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Chapter 1 
Introduction 

 

1.1 Background 

This thesis is focusing on the microfluidic generation of different kinds of functional alginate-

based hydrogel particles that have great potentials in the physical, chemical, and biological 

fields. Such hydrogel microparticles have attracted great attention because of their ability to 

realize specific applications in functional coating, oil recovery, drug delivery, cell encapsulation, 

tissue engineering, cosmetics, personal care, and foods. 

Microfluidic devices are a kind of extremely small-scale systems that may be used to make 

monodisperse, homogenous hydrogel microbeads along with single and double emulsions. for 

laboratory-scale testing. Up to date, various microfluidics technology has been used for 

preparing functional alginate-based hydrogel particles. 

However, the previously reported microfluidic methods for synthesizing alginate hydrogel 

microbeads are more or less existing certain shortages, such as the clogging issues, 

polydispersity, and deformation of obtained gel particles, difficulties in achieving a large-scale 

production output. In addition, the applications of alginate hydrogels (e.g. microencapsulation) 

still have great uncovered potentials that are worth further exploration and research. 

In this thesis, a novel microfluidic emulsion-based external gelation applied in a diverse 

microfluidic device was presented to produce monodisperse highly spherical calcium alginate 

(Ca-alginate) microparticles, Janus Ca-alginate microbeads, Ca-alginate microspheres with 

functional coatings, and Ca-alginate microbeads with a high-volume output. Further, a new 

application of the Ca-alginate microcapsules for the antifouling coatings is also demonstrated. 

 

This chapter briefly introduces the background and recent researches of hydrogel particles 

and microfluidics technology. Also, the main objectives of this thesis are described. 
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1.2 Hydrogel 

1.2.1 Definition 
A nonfluid colloidal network or polymer network that is extended across its whole volume 

by a dispersion solution is referred to as gel 1. Considering the type of dispersion medium, the 

gel materials can be classified into hydrogel and aerogel. An aerogel is a solid made from a gel 

that has been dried without shrinking. Aerogels typically have a high proportion of pores (15–

50%) and a relatively tiny mesh size (1–10 nm), as well as a large surface area (150–900 m2/g). 

The network does not shrink when the solvent is removed under supercritical circumstances, 

resulting in a highly porous, low-density material. On the other hand, A hydrogel, also known 

as a colloidal gel, is a network of polymer chains in which water acts as the dispersion medium 

(Fig. 1.1). The hydrophilic polymer chains are bound together by cross-links, resulting in a 

three-dimensional solid. The structural integrity of the hydrogel network is not dissolved by the 

high concentration of water because of the intrinsic cross-links. Hydrogels are natural or 

manmade polymeric networks that are very absorbent (they may hold over 90% water). 

 

 
Fig. 1.1 A photograph of hydrogel balls. Reproduced with permission [2]. Copyright 2011 
Wiley-VCH. 

 

1.2.2 Application 
Polymer gels have several applications in a number of industries. Diverse varieties of polymer 

(crosslink) gels are likely to see increased demand due to their distinct and discrete features that 
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meet the needs of various end-users such as sanitation, medication delivery systems, packaging, 

tissue engineering, and others 3. The growing global population, as well as increased attention 

to healthcare, will fuel demand for polymer gels. Healthcare reforms have been towards the top 

of many national agendas to meet the needs of the people for sustainable and safe living. Such 

developments indicate that crosslink gels will be in more demand in the near future 3. 

Hydrogels are the leading segment of the polymer gel market which is expected to grow by 

more than 6.7% (Fig. 1.2). The hydrogel market is promising due to its high absorption 

capabilities, they are used in medical applications, personal care and electronics, agriculture, 

and other fields. Soft contact lenses and agricultural uses, for example, will be emerging areas 

of investigation for hydrogels. The eye-care sector has been working hard to develop treatments 

that improve corneal oxygenation. Silicone hydrogels are in high demand because of their 

improved oxygen permeability, comfort, and wettability.  

