UCST). These 

temperatures (at specific pressure) are the critical point showing the degree of miscibility of the mixture 

components. At above UCST, the components of a mixture are miscible in all proportions, while, the 

components of a mixture are miscible for all compositions at below LCST.  In the phase diagram, the 

LCST and UCST is the shared maximum and minimum of the concave with spinodal and binodal curves 

which divided area into three regions of different degree of miscibility namely one phase (miscible 

region between the two binodals), metastable region (regions between binodals and spinodals) and two 

phase region (regions of immiscibility, bordered by the spinodals) (9, 10).  

3-1-3 A simple model of phase separation mechanism in thin polymer films 

There is a ton of study about phase separation mechanism of bulk polymers, however, the 

situation in thin polymer films is complicated by the presence of the substrate/film and film/air 

interfaces (11). During this thin film formation process, the solvent simultaneously evaporates and the 

polymer concentration start to increase rapidly.  
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Fig. 3-3 General phase diagram of the mixture components (cited and partially modified from ref 10).  

 

 

Fig. 3-4 Schematic ternary phase diagram of PS and PVP in chloroform showing the moving from one 

phase to two phase region along the dotted line induced by evaporation process (cited and partially 

modified from ref 12).  
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In the system of PS/PVP in chloroform, as an example, a typical phase diagram of the ternary 

systems is shown in Fig. 3-4. The system composition changes along the dotted line inducing by solvent 

evaporation, starting the phase separation and structure formation when the system intersected the 

binodal points (point x in Fig. 3-4) and moving from one phase to two phase region (moving from point 

x to y in Fig. 3-4) depending on the initial PS/PVP ratio. The phase separation takes place until the 

system meet the vitrification point (point y in Fig. 3-4). Although the solvent will keep on evaporating, 

all structures will be frozen until the end of coating process (12). 

When the system moving to two phase region, a bicontinuous morphology generated by 

spinodal decomposition could be expected since the concentration fluctuation between two phase 

increases. In the case that minority component in the blend is sufficient to maintain a continuous 

morphology, the ribbon-like domains are deemed to be a frozen structure (see in Fig. 3-5a). On the other 

hand, bicontinuous morphology is going to break up into numerous irregular structures when the system 

has insufficient amount of minority component. Then, the phase separation continues to form spherical 

domains by diffusion and coarsening mechanism in order to minimize the interfacial area with 

surrounding matrix (see in Fig. 3-5b–3-5d) (13). 

 

Fig. 3-5 Model for the phase separation mechanism within polymer thin film; (a) bicontinuous 

morphology when the system moving to two phase region; (b) irregular structure after breaking up of 

bicontinuous morphology; (c) more spherical domains to reduce surface tension; (d) spherical domain 

after frozen (cited and partially modified from ref 13). 

3-2 Purpose  

In this chapter, we would like to propose a novel method combining polymer blend phase 

separation and a roll-to-roll coating process to able to continuously produce large amounts of polymer 
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micro/nano-discs in a one-pot manner. To this end, a commercial PVA film is chosen as the coating 

substrate for the roll-to-roll process, a commonly used choice for large-scale production of thin films (1, 

2). PVP and PS (as model discs) are chosen as the major and minor components in the polymer blend. 

Among them, as PVA and PVP are water-soluble, the micro/nano-discs composed of PS could be 

continuously obtained in large amounts by washing with water in a one-pot manner. Herein, the effects 

of fabrication conditions, such as the blend ratio of the PS/PVP pair and the total polymer concentration 

on the diameter and thickness of PS discs are systematically investigated. 

3-3 Material and methods 

3-3-1 Materials 

PS (DP: 1,500–1,800; Wako Pure Chemical, Osaka, Japan) were used as a minor component in 

this study whereas PVP (Mw: 40,000; Sigma-Aldrich) was used as a major component. To test the 

versatility of proposed process with other polymers, PLGA (L/G: 50:50; IV: 0.6 dL/g, Mw: 35,000; 

Polysciences, PA, USA), Poly(butyl methacrylate) (PBMA, IV: 0.47–0.56 dL/g, Sigma-Aldrich, MO, 

USA), and Polycaprolactone (PCL, Mw: 43,000–100,000; Polysciences) were used as a minor 

component. Chloroform (Wako Pure Chemical) was used as a cosolvent, and all chemicals were used 

without further purification. The roll-to-roll coating substrate used in this study was PVA film (S-type, 

commercial called Hi-Selon), purchased from Nippon Gohsei, Tokyo, Japan. This film is completely 

dissolved in water even at a low temperature of 2–5°C, and it is resistant to most organic solvents and 

chemicals. The width of the purchased PVA film is 20 cm, and the film thickness is ~60 µm.  

3-3-2 Fabrication of micro/nano discs by a roll-to-roll process 

The coating process of a polymer mixture on a PVA film is shown in Fig. 3-6. First, the polymer 

mixture of PS and PVP were dissolved in chloroform by having PS as a minor component. The blend 

ratio between minor and major component were varied as 1:3, 1:4 and 1:5 (w/w). The total polymer 

concentration (total amount of both minor and major components) was varied as 1 wt%, 2 wt% and 4 

wt%. The polymer mixtures were stirred overnight to obtain complete dissolution and was then coated 

on a PVA film using a roll-to-roll coating machine (reverse gravure coating, μCoater 350, Yasui Seiki, 
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Kanagawa, Japan). The line speed of coated substrate (also called web speed) was set at 1.0 m/min with 

micro gravure roll speed at 16 rpm, and a furnace temperature of 60°C. All of these coating processes 

were operated at room temperature (25°C) with a normal humidity in a clean environment. 

Fig. 3-6 Coating process for a polymer mixture solution on a water-soluble PVA film using a roll-to-

roll coating machine (permitted reuse reproduction for doctor thesis from the publisher, cited and 

partially modified from ref. 14). 

3-3-3 Morphology of micro/nano discs 

To observe the phase separation morphology of PS/PVP on a PVA film, coated film samples 

were cut and investigate by FE-SEM (Hitachi S-4800, Hitachi, Tokyo, Japan) at an accelerating voltage 

of 3.0 kV. To evaluate the number of particles and to investigate the morphology of the discs obtained 

after collection, coated film samples were cut into three 4×4 cm2 pieces, put in 40 ml of distilled water 

and kept overnight. The dissolved solutions were then centrifuged for five times at 21,500g, 4°C, for 

15 min (Himac CT15RE, Hitachi, Tokyo, Japan). After centrifugation, the sample were adjusted to a 

final volume of 1 mL and counted under a microscope (20×, Nikon Eclipse TS100, Nikon Corporation, 

Tokyo, Japan) using a hemacytometer (SLGC A113, Sunleadglass, Saitama, Japan) to evaluate the 

particle numbers. For top view images, the centrifuged samples were filtered through a 0.1 μm track-

etched PC filter membrane (Whatman Nuclepore, GE Healthcare Life Sciences, Maidstone, UK). 
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To evaluate composition of PS discs after collection process, dried sample of PS discs as well 

as pure PS, PVP and PVA were examined by FTIR (FTIR-8400, Shimadzu, Japan). For top view images, 

the centrifuged samples were filtered through a 0.1 μm track-etched PC filter membrane (Whatman 

Nuclepore, GE Healthcare Life Sciences, Maidstone, UK). The filtered sample with membrane were 

then dried in a desiccator and observed by FE-SEM. For cross-sectional view images, the samples were 

dropped on a 0.1 μm inorganic filter membrane (Whatman Anodisc, GE Healthcare Life Sciences, 

Maidstone, UK), dried in desiccator and examined by FE-SEM. All of SEM samples were pre-treated 

by sputter-coating with platinum before investigation. By using ImageJ software (NIH), the average 

diameter of both PS domains before collection and PS discs after collection was from the top view 

images, while the cross-sectional images were used to evaluate the thickness of the PS discs. With the 

same process as mentioned above, the solution mixtures of PLGA, PBMA, and PCL with PVP were 

prepared in chloroform at a predetermined polymer weight fraction as a minor component at the blend 

ratio of 1:4 (w/w) with a total polymer concentration of 4 wt%. The polymer phase separation 

morphology as well as the polymer discs were evaluated by FE-SEM. 

3-4 Results and discussion 

3-4-1 The effect of roll-to-roll operating condition on phase separation morphology 

To find the optimum condition of roll-to-roll coating process, polymer mixture of PS/PVP at a 

total concentration of 4 wt% with blend ratio of 1:4 was used as a model to evaluate the phase separation 

on coated PVA film. The effect of furnace temperature, gravure roll speed, film line speed as well as 

speed ratio on the phase separation morphology were studied. First, the effect of furnace temperature 

was studied by varying at 40oC, 60oC and 80oC.  
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Fig. 3-7 SEM images of PS/PVP blend phase separation with the blend ratio of 1:4 at a total 

concentration of 4%. By varying furnace temperature at (a) 40 oC, and (c) 80 oC. By varying gravure 

roll speed at (d) 8 rpm, and (e) 24 rpm. By varying film line speed at (f) 0.5 m/min and (g) 1.5 m/min 

and. By varying roll speed of constant speed ratio 1.0 at (h) 0.5 m/min/ 8 rpm, (i). 1.5 m/min/ 24 rpm. 

The identical image of control condition (b) furnace temperature 60 oC, gravure roll speed at 16 rpm, 

film line speed at 1 m/min (speed ratio = 1.0) was put in the middle in each row for easy comparison. 

All images shared scale bar of 2 µm as shown in Fig. 3-6i (permitted reuse reproduction for doctor 

thesis from the publisher, cited and partially modified from ref. 14). 

The results show that phase separation of all conditions was about the same demonstrated 

clearly phase separation providing symmetry circle in shape of PS domains (Fig. 3-7a-7c). This implied 

that the evaporation of solvent until the polymer mixture reaching to the frozen morphology of phase 
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separation completed within very short residence time. Based on the film line speed of 1 m/min, the 

evaporation time through frozen morphology is at least less than ~30 seconds, which is before coated 

film was conveyed into the furnace chamber. However, it should be noted here that surface of film 

sample at furnace temperature of 40oC is still remained slightly wet which is the evidence of the 

remaining solvent residual on coated substrate. On the other hand, coated PVA film was observed to 

loss their flexibility at furnace temperature of 80oC which is expected to be the effect of too high 

temperature. 

Other two key parameters that affected the quality of coating of roll-to-roll process are gravure 

roll speed and film line speed. Generally, the most comment setting of ratio between gravure roll speed 

and film line speed is 1.0. To study the effect of gravure roll speed, the furnace temperature was 

controlled at 60oC and film line speed was set at 1 m/min. The gravure roll speed was varied at 8 rpm, 

16 rpm and 24 rpm which represents to 0.5 m/min, 1.0 m/min and 1.5 m/min, respectively (diameter of 

gravure roll = 20 mm). As can be seen in Fig. 3-7d, 3-7b, and 3-7e, phase separation of PS/PVP can be 

clearly achieved for both gravure roll speed of 16 rpm and 24 rpm showing quite similar frozen 

morphology of PS domains. Intriguingly, some of asymmetry PS domains can be seen at the gravure 

roll speed of 8 rpm as can be seen in Fig. 3-7d (gravure roll speed 50% of film line speed). Two 

assumptions are expected to reasonably explain these results. First, since the film line speed was notably 

higher than the gravure roll speed in this condition, air entrainment in the form of evenly spaced lines 

of fine bubbles which always developed in the machine direction may nestle the formation of spherical 

PS domains (7).  Second, the instability coating behavior according to the unmatching between the speed 

of film line and gravure roll causing the uneven and thin coating film which is likely to provide irregular 

shape of PS domains.  

Then, the effect of film line speed was studied by varying film line speed at 0.5 m/min, 1.0 

m/min, and 1.5 m/min. Control parameters were gravure roll speed and furnace temperature at 16 rpm 

and 60oC, respectively. As can be seen in Fig. 3-7f, 3-7b and 3-7g, all conditions provide similar circle 

in shape of PS domain. However, ribbing instabilities (coating flows with evenly spaced uniform down-

web lines undulating the surface of the coating) can be seen by naked eyes on the coated film when the 
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film line speed decreased to 0.5 m/min which is the evidence of inappropriate coating condition (See in 

Fig. 3-8). 

Finally, the effect of roll speed by keeping speed ratio at 1.0 on phase separation morphology 

was studied. All conditions show clearly phase separation with circle PS domains distributed evenly 

throughout the coated PVA film sample. Diameter of PS domains was 474 ± 182 nm, 687 ± 155 nm, 

and 1,253 ± 668 nm for film line speed/gravure roll speed of 0.5 m/min/8 rpm, 1.0 m/min/16 rpm and 

1.5 m/min/24 rpm, respectively (Fig. 3-7h, 3-7b, and 3-7i). The increasing of PS domain diameter is 

expected to be the result of the thicker of coating film at faster roll speed condition (15, 16). As explained 

by our proposed model in previous study (13), thicker fluid film resulted the thicker bicontinuous PS 

domains and after the evolution of phase separation from bicontinuous morphology to be more circle 

aiming to reduce surface tension, thicker bicontinuous domains is supposed to provide larger diameter 

of PS domains. 

Fig. 3-8 The images of coated film (a) normal quality coated film surface; (b) ribbing instabilities 

(ribbing lines were indicated by arrows) at film line speed of 0.5 m/min and gravure roll speed of 16 

rpm with furnace temperature of 60oC (permitted reuse reproduction for doctor thesis from the publisher, 

cited and partially modified from ref. 14).  

 

 According to the results mentioned above, the optimum conditions to operate roll-to-roll 

machine for achieving clearly phase separation are at furnace temperature of 60oC with the film line 

speed of 1.0 or 1.5 m/min and the gravure roll speed of 16 rpm or 24 rpm. Moreover, the results also 

show that PS domain diameter increases from ~500 nm to ~1,300 nm when the roll speed increased 

(film line and gravure roll speed by keeping ration as 1.0) from 0.5 m/min/8 rpm to 1.5 m/min/24 rpm, 
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respectively. To further study the effect of blend ratio and a total concentration of PS/PVP polymer 

mixture, furnace temperature at 60oC with film line speed of 1.0 m/min and the gravure roll speed of 

16 rpm was used as a control parameter of roll-to-roll operating condition.  

 

3-4-2 Morphology of PS domains before collection 

The phase separation mechanisms of PS/PVP on PVA film via roll-to-roll process are 

complicated by the presence of the coating substrate versus the PS/PVP mixture and PS/PVP mixture 

versus air interfaces (11). During the coating process and thin film formation, the solvent start to 

evaporate causing the rapid increase of polymer concentration and the frozen structure will be obtained. 

Fig. 3-9 SEM images of PS/PVP blend phase separation on the PVA film with blend ratio of 1:3 at total 

concentrations of 1 wt%, 2 wt%, and 4 wt% (a–c); blend ratio of 1:4 and total concentrations of 1 wt%, 

2 wt%, and 4 wt% (d–f); blend ratio of 1:5 at total concentrations of 1 wt%, 2 wt%, and 4 wt% (g–i). 

All images shared the same scale bar of 2 µm as shown in Fig. 3-9i (permitted reuse reproduction for 

doctor thesis from the publisher, cited and partially modified from ref. 14). 
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In this study, frozen structure of polymer blend of PS/PVP system can be seen in Fig. 3-9. 

Island-like phase of PS domains surrounded by ocean-like of PVP on a PVA film were apparently 

observed at all conditions excluding that at a total concentration of 1 wt% with blend ratio of 1:3 (Fig. 

3-9a). As explained in a simple model for the phase separation mechanism proposed in our previous 

study (13), the amount of minor component in this condition was sufficient to stable a bicontinuous 

morphology generated by spinodal decomposition when the system moving to two phase region. In 

other conditions, the concentration difference between the minor and the major component favors the 

formation of dispersed PS domains. Most PS domains were circular in shape and dispersed throughout 

the whole PVP matrix regardless of the location in both the width and length directions. This could be 

used to overcome the limitation of spin-coating which tend to provide elongated PS domains increasing 

with the radial distance from the center of the coating substrate from the same PS/PVP mixture (17). We 

believe that the roll-to roll coating process ultimately eliminates the effect of centrifugal flow, which 

can provide a more homogenous phase separation morphology. 

Fig. 3-10 Diameter of PS domains on the PVA film. Opened, closed, and striped columns show the 

coating conditions of each PS/PVP blend ratio by varying total concentrations from 1 to 2, and 4 wt%, 

respectively (permitted reuse reproduction for doctor thesis from the publisher, cited and partially 

modified from ref. 14). 

The average diameter of the PS domains was from three samples which were individually 

prepared (N = 3, and at least 50 discs were chosen for each measurement). As shown in Fig. 3-10, the 
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average diameter varied in the range of 300 nm to about 1,335 nm at blends ratio of 1:5, 1:4 and 1:3, 

respectively. For a particular blend ratio, it is reasonable to expect that the size of dispersed PS domains 

increases with the PS fraction in the PS/PVP blend (18, 19). For example, the diameter of PS domains 

slightly increased from 592 ± 66 nm to 687 ± 155 nm when changing the blend ratio from 1:5 to 1:4, at 

a total concentration of 4 wt%, whereas PS domains from a 1:3 blend ratio was obviously larger (1,335 

± 966 nm). Also, when changing the blend ratio from 1:5 to 1:3, the diameter of PS domains becomes 

less uniform, as indicated by a larger error bar being shown in Fig. 3-8. This could be rationally assumed 

that a thicker bicontinuous morphology could occur during the initial state of phase separation 

mechanism at higher total polymer concentration. By this reason when the thicker bicontinuous 

morphology breaks into irregular shape during phase separation process, less uniform PS domains were 

expected to form comparing with thinner bicontinuous morphology obtained at lower concentration. 

3-4-3 Composition and morphology of PS discs after collection 

Composition, diameter and thickness of PS discs 

 After repeatedly centrifugation and washing with water, PVP and PVA film as the major 

component and coating substrate were removed. The composition of these PS discs after washing 

process at a total concentration of 4% with a blend ratio of 1:4 was investigated by FTIR as can be seen 

in Fig. 3-11d. Spectra of obtained PS discs were compared with spectra of pure PS, PVA and PVP, 

respectively (Fig. 3-11a–11c). The absorbance peaks are located in a wide range of spectrum scale. The 

first peak at around 3,590–3,650 cm−1 is for OH stretching which is the strong evidence of the presence 

of PVA. The second peak is for aromatic C–H stretching at 3,000 cm−1 occurred due to the present of 

PS. The present PS is reconfirmed by the peak at 1,500 cm−1 which is aromatic C–C stretching. The 

other two peaks that are located at 1,700 and 1,290 cm−1 indicates C=O bond stretching vibration and 

C–N stretching, respectively. These two peaks are contributed by the existed of PVP in a sample. Finally, 

the small peak of C–O stretching at 1,050–1,150 cm−1 is reconfirmed the presence of PVA. According 

to these results, it could be concluded that obtained PS discs after washing process are PS-rich particles 

(PS discs that still included small amount of PVP and PVA) which are herein referred as PS discs in 

this paper. The precipitated PS discs in water were obtained after the centrifugation process. The whole 
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process is operated in water, without any use of organic solvent, desiccation or re-suspension, and the 

PS discs are directly collected in a one-pot manner. This result verifies the principle of our method very 

well. 