 
Fig. 1.2 An insight of the polymer gel market 4. 

 

In addition, hydrogel materials have great prospects in the treatment of dry chronic wounds. 

They will form a moist protective layer on the wound to promote wound healing. Hydrogel-

based wound dressings have the advantages like quick absorption of wound debris and exudate, 

removal of devitalized tissue, and the ability to soften dry tissues. Because of their cooling and 

moisturizing properties, these cross-linked gels are especially useful in the treatment of acute 

burns. It is worth noting that particle forms such as granules, micro-particles, and powders 
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accounted for a sizable portion of the polymer gel market, because of their broad usage in a 

wide range of fields such as agriculture, personal care, and so on. 

 

1.2.3 Classification 
The hydrogel products may be classed on a variety of criteria. The hydrogels in this chapter 

are classified according to their composition and kind of chemical reaction 5 (Fig. 1.3).  
 

1.2.3.1 Polymeric composition 

 
(1) Homopolymer hydrogel 

The hydrogel could be formed from only one species monomer which is called 

homopolymers. It is the most basic structural unit in any polymer network 6. Determined by the 

nature of the monomer and the polymerization process, homopolymers might just have a cross-

linked skeletal structure. The typical homopolymer materials include polyvinyl alcohol (PVA), 

polyacrylic acid (PAA), polyvinyl pyrrolidone (PVP), and polyethyleneglycol (PEG),. 

 

(2) Co-polymeric hydrogel 

Co-polymeric hydrogels are made up of two or more kinds of monomer species, one of which 

is natively hydrophilic and is organized in a random, block, or alternating pattern along the 

chain of the polymer network 7. The examples of the co-polymeric hydrogel are PEG-PVA, 

PEG-PVP, and so on. 

 

(3) Multi-polymer interpenetrating polymer network (IPN) hydrogels 

IPN hydrogels are a kind of hydrogel that is composed of two separate native and/or 

synthesized polymer materials that are contained in a cross-linking shape 5. Typically, a 

hydrogel is added to the mixture of monomers as well as a polymerization trigger. Furthermore, 

A cross-linked polymer makes up one part of semi-IPN hydrogels, while a non-cross-linked 

polymer makes up the other. The key benefits of IPNs are that they can build thick hydrogel 

networks with stiffer and harder mechanical characteristics, tunable physical features, and 

effective loading of drugs 8.  
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Fig. 1.3 Classification of polymer hydrogels based on composition and chemical reaction. 
Reproduced with permission [9]. Copyright 2019 SciELO.  

 

Polysaccharides are a kind of polymer that may be employed as a building component in IPN 

hydrogels. They are used for the construction of IPN having specialized qualities because of 

their availability, cheap cost of manufacture, unusual and complicated features. Furthermore, 

the functional groups found in polysaccharides may be exploited for chemical transformation, 

which results in novel polymer materials, such as structures formed via chain crosslinking. 

Alginate and hyaluronic acid are the most researched polysaccharides that are extremely 

appropriate for the creation of IPN hydrogels. 

 

1.2.3.2 Cross-linking type 
There are two kinds of hydrogels based on the composition of their cross-linked reactions. 

Permanent junctions exist in chemically cross-linked networks, while transitory junctions occur 

in physical networks as a result of polymer chain interconnections or physical reactions such as 

ionic contacts, hydrophilic or hydrophobic interactions. Table 1.1 depicts typical ways of 

producing chemical and physical hydrogels. 
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Table 1.1 Typical ways for producing chemical and physical hydrogels 10  

Methods Example 
Physical hydrogels 

· Heat a polymer solution · Poly(ethylene oxide)-poly(propylene 
oxide)-poly(ethylene oxide) (PEO-PPO-
PEO) in H2O 