Fig. 3-11 FTIR-spectra of (a) pure PS, (b) pure PVA, (c) pure PVP, and (d) PS discs prepared at a total 

concentration of 4 wt% with a blend ratio of 1:4 (permitted reuse reproduction for doctor thesis from 

the publisher, cited and partially modified from ref. 14). 

 Apparently, the amount of collected PS discs is solely decided by the area of the PVA substrate. 

Here, a high concentration of PS discs collected PS discs from 3 pieces of 4×4 cm2 substrates (48 cm2), 
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and found a high concentration of PS discs.  For example, in the case of 1:3 at a total concentration of 

2 wt%, ~107 particles of PS discs in a final volume of 1 ml were obtained. Accordingly, the density of 

discs on the substrate film is ~2×105 particles/cm2 (number of particles/areas = ~107 particles / 48 cm2). 

Based on the film line speed of at 1 m/min, film area that can be coated in one minute is equal to 2,000 

cm2 (long × width; 100 × 20 cm2) which equals to the production rate of ~4×108 particles/min (number 

of particles/areas × coated area in one minute).  

 Among number of proposed methods for polymer discs fabrication, the information of particle 

production rate (particles/time) is quite limited since they mainly focus on the effect of operating 

condition on particle morphology. Film stretching method reported the total production number of 108 

to 1012 particles. This number corresponds to the production rate of ~9×104–9×108 particles/min based 

on the total fabrication time of ~1,115 min (20). However, this method is two steps fabrication; starts 

with the spherical particle fabrication and follows by film stretching, which is burdensome. Automated 

stepper lithography reported the production rate at ~2.5×108 particles/min (21). However, this method 

requires high technology with the sophisticated device, such as electron beam lithography and stepper, 

which is expected to have a skilled worker to operate which is unlikely to be an ideal case for an 

economical point of view. To the best of our knowledge, this is the first reported method to fabricate 

polymer micro/nano-discs at such a continuous large scale, which should make it possible and 

competitive with alternative methods to upscale to industrial quantities in future.  

To understand more about the effect of blend ratio and total concentration on the morphology 

of PS discs, SEM images of PS discs under various fabrication conditions were detailed quantitative 

analyzed. In our collection process, a filter membrane with a pore size of 100 nm was used to screen 

out particles which have a diameter less than 100 nm. These small particles are undesired since their 

shape is closer to spherical. Moreover, their proportion among all the PS particles is limited (~2% for a 

blend ratio of 1:3 at a total concentration of 4%). We found that most of PS particles regardless of the 

fabrication condition were disc-like in shape while the particle size varied at each condition. 

Representative SEM images of the PS discs obtained are shown in Fig. 3-12a–12d. 
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Fig. 3-12 SEM images of PS discs; (a) Top view and (c) cross-sectional view images of PS discs with 

a PS/PVP blend ratio of 1:3 at a total concentration of 2 wt%; (b) top view (d) cross-sectional view for 

a PS/PVP blend ratio of 1:5 at a total concentration of 4 wt%, respectively (permitted reuse reproduction 

for doctor thesis from the publisher, cited and partially modified from ref. 14). 

Flatter PS discs were observed at a blend ratio of 1:3 at a total concentration of 2 wt%. Here, 

thinner coating layer can be expected at this lower total concentration, which acts like a dimensional 

confinement (see Fig. 3-12a and 3-12c for top-view and cross-sectional view, respectively). It should 

be noted here that there are craters on PS discs in this condition which is expected to be a frozen structure 

of small PVP domains in another bigger PS domains left from the rapid quenching during solvent 

evaporation process. This phenomenon is expected to induce by the dimensional confinement (thin 

liquid film thickness) at this low total concentration combined with the high portion of minor 

component in the mixture. At a blend ratio of 1:5 at a total concentration of 4 wt%, PS discs was seen 

to be more hemispherical in shape, driven mainly by surface tension since a thicker coating film layer 

was achieved at this high total concentration. (see Fig. 3-12b and 3-12d for top-view and cross-sectional 

view, respectively). 

The average diameter of the PS discs was measured as shown in Fig. 3-13. The result shows 

that the average diameter of PS discs increases with the increasing of the total polymer concentration 

or by the changing of blend ratio from 1:5 to 1:3. For example, PS discs diameter increases from 426 ± 
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25 nm to 513 ± 14 nm when the total concentration increased from 1% to 4% in the case of a 1:5 blend 

ratio. If we consider the data for a total concentration of 4 wt%, the discs size significantly increases 

from 513 ± 14 nm to 862 ± 149 nm when changing of blend ratio from 1:5 to 1:3. It can be implied that 

the increasing of the total concentration or changing the blend ratio to 1:3 encourage the formation of 

larger PS discs, which can be explained by the following reasoning. In a spin-coating process, the 

evolution time of phase separation morphology is strongly determined by the solvent evaporation rate, 

which is related to the rotation speed (17), (18), (22). In the case of a roll-to-roll coating, the solvent 

evaporation process becomes much more straightforward and the evaporation rate can be deemed as 

constant. When the composition of the polymer blend system enters a two-phase region in the phase 

diagram, the evaluation time for phase coarsening is the same regardless of the initial total concentration. 

Hence, the final phase separation morphology mainly depends on the thickness of liquid film at the 

point that the phase separation is triggered. In the case of low total concentration, growth of dispersed 

domains limit by the dimensional confinement of the thin liquid film, leading to the formation of smaller 

PS domains. Moreover, it is also reasonable to expect a larger size of PS discs at a blend system with a 

larger fraction of minor component (such as a blend ratio of 1:3 in PS/PVP), because the fluctuations 

in polymer concentration become much more marked. 

Fig. 3-13 Diameter of PS discs at each PS/PVP blend ratio when varying the total concentration from 1 

wt% to 4 wt% (permitted reuse reproduction for doctor thesis from the publisher, cited and partially 

modified from ref. 14). 
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As mentioned previously, the thickness of PS discs is related to the thickness of liquid film 

present during the roll-to-roll coating. Here, the thickness of the obtained PS discs was measured, as 

shown in Fig. 3-14.  

Fig. 3-14 Thickness of PS discs at each PS/PVP blend ratio when varying the total concentration from 

1 wt% to 4 wt% (permitted reuse reproduction for doctor thesis from the publisher, cited and partially 

modified from ref. 14). 

At the total polymer concentration of 1 wt%, the average thickness of PS discs at both blend 

ratios of 1:4 and 1:5 is about the same at around 100 nm. This number slightly increases with the 

increasing of the total concentration from 1 wt% to 2 wt% to be ~120 nm at all blend ratios. Then, it 

increases significantly up to ~230 nm at the total concentration of 4 wt% for all blend ratios. According 

to these results, it can be assumed that the blend ratio has minor influence on the thickness of PS discs, 

which is strongly dependent on the total polymer concentration which is related to the viscosity of the 

coating solution. This corresponds well with the result of the film thickness which varies by the feed 

solution viscosity. It was demonstrated that increasing viscosity of the feed solution can improve the 

emptying behavior (the ability to transferred fluid out of gravure roller cells onto the coating substrate). 

Hence, the thickness of coating film increases with the increasing of viscosity (5-7).  

Therefore, it could be reasonably concluded that the growing of PS discs effects by increasing 

the total concentration and the fraction of minor component. Also, the effect of the blend ratio on the 

average diameter is stronger than that of the total concentration, while the thickness of the PS discs is 
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mainly controlled by the total concentration. Accordingly, this method shows potential to fabricate sub-

micron scale discs, whose size can be controlled by varying the fabrication conditions. 

Aspect ratio of PS discs 

 The shape of micro/nano-discs can be described by their aspect ratio, i.e., the ratio between the 

diameter and the thickness of a particle. Here, Fig. 3-15 shows the illustrations of PS discs from all the 

fabrication conditions with their calculated aspect ratio, using the actual average diameter and thickness.  

Fig. 3-15 Illustrations of PS discs at each PS/PVP blend ratio obtained by varying the total concentration 

from 1 wt% to 4 wt%. The aspect ratio is shown in parentheses (permitted reuse reproduction for doctor 

thesis from the publisher, cited and partially modified from ref. 14). 

For the effect of blend ratio, the lowest ARdt were obtained at the blend ratio of 1:5 at all total 

concentrations. The changing of blend ratio from 1:5 to 1:3 leads to an increase of both disc diameter 

and thickness. However, the increase of diameter is faster than that of thickness, which is reflected an 

increase in ARdt. For the effect of total concentration, ARdt were 5.2 and 4.2 at different blend ratios 

and a total concentration of 1 wt%. This number decreased with an increase of total concentration to 2 

wt% to be 4.4 and 3.7. At the total concentration of 2 wt%, ARdt was the highest at about 6.3 for a blend 

ratio of 1:3 as mentioned previously and can be clearly seen in the Fig. 3-12a top-view and Fig. 3-12c 

cross-sectional view, respectively. The decreasing of ARdt at all blend ratios were observed when the 
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total concentration increases from 2 wt% to 4 wt% to be 3.5, 2.5 and 2.3 at blend ratios of 1:3, 1:4 and 

1:5, respectively. We concluded that increasing the total polymer concentration leads to an increase of 

both disc diameter and thickness, but the increase in thickness is faster than that in diameter resulting 

in lower ARdt. 

Versatility of the process with other polymers 

Fig. 3-16 SEM images of phase separation of PLGA, PBMA and PCL with PVP (a, c and e) and PLGA, 

PBMA and PCL discs (b, d and f) with a blend ratio of 1:4 at a total concentration of 4 wt%. All images 

share the same scale bar of 2 µm as shown in Fig. 3-16f (permitted reuse reproduction for doctor thesis 

from the publisher, cited and partially modified from ref. 14). 

Since this proposed method employs polymer phase separation as a self-assembly process to 

fabricate polymer micro/nano-discs, it is expected that any other polymer blends which have apparent 

phase separation morphology could be applied to this method. Therefore, polymer mixtures of PLGA, 

PBMA and PCL with PVP at a total concentration of 4 wt% and blend ratio of 1:4 were prepared and 

studied to test this assumption. As can be seen in Fig. 3-16, similar to the case of PS/PVP, PLGA, 

PBMA, and PCL also provided apparent phase separation morphology as the minor component among 

the PVP matrix. Most of these polymer domains were circular in shape and dispersed homogenously 
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throughout the film. We were able to obtain PLGA, PBMA, and PCL discs by the same process used 

for the collection of PS discs, and they could be observed on a filter membrane. 

3-5 Summary 

With the combination of polymer blend phase separation and a roll-to-roll coating process, a 

new method to fabricate large amounts of polymer micro/nano-discs in a one-pot manner. By this 

method, the limitation of discontinuous fabrication as well as the complicated collection process 

required in conventional methods can be transcended. PS/PVP blend coated on a PVA substrate film 

was performed as a case study. PS discs could be collected by repeatedly washing with water in a one-

pot manner since both major component (PVP) and coating substrate can be easily dissolved in water. 

The PS particles obtained were confirmed to be disc-like in shape with an average diameter varying 

from ~400 nm to ~800 nm while the thickness varied in the range from ~100 nm to ~250 nm. The size 

and aspect ratio of the obtained discs can be adjusted in a controlled manner by adjusting the fabrication 

conditions, such as the blend ratio and the total polymer concentration. By decreasing the total 

concentration with increasing the fraction of the minor component in the polymer blend, particles with 

a more disc-like shape (higher aspect ratio) could be achieved. However, decreasing of the total 

concentration combined with a higher fraction of the minor component may cause the occurrence of a 

bicontinuous phase morphology. We also succeeded to fabricate micro/nano-discs with other polymers, 

such as PLGA, PBMA and PCL, to demonstrate the universality of this method. 

Since PVA substrate film used for the roll-to-roll coating in this study has a good extensibility 

and heat resistance, there is a high potential to combine this method with a stretching method for 

fabrication of polymer particles with further peculiar shapes. Although this work is still at an early 

stage, we anticipate the development of a large-scale, continuous fabrication method for polymer 

micro/nano-discs which would be of practical value in a wide range of applications such as drug 

delivery, medical imaging, surface coatings, etc. 
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Chapter 4 
Elongated polymer micro/nano discs 

and their surface adhesiveness  
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4-1 Background 

As mentioned previously, polymer micro/nano particles tend to form to be sphere to obtain the 

minimum surface energy and, and thus sphere is considered as the simplest shape of particle to be 

fabricated. However, non-spherical polymer particles have been focused in these past several years 

driven by their unique and fascinating properties, even though the fabrication methods are more 

complicated (1-9). A group of non-spherical particles such as rod or ellipsoid theoretically have a larger 

contact surface area than spherical particles. Among them, disc micro/nano particles with high aspect 

ratio (the ratio between the major and minor axis of particle domain) are expected to provide outstanding 

adhesion efficiency since this geometry with one flat surface allows the particles to be close-fitting to 

the surface of the target sites (10). The adhesion efficiency is one of the most essential properties 

especially of polymer particles in drug delivery application. For example, to execute its diagnostic or 

therapeutic mission efficiently, the polymer particles have to firmly adhere to the surface of the target 

sites (e.g., blood vessel wall or tumor) (8). In addition, these high aspect ratio particles were less 

accessible to phagocyte by macrophages, specifically on their major axis, leading to a lower uptake by 

the liver and a longer circulation time in the blood (11-13). These shape of particles, therefore, is expected 

to improve diagnostic sensitivity, therapeutic ability and enhance the efficiency in the field of injectable 

carriers in the drug delivery system. A variety of methods have been developed to fabricate high aspect 

ratio of non-spherical particles such as stretching polymer spheres embedded in PVA cast film (14), using 

the simple oil-in-water emulsion solvent evaporation technique (15), coating of silica on hematite spindle 

cores (16), utilizing imprint lithographic techniques called PRINT (17), using a sol-gel approach with a 

surfactant/co-structure direct agent (CSDA) mixture as a template (18), electrospinning of swollen 

nanoparticles (19), and using microfluidic device (20). 

Stretching of polymer spheres embedded in a film matrix is one of the well-known methods 

because of their simplicity. However, drying of film casting which required long time causing difficulty 

to implement this process in a large scale (14, 21). Some methods such as PRINT process were reported 

to be able to precisely fabricate the specific shape of particles including high aspect ratio of non-

spherical particles.  However, it is still expensive to set up the process and required a skilled worker to 
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operate which is unlikely to be an alternative method for large scale production (17, 20). As mentioned in 

the last chapter, we have proposed the one-pot method to fabricate discs in a continuous manner by 

utilizing the roll-to-roll machine with polymer phase separation (22).  PVA film using as a coating 

substrate has excellent extendibility with a good heat resistance. Therefore, there is a high likelihood of 

combining roll-to-roll with polymer phase separation method with a film stretching to fabricate of 

polymer particles with further peculiar shapes.  

4-2 Purpose 

In this chapter, we propose a facile method to fabricate elongated micro/nano discs with larger 

contact surface area to target surfaces, based on our previously proposed method combining with PVA 

film stretching. The polymer mixture of biodegradable PLGA and PVP was used as a model as a minor 

and major component, respectively. Phase separation induced by the solvent evaporation during the 

roll-to-roll coating process created PLGA domains on PVA film. Then, PLGA domains formed on PVA 

film were stretched by a customized uniaxial stretcher. The effect of stretching temperature and 

percentage of film elongation on the shape of PLGA particles were studied.  Finally, the surface 

adhesiveness of elongated PLGA discs was compared with three distinct shapes, namely control discs, 

spheres and elongated spheres by water-dropping test. 

 

4-3 Material and methods  

4-3-1 Materials  

PLGA (L/G: 50:50; IV: 0.6 dL/g, Mw: 35,000; Polysciences, PA, USA) was used as a minor 

component for roll-to-roll coating and for fabrication spheres via SPG membrane emulsification, which 

is one of the well-known techniques to fabricate uniform spheres (23, 24). PVP (Mw: 40,000; Sigma-

Aldrich, MO, USA) was used as a major component for roll-to-roll coating by having chloroform 

(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) as a cosolvent. All chemicals were used 

without further purification. PVA film (S-type, commercial called Hi-Selon) was used as the roll-to-

roll coating substrate, purchased from Nippon Gohsei, Tokyo, Japan. This film can be completely 
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dissolved in water even at a low temperature and resist to most of organic solvents and chemicals. The 

width of the PVA film is 20 cm with the film thickness of ∼60 µm. For fabrication of elongated 

spherical particles, PVA cast film were made from PVA (Mw: 30,000–70,000; Sigma-Aldrich), added 

with glycerol (FUJIFILM Wako Pure Chemical Corporation) as a plasticizer. PLL (Peptide Institute, 

Osaka, Japan) was coated glass substrate for PLGA particle morphology study, while a green 

fluorescence dye 3,3'-Dioctadecyloxacarbocyanine Perchlorate (DiOC18) (Mw: 881.72; Thermo Fisher 

Scientific, MA, USA) was used as a tracer in surface adhesiveness study. 

4-3-2 Experimental design and data analysis 

The optimal condition to fabricate elongated micro/nano discs with larger contact surface area 

was achieved by evaluation the effect of percent elongation and stretching temperature on the 

morphology of PLGA domains of PLGA/PVP on PVA film were examined. The length of major axis 

(x) and minor axis (y) as well as the aspect ratio (the ratio between the length of major and minor axis, 

x/y) were determined by image analysis using ImageJ software (NIH), from three samples which were 

individually prepared (N = 3, and at least 40 domains were chosen per each measurement). Values were 

given as mean ± standard deviation (SD). 

Then, the optimal condition was used to fabricate the elongated discs.  The morphology of 

elongated disc after collection process was determined. Similar to the PLGA domains, the length of 

major axis and minor axis, the aspect ratio, and the thickness of PLGA elongated discs were obtained 

from three samples which were individually prepared (N = 3, and at least 40 discs were chosen per each 

measurement). Values were given as mean ± SD. Finally, the surface adhesiveness of PLGA elongated 

discs was examined, comparing with discs before stretching, spheres and elongated spheres by using 

the water-dropping test. The particle remaining percentage after water-dropping was used as a 

parameter to compare the adhesiveness property of each particle shape. Values were obtained from 

three individually prepared samples (N = 3) and given as mean ± SD. 
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The fabrication methods of each particle shape, the determination methods of PLGA domains 

and particle morphology and the evaluation method of adhesiveness by water-dropping test will be 

discussed more in details in the next section. 