· Cool a polymer solution  · Gelatin or agarose 
· Freeze-thaw cycles  · PVA 
· Forming bonded gel at low pH  · PEO and poly(acrylic acid) 
· Polyanion + polycation · Na-alginate + polylysine 
· Polyelectrolyte liquids with ions  · alginate- + Ca2+ 

Chemical hydrogels 
· Radiation · PEO 
· Multi-functional reactive compounds · Poly(ethylene glycol) + diisocyanate 
· Crosslinkers · Glutaraldehyde + collagen 
· Copolymerize a monomer + crosslinker · Hydroxyethyl methacrylate + ethylene 

glycol dimethacrylate 
· Copolymerize a monomer + multifunctional 
macromer 

· Poly(lactic acid)- PEO- Poly(lactic 
acid) + photo-sensitizer + light radiation 

 
 

1.2.4 Alginate-based hydrogel 

1.2.4.1 Alginate 
Alginate, typically in the form of Na-alginate, is a natural polymer present in all brown algae 

species, including Macrocystis pyrifera, Ascophyllum nodosum, Laminaria hyperborean, 

Laminaria digitate, and Laminaria japonica 11 by treatment with an aqueous alkaline solution, 

usually using sodium hydroxide. Alginate has piqued the interest of researchers in the biological 

and chemical fields due to its biocompatibility, biodegradability, and non-toxic property.  

The most important part of alginate is ᴅ-mannuronate and ւ-guluronate residue. Alginates are 

basically bulk polymers, according to the fractions of precipitation with calcium salts and 

manganese, and the guluronate-mannuronate proportion changes determined by the natural 

source. Alginate is currently understood to be a class of polymers composed of (1,4)-linked β- 

ᴅ-mannuronate (M) and α- ւ-guluronate (G) residues (Fig. 1.4).  
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Fig. 1.4 M-block, G-block, and alternating block in alginate. Reproduced with permission [11]. 

Copyright 2012 Elsevier. 

 

G-blocks are thought to contribute to the formation of hydrogels by cross-linking reaction 

with metal cations (e.g., Ca2+). The sequence, constitution, molecular mass, and G-block length 

are therefore essential parameters influencing the physical characteristics and formed hydrogel 

properties of alginate. 

 

1.2.4.2 Alginate-based hydrogel 
In contrast to other polysaccharides like agar or gelatin, alginate can create hydrogel 

regardless of temperature. Alginate hydrogels are categorized into two types based on the 

method of crosslinking: “physical/reversible” hydrogels or “chemical/permanent”. 

 

(1) Physical alginate hydrogels 

Metal ionic crosslinking 

Alginate-based hydrogels with a cross-linked structure comparable to extracellular matrices 

in tissues are now extensively exploited as useful instruments for controlled drug administration 
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16,17, tissue healing 14,15, and biomedical sensing 12,13. The most popular method for producing 

alginate hydrogel is to mix alginate aqueous solution with divalent cations (e.g., calcium ions 

Ca2+, Fig. 1.5). The development of alginate-based hydrogels offers various benefits 18,19. The 

cross-linking response is quick. (ii) Na-alginate polymer is inexpensive and simple to produce. 

(iii) Alginate hydrogels are readily digestible and can be eliminated by chelators such as 

ethylenediaminetetraacetic acid (EDTA). (iv) The gelation may be controlled at room 

temperature, resulting in a simple operating system that is safe and mild. (v) Alginate hydrogels 

are thermostable and their mechanical properties are easily adjustable. 

 

 
Fig. 1.5 Ionic cross-linking (egg-box model) of alginate. Reproduced with permission [20]. 
Copyright 2014 RSC. 