4-3-3 Methods 

Fabrication of PLGA discs via phase separation and roll-to-roll coating process 

The process of coating a polymer mixture on a PVA film to fabricate PLGA domains was 

similar to method mentioned in Chapter 3 as shown in Fig. 4-1a. In summary, solutions of a mixture of 

PLGA and PVP as a minor and major component, respectively, were prepared in chloroform at the 

blend ratio of 1:4 (w/w) with the total polymer concentration at 4 wt%. The mixture solution was stirred 

overnight to obtain complete dissolution and was then coated on a PVA film using a roll-to-roll coating 

machine (reverse gravure coating, μCoater 350, Yasui Seiki, Kanagawa, Japan). The film line speed 

(also called web speed) was set at 1.0 m/min with micro gravure roll speed at 16 rpm, and a furnace 

temperature of 60°C. All of these preparation processes were conducted at room temperature (25°C) 

and normal humidity in a clean environment. Coated PVA film samples were cut into five 4 × 4 cm2 

pieces, put in 40 mL of distilled water and kept overnight. The dissolved solutions were then centrifuged 

five times at 21,500g, 4°C, for 15 min (Himac CT15RE, Hitachi, Tokyo, Japan). 
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Fig. 4-1 Schematic diagram of a facile method to fabricate elongated discs and their adhesiveness 

evaluation. (a) continuous coating process via roll-to-roll coating machine; (b) film stretching method 

by customized uniaxial stretcher; (c) one-pot collection process; and (d) water-dropping test for 

adhesiveness evaluation (permitted reuse reproduction for doctor thesis from the publisher, cited and 

partially modified from ref. 25). 

Fabrication of PLGA spheres by SPG emulsification method 

 Schematic diagram of the SPG emulsification method is shown in Fig. 4-2. The disperse phase 

was a solution of PLGA in chloroform at the concentration of 10 mg/mL for 10 mL, while a solution of 

PVA in water at the concentration of 10 mg/mL for 190 mL was a continuous phase. Disperse phase 

was pressed by nitrogen gas (N2) at 40 kPa through the SPG membrane with the pores of 1 µm. The 

droplets formed into the continuous phase which is stirred by magnetic stirred at 400 rpm. PLGA 
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spheres were then obtained by water washing/centrifugation for three times at 2,380g, 4°C, for 10 min 

(LX-120, TOMY, Tokyo, Japan). 

Fig. 4-2 Schematic diagram of SPG emulsification method for fabrication of PLGA spheres (permitted 

reuse reproduction for doctor thesis from the publisher, cited and partially modified from ref. 25). 

Fabrication of PLGA elongated spheres and elongated discs 

 For elongated spheres, a previous reported of film stretching method was used by embedding 

PLGA spheres in PVA cast film (14, 21). Initially, PVA solution at the concentration of 10% (w/v) was 

prepared at 85°C. Glycerol was added into this PVA solution to obtain the final concentration of 2% 

(w/v) for plasticizing and reducing the glass transition temperature (Tg) of the film. 1 mL of PLGA 

spheres at the concentration of ∼109 particles/mL were added to 15 mL of this mixture. This mixture 

was casted and dried on 12 × 12 cm2 flat surface to thicknesses of ∼70 µm overnight. 

 The same film stretching method was used for fabrication of both PLGA elongated spheres and 

elongated discs. Embedded PVA cast film for elongated spheres and coated PVA film for elongated 

discs were typically cut into pieces of 4 cm × 6 cm. For stretching, the film was mounted to the 

customized uniaxial stretcher at 1 cm from the edge of the longer side to obtain the stretching area of 4 

× 4 cm2 (Fig. 4-1b). The uniaxial stretcher comprised two aluminum blocks mounted on a screw. The 

elongation percentage can be adjusted by screwing which will turn separates the blocks (Fig. 4-3). 
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Fig. 4-3 The photo of the customized uniaxial stretcher (permitted reuse reproduction for doctor thesis 

from the publisher, cited and partially modified from ref. 25). 

To study the effect of film stretching on PLGA domains, PVA film were stretched at 200%, 

400% and 600% elongation, respectively, while embedded PVA cast film and coated PVA film 

fabricate were stretched at 600% elongation to fabricate elongated spheres and elongated discs for 

adhesiveness evaluation. All stretching processes were performed at a rate of 0.3–0.5 mm/s. In cases of 

heat-stretching, the film was conditioned in the oven (EO-600B ETTAS, Osaka, Japan) at a setting 

temperature for 5 min just before stretching. The samples were further kept in the oven for 1 min before 

cooling down at room temperature for 3 min. In the control case, the stretching tests were examined at 

room temperature (25°C) and normal humidity in a clean environment. The one-pot collection process 

using for PLGA discs mentioned in previous section was used to obtain the elongated spheres and 

elongated discs (Fig. 4-1c). After stretching, the mounting part of the film sample was cut off, put in 40 

mL of distilled water, and kept overnight. The dissolved solutions were then centrifuged five times at 

21,500g, 4°C, for 15 min.  

Morphology of PLGA domains and particles 

 To investigate the phase separation morphology of PLGA/PVP on a PVA film and PLGA 

domains, the film samples were cut and observed by a field emission scanning electron microscope 

(FE-SEM, Hitachi S-4800, Hitachi, Tokyo, Japan) at an accelerating voltage of 3.0 kV. The length of 

major axis, minor axis, and the aspect ratio of PLGA domains were examined by FE-SEM image 

analysis. The repetition number of experiment and the method of data presentation were previously 

described. 
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 To obtain the number of the PLGA particles obtained after collection, 1 mL of the centrifuged 

samples were counted under a microscope (20×, Eclipse TS100, Nikon Corporation, Tokyo, Japan) 

using a hemacytometer (SLGC A113, Sunleadglass, Saitama, Japan). Centrifuged samples were 

dropped on coverslips which were coated by PLL at the concentration of 0.1% (w/v) for 2 hr. Then, the 

samples were kept in refrigerator at 4oC for 2 hr before washing by water, dried in a desiccator and 

observed by FE-SEM for investigation the morphology of PLGA particles on top-view. The sample 

was also investigated for side view. The samples were dropped on a 0.1 μm inorganic filter membrane 

(Whatman Anodisc, GE Healthcare Life Sciences, Maidstone, UK), dried in desiccator and examined 

by FE-SEM. All of the SEM samples were pre-treated by sputter-coating with platinum prior to 

investigation (4 mA, 60 s). The average of major and minor axis of PLGA particles after collection was 

obtained from the top view images and the thickness of the PLGA particles was from the side view 

images. The repetition number of experiment and the method of data presentation were previously 

described. 

Adhesiveness evaluation by water-dropping test 

 DiOC18, green fluorescence using as a tracer, was added into the polymer mixture of 

PLGA/PVP for roll-to-roll and the disperse phase solution of PLGA for SPG emulsification at the final 

concentration of 0.1% (w/v), respectively, for evaluation the adhesiveness of each shape of the PLGA 

particles. These fluorescent-labelled discs and spheres were further used to fabricate fluorescent-

labelled elongated discs and elongated spheres by using film stretching method as mentioned in 

previous section. PBS, important intracellular buffer (pH 7.4), was used to drop to the coverslip (18 × 

18 mm2) which was fixed on slide glass at a 45-degree angle to the floor. The flow rate was set at 50 

mL/hr (low flow rate) and 200 mL/hr (high flow rate) by using syringe pump (SPS Syringe pump, AS 

ONE, Osaka, Japan). The distance from tip of the needle to the coverslip was set at about 8 cm for all 

the experiments (Fig. 4-1d). PLGA particles of 40 µL with the concentration of ∼107 particles/mL were 

dropped on these coverslips and kept in refrigerator at 4oC for 2 hr. The occupied areas by fluorescent-

labelled particles on the coverslip before water-dropping were examined by fluorescence microscope 

(40×, Eclipse Ts2R-FL, Nikon Corporation) and measured by ImageJ software. The fluorescent 
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microscope stage was fixed to remain unchanged, and the occupied areas after water-dropping at the 

same position were re-examined. The particle remaining percentages after water-dropping were 

calculated from the comparison with occupied areas before water-dropping. The repetition number of 

experiment and the method of data presentation were previously described. 

4-4 Results and discussion 

4-4-1 Elongation of PLGA domains induced by film stretching 

In the case of no stretching as shown in Fig. 4-4a, frozen structure of phase-separated PLGA 

domains from a PLGA/PVP blend on PVA film was look like island surrounded by the ocean. This 

were apparently observed at total concentration of 4 wt% with blend ratio of 1:4 (w/w). A simple model 

of the phase separation mechanism proposed in our previous study can be used to explain the formation 

of this island-liked domains among the matrix.  Briefly, the concentration fluctuation between two 

phases, which induces by the solvent evaporation during coating process, leads to the formation a 

bicontinuous morphology. The irregular shapes were initially formed and develop to be spherical 

domains in the PVP matrix in order to reduce surface energy during phase separation process (22). The 

results showed that PLGA domains dispersed throughout the whole PVP matrix regardless of the 

location in both wide and length directions. As shown in Fig. 4-4b, the average length of major axis (x) 

of PLGA domains was 714 ± 109 nm without film stretching. The average ARxy (ratio of the length of 

major and minor axis) of these PLGA domains was 1.00 ± 0.04 which represents circular in shape, 

namely the length of major and minor axis is the same (x ≈ y). 

By varying percentage of elongation, the average length of major axis (x) of PLGA domains 

was 699 ± 44 nm at 200% elongation with ARxy of 1.00 ± 0.02. This was unchanged from the sample 

without stretching in both size and shape (a difference less than 3%). The average length of major axis 

(x) still remain about the same when the PVA films were further stretched, representing 625 ± 60 nm 

and 659 ± 64 nm at 400% and 600% elongation, respectively. Correspondingly, ARxy of PLGA domains 

at 400% and 600% elongation was 1.01 ± 0.01 and 0.99 ± 0.00, respectively, showing circular in shape. 

From these results, it can be concluded that the shape and size of PLGA domains were not affected by 

PVA film stretching even up to 600% elongation at room temperature. 
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Fig. 4-4 At room temperature, (a) SEM images of PLGA domains stretched, and (b) the correlation 

between percent elongation and the length of major and minor axis as well as ARxy (permitted reuse 

reproduction for doctor thesis from the publisher, cited and partially modified from ref. 25). 

 Correspondingly, ARxy of PLGA domains at 400% and 600% elongation was about 1, showing 

circular in shape (1.01 ± 0.01 and 0.99 ± 0.00, respectively). From these results, it can be concluded 

that the shape and size of PLGA domains were not affected by PVA film stretching even up to 600% 

elongation at room temperature. This can be explained by the nature of PLGA and PVP at room 

temperature. Since Tg of PLGA and PVP were about 48°C (26) and 160°C (27), respectively, both minor 

and major components at room temperature are in frozen state where the polymers tend to be hard and 

brittle (28). Therefore, it could be concluded that both minor and major components will not much affect 
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the shape of PLGA domains by stretching PVA film at room temperature since it is lower than Tg of as 

can be seen in Fig. 2b. These results agree well with the stretching of PVA cast film embedded by PS 

particles (22) and polymer blend thin film of dispersed PS domains in polyurethane (PU) matrix (29) at 

lower temperature than their Tg, where shape of PS particles and PS domains are remained unchanged 

after stretching. However, voids formation around domains during stretching which is one of the 

deformation mechanisms was not observed in the case of PLGA/PVP blend. This could be explained 

by the difference of micromechanical deformation process between rigid and soft filler. In the case of 

rigid filler such as PS, a stress builds up inside particles which leaded to the debonding at the filler and 

matrix interface. And the forming of voids, in the case of poor adhesion between filler and matrix, could 

be observed. Whereas, the particle cracking could be expected when the filler and matrix shows high 

adhesion (29-31). On the other hand, the crazing in polymer matrix is expected to be the deformation 

mechanism when the minor component has less stiffness than the matrix. This explanation is supported 

by the enlarged SEM images showing the cracking of PS domains at 600% elongation at room 

temperature (see Fig. 4-5a and 4-5aʹ)., whereas there is no cracking in PLGA domains at the same 

elongation percentage (see Fig. 4-5b and 4-5bʹ) (permitted reuse reproduction for doctor thesis from the 

publisher, cited and partially modified from ref. 25). 

Fig. 4-5 Phase separation at room temperature with 600% elongation. (a) PLGA/PVP phase separation; 

(a') enlarged image of PLGA/PVP phase separation at the edge of PLGA domain; (b) PS/PVP phase 

separation; and (b') enlarged image of PS/PVP phase separation at the edge of PS domain at the same 

total concertation of 4 % and blend ratio 1:4 (w/w). 
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However, PLGA domains can be elongated by film stretching when samples were heated at 80 

oC as can be seen in Fig. 4-6a. This temperature is considerably higher than Tg of PLGA, the PLGA 

domains were softened and ARxy increased from 0.99 ± 0.04 with non-stretching to 1.13 ± 0.06 at 200% 

elongation. The shape of PLGA domains were prolonged in the stretching direction. The results showed 

that ARxy of PLGA domains increased up to 1.37 ± 0.07 and 2.01 ± 0.06 at 400% and 600% elongation, 

respectively. As can be seen in Fig. 4-6b, the increasing of ARxy was from the increasing of major axis 

length (x) aligned with the stretching direction; from non-stretching at 708 ± 80 nm to 1,397 ± 219 nm 

at 600% elongation, while the minor axis length (y) remained about unchanged around 700 nm. 

Fig. 4-6 At 80oC, (a) SEM images of PLGA domains stretched, and (b) the correlation between percent 

elongation and the length of major and minor axis as well as ARxy (permitted reuse reproduction for 

doctor thesis from the publisher, cited and partially modified from ref. 25). 
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Furthermore, the effect of film stretching at 600% elongation on PLGA domain shape changing 

was studied by varying stretching temperature. As can be expected, softened PLGA domains by the 

increasing of temperature were observed according to the fact that the rigidness of a polymer decreases 

as the temperature increases. As can be seen in Fig.4-7a, the elongation of PLGA domains showed when 

film samples were stretched at a higher temperature. At 60oC, ARxy of PLGA domains was 1.43 ± 0.03. 

This aspect ratio can increase up to 1.88 ± 0.02 and 2.01 ± 0.06 when film samples were stretched at 

70oC and 80oC, respectively. The highest ARxy of PLGA domains at 2.95 ± 0.09 was achieved when 

the temperature increased up to 90oC. 

Fig. 4-7 (a) SEM images of PLGA domains at 600% elongation by varying stretching temperature at 

60oC, 70oC, 80oC, and 90oC, respectively; and (b) the correlation between stretching temperature and 

the length of major and minor axis as well as ARxy (permitted reuse reproduction for doctor thesis from 

the publisher, cited and partially modified from ref. 25). 
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Preliminary, it could be summarized that ARxy of elongated discs can be controlled by the 

temperature. All of PLGA domains was elongated in the stretching direction showing ellipse domains 

in shape. Similar to the results mentioned in previous section, the increasing of ARxy of PLGA domains 

when the increasing of temperature was mainly from the increasing of major axis length which aligned 

with the stretching direction (Fig. 4-7b). The major axis increased from ∼660 nm of non-stretching at 

room temperature to ∼1,800 nm with 600% elongation at 90oC, while the minor axis length was 

remained around 650 nm at all the temperatures. 

4-4-2 PLGA elongated discs after collection process and other shapes of PLGA particles 

Both of PVP matrix domain and PVA film, which are water soluble were removed after the 

centrifugation process to obtain PLGA elongated discs. Since there are no organic solvents consumed 

in this collection process, it is considered as an environmentally friendly. The number of elongated discs 

directly associated with the area of coated PVA film samples. With 5 pieces of 4 × 4 cm2 substrates 

(original area before stretching), the concentration of the PLGA elongated discs from collection process 

at 80oC with 600% elongation in a final volume of 1 mL was ∼108 particles. This concentration was 

about the same with the non-stretching sample as a control PLGA discs. This implies that the stretching 

process did not cause the losing of PLGA particles at this condition. In contrast, the concentration of 

the PLGA elongated discs at 90oC was only about ∼103 particles/mL, which is obviously lower than 

the concentration of the control PLGA discs. 

PLGA discs and elongated discs after the collection process are shown in Fig. 4-8a and 4-8a', 

as well as Fig. 4-8b and 4-8b' for top view and side view, respectively. The average diameter of discs 

before stretching was 681 ± 113 nm with ARxy about 1, representing the circle in shape. Both axis 

lengths (x and y) are almost the same with PLGA domains before the collection of non-stretching films. 

For PLGA elongated discs after the collection process, the average length of major and minor axis was 

1,396 ± 86 nm and 609 ± 56 nm, respectively, which equals to ARxy of 2.3 ± 0.1. The length of the 

major and minor axis of these discs are in the same range as the length of elongated PLGA domains 

prior to collection. The thickness of elongated discs decreased from the thickness of non-stretching 

discs (from 102 ± 27 nm to 148 ± 33 nm). This decrease effected by the decreasing of cross-sectional 
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area of the coated PVA film during stretching process known as Poisson effect (32). In addition, it should 

be noted here that both discs and elongated discs have a flat surface on one side. These could be the 

great advantage enhancing the ability to adhere to the surface of the target sites when using as drug 

carrier since the particles have more contact surface area. For comparison, two additional distinct shapes 

of particles namely PLGA spheres (Fig. 4-8c and 4-8c' for top view and side view) and elongated PLGA 

spheres by embedded film stretching process (Fig. 4-8d and 4-8d' for top view and side view) were 

fabricated. 

Fig. 4-8 PLGA particles after collection process. (a–d) top view images and (a'–d') side view images of 

discs, elongated discs, spheres and elongated spheres, respectively (permitted reuse reproduction for 

doctor thesis from the publisher, cited and partially modified from ref. 25). 

PLGA spheres represent the general shape of polymer micro/nano particles, while elongated 

spheres represent elongated particles with high ARxy. The average diameter of PLGA spheres was 929 

± 148 nm. The average length of major and minor axis of elongated spheres was 2,402 ± 590 nm and 

708 ± 134 nm, respectively (see Table 4-1).  
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Table 4-1. Size and shape of each PLGA particles with surface area and estimated contact surface 

area.  

 

*  The contact surface between spheres and the plate is practically a point by assuming the particle to be perfect rigid 
sphere (33).                                                                               

** Assumed elongated spheres to be perfect ellipsoid in shape. The 2D of elongated spheres was plotted by using ellipse 
equation to estimate the length of contact surface area. Assumed the particle to be perfect rigid and contact surface area 
is referred to the area on the particle surface in a close distance of ho ∼ 10 nm from the substate (9).  

Fig. 4-9 Illustrations figure showing the calculation of estimated contact surface area of elongated 

discs (permitted reuse reproduction for doctor thesis from the publisher, cited and partially modified 

from ref. 25).  

Both spheres and elongated spheres have larger total surface area than elongated discs about 

∼1.6 times and ∼7.5 times, respectively. However, the estimated contact surface areas of spheres (ball-

like shape) and elongate spheres (rugby ball-like shape) are very limited since there is no flat surface 

area as can be found in discs and elongated discs (see Fig. 4-9).  The adhesiveness comparison of these 

Parameter  Unit Discs Elongated  
discs Spherical Elongated 

spherical 
 

Major axis (x) nm 681 1,396 929 2,402  

Minor axis (y) nm - 609 - 708  

Thickness (t) nm 148 104 934 397  

Surface area nm
2
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6
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6
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5
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four distinct shapes of PLGA particles namely discs, elongated discs, spheres and elongated spheres 

will be discussed in the next section. 

Fig. 4-10 Illustrations 3D figures of PLGA particles in different shapes with estimated surface area 

(permitted reuse reproduction for doctor thesis from the publisher, cited and partially modified from ref. 