 

Alginic Acidic hydrogels 

When the pH of the alginate polymer suspension falls lower than the acid disconnection 

constant (pKa), alginic acid gels develop. A quick drop in pH causes alginic molecules to 

precipitate into aggregates, but a long and constant decrease of pH causes the creation of a 

macro-sized gel of alginic acid. Because of their restricted applicability, alginic acid gels have 

received less attention than ionic gels 21. 
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Phytic acid crosslinking  

Nita, L.E. et al., reported a preparation method of alginate-phytic acid (alginate-PA) 

hydrogels using PA as the cross-linker (Fig. 1.6) 22. The PA molecules have a large number of 

anions and hydroxyl groups that are capable to react with the alginate molecules to form ionic 

and hydrogen bonds. Compared to ionic crosslinking alginate hydrogels utilizing metal ions, 

the alginate-PA hydrogel had better mechanical properties. However, this approach needs a 

specific concentration of PA to trigger the gelation. Because the PA is a kind of strong acid, this 

might limit its application in some fields such as cells encapsulation. Besides, when mixing the 

PA and alginate solution, the reaction needs agitation and the speed is also slow (e.g. 24 h). 

 

 
Fig. 1.6 Schematic graph of the formation of alginate-PA hydrogel. Reproduced with 

permission [22]. Copyright 2021 Elsevier. 

 

(2) Chemical alginate hydrogels 

The most normal method to prepare covalent alginate hydrogels is utilizing a crosslinking 

agent such as poly(ethylene glycol)-diamine, glutaraldehyde, and adipic acid dihydrazide (AAD) 
23. Alginate polymers might be crosslinked by reacting their functional groups (e.g., -OH) with 

bi-functional molecules (Fig. 1.7). To promote the amidation reaction, a catalyst agent is often 

required 24. Compared to the ionic crosslinking, the covalently crosslinked alginate hydrogels 

had a slower reaction speed but strong and stable covalent bonds 25. 
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Fig. 1.7 Schematic graph showing covalent crosslinking of alginate using adipic acid 

dihydrazide (AAD) as cross-linker. Reproduced with permission [23]. Copyright 2020 Springer. 

 

1.3 Production techniques of alginate hydrogel beads 

When selecting an effective encapsulation technique for most purposes, the diameter of the 

alginate microspheres is a crucial issue. Macrogels and microgels are gel particles with a 

diameter more than and less than 1 mm, respectively. Nanogels are alginate gel particles whose 

size is around submicron (typically < 500 nm). In general, the method's complexity is inversely 

dependent on the particle dimension of the produced alginate gel particles. During gelation, 

these procedures are designed to split the macro-size alginate hydrogel into smaller beads. 

 

1.3.1 Extrusion 

1.3.1.1 Simple dripping  
The most frequent method to make alginate beads of macro-size is simple dripping, which 

has been extensively described 26-29 (Fig. 1.8a). A droplet forms at the needle tip as the alginate 

aqueous solution runs out of the syringe hole. The drop expands until it separates from the tip 

of the needle and falls into the gelling water. The surface tension of the solution causes a round 

alginate droplet to develop during this period. 

The stickiness of the alginate, the size of the needle aperture, the alginate exits flow rate, and 

the height of departure position from the gelation reservoir may all affect the dimension and 

morphology of the gel beads. The length between the tip of the needle and the gelation bath 
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determines particle sphericity. In addition, because of the high reaction speed, the droplets' 

spherical shape may be distorted as they touch the surface of the gelation bath. 

Although syringe extrusion is the easiest technique for manufacturing homogenous alginate 

gel particles, it creates large particles and has limitations on throughput. Furthermore, owing to 

pumping problems and needle obstruction, this approach is confined to alginate solutions with 

low viscosity (< 200 mPa∙s). Because of the large particle size, newly manufactured particles 

must be cured in the gelation bath for some time. 

 

1.3.1.2 Jet break-up extrusion 
A laminar flow of polymer is created in this technique by driving the liquid through the tip 

of the needle. Electrostatic atomization (Fig. 1.8b), vibrating nozzle (Fig. 1.8c), or jet-cutting 

(Fig. 1.8d) is then used to break the jet into separate droplets.  

 

(1) Electrostatic atomization  

This approach generates alginate droplets by using the influence of an external electric force 

on the parameters of a fluid jet 30-33. An electric field is applied to an alginate solution flowing 

from a nozzle. The electric field puts an electrical charge on the liquid, causing the liquid flow 

to distort and elongate. When the distorted liquid is disturbed, droplets form. This process 

produces gel particles with diameters ranging from 50 to 350 µm. The intensity of the external 

field has a substantial impact on the dimensions of the generated hydrogel microspheres.  

 

(2) Vibration technique  

The alginate liquid stream is exposed to automatic vibration in the vibration method 34,35. The 

quantity of vibrational energy created is determined by the frequency of the wave generator, 

while the displacement of the nozzle interrupts the flow pattern out of the tip, resulting in the 

creation of distinct sodium alginate droplets. This approach yields alginate microgels ranging 

in size from 300 µm to 5 mm. The size of the drops is affected by the vibration intensity, nozzle 

size, flow rate, viscosity as well as the voltage of the electric field. 
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(3) Jet cutter method  

A revolving device made of tiny cables in a container is positioned underneath a nozzle in 

this manner 36-38. The cutter's rotation interrupts the flow of the alginate liquid jet into cylindrical 

parts, which form alginate droplets and descend into a gelling bath afterward. As the cable tears 

through the liquid jet, the revolving cutting motion might lead to a loss of alginate substance 

(cutting loss). This approach yields microgels with great homogeneity (coefficient of variation 

= 7%) with diameters ranging from 200 µm to 5 mm. The nozzle size, rotating speed, and flow 

velocity all influence the dimensions and morphology of the hydrogel microspheres. 

 

1.3.1.3 Spinning disk or nozzle  
A revolving disk or spinning multi-nozzle arrangement can be used to atomize the alginate 

solution (Fig. 1.8e) 39-43. The alginate liquid is supplied onto a revolving circle or via spinning 

nozzles in both arrangements. When the centrifugal force of spinning deteriorates the liquid 

stream out of the tip or the surface of the spinning plate, discrete particles develop. The 

dimensions of the produced droplets are determined by the rotational speed. At low rotating 

speeds, distinct droplets develop right at the nozzle's or plate's periphery. At normal velocities, 

a consistent fluid laminar stream forms when the fluid exits the disc or nozzle. The ligament 

disintegrates into separate droplets after a certain length. When the solution exits the disk or 

nozzle at high rotating rates, a fluid film forms, causing the film to disintegrate rapidly into 

droplets. 

The formation of satellite microgels is a significant drawback of this approach. Nonoptimal 

manufacturing circumstances induce the existence of satellite microgel particles, which may 

account for up to 50% of the total weight of microspheres produced.  

 

1.3.1.4 Spray nozzle  
Pneumatic nozzles are also be used to prepare hydrogel microparticles (Fig. 1.8f) 44-48. 

Pressurized sodium alginate is produced by pneumatic nozzles orifice. 

When alginate solution leaves the aperture, it comes into contact with a pressured atmosphere 

(typically air), which causes sodium alginate to atomize. After that, the alginate-based droplets 

are gathered in a gelation bath. The size of the alginate droplet may be regulated by many factors 



                                                                                  Chapter 1. Introduction 
 

1-13 
 

using stationary nozzles, including delivery speed, alginate concentration. spraying distance and 

air pressure. 

The usage of fixed nozzles is better suited for small-scale manufacturing and batch processes. 

Another downside of this approach is that nozzle obstructions may develop, particularly with 

polymer liquids that have a high viscosity. 

 

1.3.2 Gel formation by impinging 
The impinging technique produces alginate microparticles by ionizing alginate and reactant 

phase in a container in opposing directions (Fig. 1.8g) 49,50. The alginate solution is ionized into 

tiny droplets through the nozzles compressed by gas. In the meanwhile, a second nozzle at the 

chamber's bottom atomizes calcium solution as a mist. When the small droplets of Na-alginate 

come into touch with the CaCl2 mist, they instantly gel. Ca-alginate microcapsules that have 

just developed settle and run out of the chamber. 