25). 

4-4-3 Surface adhesiveness of PLGA elongated discs by water-dropping test 

The adhesiveness of PLGA particles in different shapes was evaluated by water-dropping test, 

using coverslips as the model surface of the target sites. All of PLGA particles labelled with a green 

fluorescence dye (DiOC18), were dropped on a coverslip and attached on the substrate by physically 

adsorption. Under fluorescent microscope, all of PLGA particles in different shapes attached thoroughly 

on the coverslips before the dropping test (see Fig. 4-11a, b, c and, d for 50 mL/hr and aʹʹʹ, bʹʹʹ, cʹʹʹ and, 

dʹʹʹ for 200 mL/hr). The occupied areas by PLGA particles on coverslips were measured by ImageJ 

software and the remaining percentage of particles after the water-dropping was calculated from the 

occupied area before the dropping test at the same position. Assuming PLGA particles are applied as a 

drug carrier into the body, physiological PBS buffer (34) were used to represent the force to detach 

particles from coverslips in this water-dropping.  
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Fig. 4-11 Fluorescent microscopic images at the same position before (a, b, c and, d) and after (aʹ, bʹ, cʹ 

and, dʹ) water-dropping test at 50 mL/hr and at 200 mL/hr before (aʹʹ, bʹʹ, cʹʹ and, dʹʹ) and after water-

dropping test (aʹʹʹ, bʹʹʹ, cʹʹʹ and, dʹʹʹ) of discs, elongated discs, spheres, and elongated spheres, 

respectively (permitted reuse reproduction for doctor thesis from the publisher, cited and partially 

modified from ref. 25).  

After water-dropping, it is obviously seen that a certain number of particles were detached from 

the substrates at both dropping flow rates. The remaining percentage of PLGA particles in different 

shapes based on the occupied areas of particles after water-dropping were shown in Fig. 4-12. At low 

flow rate (50 mL/hr), elongated disc particles showed the highest remaining percentage representing 

about 70.1 ± 6.0%, while the disc particles showed about 45.5 ± 2.3% after water-dropping. The 

remaining percentage of other two shapes namely spheres and elongated spheres were 19.3 ± 5.9% and 

31.5 ± 3.0%, respectively. The same trend was repeatedly observed at a high flow rate (200 mL/hr). 

The elongated disc particle represents the highest remaining percentage at 50.7 ± 1.3% followed by disc 
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particles at 35.4 ± 3.3%, while spherical and elongated spherical particles are still the two which have 

the lowest the remaining percentage at 8.1 ± 2.6% and 23.0 ± 6.1%, respectively. 

Fig. 4-12 The comparison of percent remaining after water-dropping of each shape at 50 mL/hr (opened 

columns) and at 200 mL/hr (striped columns) (permitted reuse reproduction for doctor thesis from the 

publisher, cited and partially modified from ref. 25). 

Even though, elongated discs have less total surface area (1.66 × 106 nm2) than spheres before 

elongation (2.71×106 nm2) (see Table 4-1). After water-dropping, elongated discs can achieve the 

remaining percentage of ca. 51% and 43% higher than that observed in spheres at low and high flow 

rates, respectively. In the same manner, elongated discs also showed higher remaining percentage than 

elongated spheres (higher ca. 39% and 28% at low and high flow rates, respectively), which has a 

surface area even about 7.5 times larger than the elongated discs. This indicates that the total surface 

area is not the key parameter that controls the adhesiveness of PLGA particles. On the other hand, it is 

reasonable to assume that the contact surface area is directly associated with the adhesion strength of 

particles to the surface of the substrate. Illustrations of different shapes of PLGA particles showed that 

elongated discs may have the largest contact surface area in comparison to control discs, spheres and 

elongated spheres. (see Fig. 4-10). This explained the improving of adhesiveness comparing between 

control discs and elongated discs where the remaining percentage increased from ca. 46% to ca. 71% 

at low flow rate and from ca. 35% to be ca. 51% at high flow rate, when the contact surface area 

increased from 3.64×105 nm2 to 6.68×105 nm2. Moreover, it also explained that control spheres and 
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elongated spheres have low adhesiveness because of the limited contact surface area. These results 

agree well with the recent theoretical and computational studies which indicated that non-spherical 

particles may have higher margination and adhesion probability at the wall due to a larger contact 

surface area (9), (35). 

4-5 Summary 

We propose a facile method combining phase separation and a roll-to-roll coating process with 

a stretching method to fabricate elongated polymer micro/nano discs with higher aspect ratio and larger 

contact surface area by having PLGA/PVP as a model. The result showed that aspect ratios of PLGA 

domains can be controlled by stretching temperature and elongation percentage. The aspect ratio of the 

elongated discs can be increase up to 2.3, at 600% elongation and 80 oC. Accordingly, the estimated 

contact surface area increased about 1.8 times from controlled discs (non-stretching). These elongated 

discs showed the best adhesiveness over discs, spheres, and elongated spheres by water-dropping test. 

In addition, the result shows that the adhesiveness of PLGA particles is strongly related with contact 

surface area. It worth noting that this improving of adhesiveness by this proposed method could enhance 

the drug carrier efficiency by fully utilizing the ability to delivery drug to the targets. In addition, there 

is also high potential to apply this proposed method with a wide range of polymers only if apparent 

phase separation morphology with PVP could be obtained, which will broaden the usage of elongated 

polymer micro/nano discs in a wide range of applications especially in drug delivery. 
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Chapter 5 
Conclusions and future prospects 
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5-1 Conclusions 

 
In this research, we successfully established the facile method for fabrication of polymer 

micro/nano discs and elongated polymer micro/nano discs with higher aspect ratio.  By this purposed 

method, the continuous fabrication process of discs can be achieved with the collection/washing process 

in one-pot manner. In addition, since the adhesiveness properties of particles is directly associated with 

the contact surface area, elongated polymer micro/nano discs will enhance the drug carrier efficiency 

by fully utilizing the ability to delivery drug to the targets. There is also high potential to utilize this 

proposed method with a wide range of polymers only if apparent phase separation morphology with 

PVP could be obtained.  

 Chapter 1 presented the introduction, which explained the fabrication methods of polymer 

particles which can be classified in to two groups namely; the fabrication method that derives directly 

from monomer and the one that is from preformed polymer. The applications of polymer micro/nano 

particles and discs were also described.  Thereafter, the limitation of current processes for fabrication 

discs were stated which leads to the motivation of this study.  

 Chapter 2, we successfully propose a facile method to fabricate polymer discs by hot-press 

process combined with a sacrificial matrix technique. This method can be utilized different kinds of 

polymer microspheres with a wide range of size to fabricate polymer discs. These polymer discs 

enhanced interfacial adhesion compared to that of the microspheres, owing to their larger contact 

surface area in geometry.  This is expected to improve their performances in both particle-based targeted 

drug delivery and latex turbidimetric immunoassay. 

 Chapter 3, we successfully propose a new method to fabricate large amounts of polymer 

micro/nano-discs in a one-pot manner with the combination of polymer blend phase separation and a 

roll-to-roll coating process. Since both major component (PVP) and coating substrate can be easily 

dissolved in water, discs could be collected by repeatedly washing with water in a one-pot manner. The 

size and aspect ratio of the obtained discs can be adjusted in a controlled manner by adjusting the 

fabrication conditions, such as the blend ratio and the total polymer concentration. We also succeeded 
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to fabricate micro/nano-discs with other polymers, such as PLGA, PBMA and PCL, to demonstrate the 

universality of this method.  

 Chapter 4, we successfully propose method to fabricate elongated polymer micro/nano discs 

with higher aspect ratio and larger contact surface area. This method combining phase separation and a 

roll-to-roll coating process with a stretching method. The aspect ratio of the elongated discs can be 

increase up to 2.3, at 600% elongation and 80oC. Accordingly, the estimated contact surface area 

increased about 1.8 times from controlled discs (non-stretching). These elongated discs showed the best 

adhesiveness over discs, spheres, and elongated spheres by water-dropping test which is corresponding 

well with the contact surface area. In addition, there is high possibility to apply this process with a wide 

range of polymers only if apparent phase separation morphology with PVP could be obtained.  

 Although this work is still at an early stage, we anticipate the development of a large-scale, 

continuous fabrication method for polymer micro/nano-discs and elongated polymer micro/nano discs 

with higher aspect ratio which would be of practical value in a wide range of applications such as drug 

delivery, medical imaging, surface coatings, etc. Specifically, the improving of adhesiveness by this 

proposed method is expected to enhance the drug carrier efficiency by fully utilizing the ability to 

delivery drug to the targets.  
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5-2 Future prospects 

Many studies and experiments have been left for the future due to the limitation of time which 

is worth noting here. Even though, some polymer disc and elongated disc properties have been 

examined namely the adhesiveness test by the airflow using microchamber in Chapter 2 and the 

adhesiveness test by water-dropping in Chapter 4, the additional experiments to expose more on the 

properties of these particles would be the advantage for further development for end use application.  

 Even through, the adhesiveness is the crucial properties, enhancing the ability to delivery drug 

to the target site. It should be noted here that the excellent adhesiveness may turn to the drawback if the 

particles adhere to the undesired place, such as blood vessel, instead of the target site. Accordingly, 

further study of particle surface modification to control the specific adhesion position when using 

particles as drug carrier would be completed the picture of the development.  There have a number of 

studies have addressed the specific localization of nanoparticles in cells (1), for example the relationship 

between the surface functionality of AuNPs and their accumulation in organs (2), the aid of targeting 

agents for cell-specific delivery such as SK-BR-3 cells, a breast cancer cell line, overexpresses the 

Herceptin receptor HER-2 (3, 4).  