The impinging aerosol approach has certain benefits over other technologies now in use. This 

approach is continuous because the Na-alginate and CaCl2 solutions may be continually 

supplied into the reaction chamber by a pump. The system's modular architecture allows for the 

use of several nozzle types, and adjustable factors such as liquid and air pressure, and distance 

between nozzles allow for the production of alginate microgels with a narrow size distribution. 

 

1.3.3 Emulsification technique  
Alginate microgels are generated in a continuous phase during the emulsification technique 

51-55. An alginate solution is distributed and homogenized in the outer oil phase forming a water-

in-oil emulsion (Fig. 1.8h). By mixing, the gelation solution is gradually incorporated into the 

emulsion. Gelling happens when alginate droplets combine with a gelling solution. The 

emulsification method is often employed in combination with the previously mentioned internal 

gelation process. 

Factors influencing the diameter and CV values of prepared hydrogel microparticles include 

the type and concentration of surfactant, the ratio of water and oil phase, and the shearing force 

of the homogenizer. The use of surfactant is not required, although it will assist reduce the 

average sizes of the obtained hydrogel beads. A surfactant such as Span 80 has allegedly been 
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used to generate microgels with diameters ranging from 1 to 150 m. A higher alginate solution-

to-oil ratio results in smaller alginate microgel sizes. 

The emulsification approach has the benefit of being a low-cost method for manufacturing 

alginate microgels. Internal gelation results in a more uniform structure. The fundamental 

limitation of this approach is that the unpredictable merging of drops in the process usually 

results in hydrogel microbeads with a broad range of sizes and morphologies. In controlled 

release investigations, this might lead to poor repeatability. 

 

1.3.4 Templating method  
Nanogels may be made by starting with nanocrystals or emulsion droplets as templates. 56-58. 

The Na-alginate solution is encapsulated inside liposomes during micellar templating (Fig. 1.8i). 

The porosity of the lipid layer increases as the temperature approaches the melting point, 

allowing external Ca2+ to seep into the liposome structure for alginate gelation to commence. 

When a detergent is added, the lipid bilayer is removed, revealing the freshly produced calcium 

alginate nanogel. 

Although these approaches so far have only been used to encapsulate proteins, the capacity 

to create nanogels offers up new possibilities for cellular drug delivery. Nonetheless, these 

technologies are complicated and offer relatively low throughput, rendering them become 

difficult for scale-up. For instance, because of the liposome system's poor encapsulation 

effectiveness, the nanogel output from this approach is less than 10%. Furthermore, recovering 

nanogels is challenging and often needs ultracentrifugation. This technique has yet to be used 

in any application. The use of hazardous chemicals and solutions also restricts their applicability 

in biological, medicinal, and food fields. 
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Fig. 1.8 Alginate hydrogels formation by (a) simple dripping (Reproduced with permission [26]. 

Copyright 2011 Elsevier), (b) electrostatic automization (Reproduced with permission [30]. 

Copyright 2009 Informa), (c) vibration (Reproduced with permission [34]. Copyright 2009 

Scientific Research), (d) jet cutter (Reproduced with permission [36]. Copyright 1998 Wiley-

VCH), (e) spinning disk 39, (f) spray nozzle (Reproduced with permission [44]. Copyright 2015 

PLOS), (g) impinging aerosol (Reproduced with permission [49]. Copyright 2011 Elsevier), (h) 

emulsification techniques (Reproduced with permission [51]. Copyright 2006 Wiley-VCH) and 

(i) templating (Reproduced with permission [56]. Copyright 2008 ACS). 
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1.3.5 Microfluidics 
  The alginate hydrogel particles can also be prepared by the microfluidic method. The details 

of this technique will be further discussed in the next section. The comparison of the above 

fabrication methods (except the microfluidics) is shown in Table 1.2. 