Furthermore, as mentioned prior, drug delivery system (DDS) is the key application of polymer 

particles. One of the crucial information is the flow pattern, the migration, and the retention mechanism 

of polymer particles in blood vessel. Therefore, the additional experiments to simulate the flow of 

polymer particles in micron channel (the well-known simulated model for blood vessel) will provide 

more understanding about the flow behavior of difference shape of particles. In our research group, 

flow behavior of micro/nano particles in the flow channel of microfluidic devices (see Fig. 5-1) has 

been previously studied.  This microdevice was made by polydimethylsiloxane (PDMS) which is the 

most widely used material in microfluidic device fabrication (5). The flow behavior as well as flow 

distribution of fluorescent particles was investigated by a confocal laser microscope (see Fig. 5-2). 
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Fig. 5-1 PDMS microfluidic device with design of microchannel used in our previous study.  

 

Fig. 5-2 The sample picture of the flow behavior of fluorescent PLGA discs in the microchannel of 

PDMS microfluidic device.  

 By the using of microfluidic device, more information about flow behavior, flow distribution 

and attachment and/or detachment from the micro channel wall of polymer particles etc., will be 

understood. In addition, the effect of particle morphology such as shape, diameter, thickness, and aspect 

ratio on these parameters will be able to evaluate. This information will maximize the efficiently of 

utilizing polymer particles as a drug carrier.  
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 As reported in Chapter 2, the cluster of intermolecular formed by the cross-linkages of ɛ-amino 

groups of lysine residue in protein BSA coated on particle with GA could observed. This is worthy to 

look in deep more in their special structure and their bonding mechanism. This may lead to the new 

type of material that may provide special properties such as the isotropic property. 

Another absorbing experiment is the using of polymer particles in the end application.  

Preliminary work has been tested and discussed as reported in Chapter 2 about the using of BSA-coated 

PS particles as aggregation assay comparing between discs and sphere. However, it would be a 

worthwhile contribution if it will be further studied in more details.  Accordingly, further studied will 

complete the picture of using polymer particles as the aggregation assay such as, the using other polymer 

particles like PLGA, the effect of aspect ratio of polymer particles, the concentration of both BSA and 

GA, reaction time on the aggregation efficiency. The fluorescent particles couple with the fluorescent 

microscopy is expected to be used to clearly show the aggregation behavior of mixture.   

Another interesting prospect is the ability to use these polymer particles as a drug carrier. 

Previously in our research group, the using of PLLA discs via hot pressing process as a Meropenem 

(MEPM) carriers for pulmonary administration has been intensely studied and provided very positive 

results. Accordingly, polymer discs from our proposed continuous fabrication method as mentioned in 

Chapter 3 could be the tool to scale up for the industrial scale.  Thus, the performance of these polymer 

discs as a MEPM carriers for pulmonary administration have to be reconfirmed and investigated. 

Moreover, the using of the elongated discs with different aspect ratio fabricated from our proposed 

method as mentioned in Chapter 4, as a MEPM carriers for pulmonary administration will be very 

interesting. The adsorption amounts, release percentage, administration ability of polymer discs and 

elongated discs will be very useful to maximized the unitality of these polymer particles as a drug carrier 

With these future works, the efficiency of these particles could be maximized. Plus, it is 

expected to be used in a wide range of applications to overcome the limitation of conventional problem 

where the present methods could not serve the needs properly.  
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Appendix A  
Morphology evaluation of polymer 
domains and particles by ImageJ 
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How to use ImageJ to evaluate morphology of polymer domains and particles 

ImageJ is an open source image processing program designed for scientific multidimensional 

images. This program is useful for getting information from image. There are a number of different 

ways to evaluate particle diameter. As an example, the method how to determine diameter of PS discs 

as mentioned in Chapter 3 will be shown as followed.  

First, open selected SEM image in ImageJ (see Fig. A1-a). Then, we have to create the scale 

bar as a reference distance for calculation based on the scale bar showed in SEM image.  To create scale 

bar, select the straight-line tool and draw a line on the image of a specific length, in this case 10 µm by 

using the scale bar on the SEM image as a guide (see Fig. A1-b). Then, go to the analyze tab and select 

the set scale menu item where the set scale box will pop-up.  Fill all the parameters namely the known 

length of your line (in this case is 10 µm), the pixel aspect ratio (should be 1.0) and change the distance 

units to be µm. Check the box “Global” if would like to use this setting for all the pictures or keep it 

blank if would like to use different scale setting for each picture. Finally, click the ok button showing 

in the left bottom of this set scale box to complete the setting. 

To measure the diameter of PS discs, draw a line from the edge of discs from the left to the 

right by press and hold shift key during drawing the line to obtain a perfect strait line at zero-degree 

angle (parallel with the scale bar).  To label each particle, go to the analyze tab and select the set 

measurements menu item where the set measurements box will pop-up. Select add to overlay box to 

and click ok box in the bottom left of the box complete the setting. Plus, you can customize 

measurement parameters in this set measurements menu such as decimal numbers, standard deviation, 

and mean etc., by checking each parameter showing in this measurement’s menu box.  After drawing 

the line, you can press and hold Ctrl key and click “M” key. The measured particles will be labelled 

with number (see Fig. A1-c) and the diameter length will be shown in the result pop-up box. The particle 

diameter can be continuously measured with the same process as mentioned here and the number will 

be run continuously from previous number.  In the case of wrong measurement, the specific number of 

particles can be selected from the result pop-up box (selected data will turn black) and the delete can 

easily achieve by right-clicking and selecting cut menu.  
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Fig. A1 SEM images of PS discs at the blend ratio of 1:4 at total concentration of 4% (a) before 

measurement (b) with scale bar and (c) the diameter line across each particle.  
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The result as well as the picture with labelled number can be exported easily by going to file 

and save as menu showing on the top of result box and ImageJ tools box, respectively, which can be 

used for further evaluation. This mentioned process was also used to evaluate diameter of polymer 

particles, diameter of polymer domains, as well as the thickness of particles.  
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Appendix B  
Measurement of the occupied areas in 

water-dropping test by ImageJ 

 
 

 

 

 

 



119 
 

How to use ImageJ to evaluate the particle occupied areas in water-dropping test by ImageJ 

As mentioned in chapter 4, the particle occupied areas in water-dropping test was used to 

investigate the adhesiveness of each shape of particles. Accordingly, the example of how to measure 

occupied areas of PLGA sphere will be shown as followed. Similar to the method using to measure 

diameter of polymer particles, the method to measure occupied area begins with the opening selected 

fluorescent image in ImageJ (see Fig. B1-a). The picture has to be converted from RGB color to be 8-

bit for further evaluation (see Fig. B1-b) by go to the image tab and select the type menu. Then, the 

picture was converted to be black and white by go to the image tab, then in adjust menu and select 

threshold menu. All of the occupied area by fluorescent particles was then converted to be black by 

adjusting threshold percentage as can be seen in Fig. B1-c. Finally, go to the analyze tab, then selected 

analyze particle menu, the analyze particle box will be pop-up accordingly. In this the analyze particle 

box, selected “Outlines” in the drop item of show, and selected box of display results, clear results, and 

summarize. Finally, select “ok” in the bottom left to complete the process. The outline of particle as 

can be seen in Fig. B1.d will pop-up with the area number as a summary for further calculation.  

Fig. B1 Fluorescent images of PS sphere (a) before measurement (b) after convert to image to be 8 bits 

(c) after covert occupied area to be black, and (d) the occupied area with outline after analyzing. 
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Appendix C  
The estimated contact surface area of 

elongated spheres 
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How to calculate the estimated contact surface area of elongated spheres 

As mentioned in Table 4-1, the estimated contact surface area of elongated spheres was shown 

as 1.31 × 105 nm2.  The calculation of this estimated contact surface area begins with the assumption of 

that elongated spheres is perfect ellipsoid in shape. Then, the ellipse which is the 2D of elongated 

spheres was plotted by using ellipse equation to estimate the length of contact surface area from both 

front view and side view (see Fig. C1).  

Fig. C1 The model of elongated spheres with the 2D projection picture from both front view and side 

view (permitted reuse reproduction for doctor thesis from the publisher, cited and partially modified 

from ref. 25). 

 The semi-minor axis (b) of ellipse shape from 2D projection picture from both front view and 

side view is the same which is the thickness of elongated sphere divided by two (b = 198.5 nm). While, 

the semi-major axis of ellipse shape from 2D projection picture is major axis (x) and minor axis (y) of 

elongated spheres for front view and side view, respectively. Next, we assumed the particle to be perfect 

rigid and contact surface area is referred to the area on the particle surface in a close distance of ho ∼ 

10 nm from the substate (2). According to the standard ellipse equation as shown in Fig. C2, the estimated 
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contact surface area of elongated sphere can be achieved by the calculation of the length of contact line 

from front view and side view of elongated sphere. From front view, the contact point when y = -b+10 

and -b+10, which is the initial and final contact point, respectively, is x = -110.94 and 110.94. On the 

other hand, the contact point is x = -376.39 and 376.9. Accordingly, the estimated contact surface area 

of elongate sphere will be the area of ellipse with the major axis of 752.78 nm (2×376.39) and with the 

minor axis of 221.89 nm (2×110.94) which is equal to 1.31 × 105 nm2. 

                                                    

𝑥 =  ඨ𝑎ଶ × (1 −
𝑦ଶ

𝑏ଶ
) 

Fig. C2 Model of contact surface area of elongated spheres with the 2D projection picture with standard 

ellipse equation (permitted reuse reproduction for doctor thesis from the publisher, cited and partially 

modified from ref. 25). 
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