 

Table 1.2 Summary of the procedure used to create alginate hydrogel beads 

Method Particle size 
Mono-

dispersity Uniformity Roundness Scalability 

Simple dripping 1–2 mm Normal High Low ‒ 
Electrostatic 1–500 µm Normal High Low + 

Vibration < 500 µm Low Low Low + 
Jet cutter 0.2–5 mm High High Low + 
Spinning 0.3–2 mm High High High ‒ 

Spray nozzle 80–130 µm Low Low High ‒ 
Impinging aerosol 10–50 µm Low Low High + 

Emulsification 0.1–1 mm Low High High + 
Templating < 200 nm Low High High ‒ 

 

1.4 Microfluidic droplet-based technique 

Microfluidics is the study of techniques and equipment that allow for the control and 

domination of fluids at micron or nanoflow sizes. Microfluidic systems have traditionally been 

used in DNA analysis, fluid dynamics, PCR, protein analysis, and cell culture. 

The generation of gel particles is generally accomplished by dispersed phase formation. 

Before the production of hydrogel particles, the polymer solution without gelation is broken up 

into a discrete droplet in this procedure. As a result, the microfluidic droplet-based technique 

might be a perfect approach for synthesizing functional facile alginate hydrogel microparticles, 

because microfluidic devices allow for greater control of the flow pattern, monodisperse 

droplets with a CV value in diameter below 10% could be created, that is critical for the creation 

of subsequent hydrogels. 

A detailed discussion comparison of the previous works on the microfluidic alginate 

microbeads production will be presented in Chapter 2, Section 1. This chapter will focus on 

the concept and mechanism of the existed microfluidic droplet-based technology. 
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1.4.1 Physical ingredients 
Droplet production in a microfluidics system is generally accomplished by passive 

approaches that produce a consistent and continuous flow. These methods use the liquid stream 

field to distort the interface and encourage the spontaneous evolution of the instabilities of the 

interface. As a result, the local external actuation can be avoided. A number of dimensionless 

characteristics are utilized to assess the significance of each force applied to the droplet breakup. 

 

(1) Capillary number   

The capillary number (Ca) is the most essential parameter in microfluidic droplet generation, 

describing the competition of viscous stress and interfacial tension. The two's relative strength 

is represented as: 

𝐶𝐶𝐶𝐶 =
µυ
𝛾𝛾

 (1-1) 

where µ is the viscosity of continuous phase, γ represents the tension of the interface and υ is 

the characteristic velocity scale. 

A low Ca value suggests that the flow field is dominated by stresses induced by interfacial 

tension. Droplets flowing in this circumstance almost completely decrease their surface area by 

creating spherical ends. When the Ca value is quite high, however, the viscous impact is larger 

than the interfacial tension impacts, and substantial deformations of the drops and asymmetric 

forms may be seen. Droplets of uniform size were generated only within a narrow range of Ca 

value, as in other constrained micro geometries (typically between 10-3 and 10) 59. 

The proportion of flow rates is another dimensionless element that is crucial in droplet 

formation 60: 

ϕ =
𝑄𝑄𝑑𝑑
𝑄𝑄𝑐𝑐

 (1-2) 

the Qd and Qc represent the flow rate of disperse and continuous phases respectively. 

 

(2) Reynolds number 
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The Reynolds number (Re) is the proportion of inertial forces to viscous forces inside a fluid 

subjected to relative internal movement owing to varying fluid velocities. The Re is formulated 

as having: 

𝑅𝑅𝑅𝑅 =
ρυ𝐷𝐷

µ
 (1-3) 

where ρ is the density of the fluid and D means the diameter of the channel. However, in a 

microfluidic device, the value of D is on the micro-scale. For microfluidics, small geometric 

dimension scales often result in Re ≪ 1. As a result, only the small Reynolds number condition 

will be considered that the flows tend to be dominated by laminar. 

 

(3) Weber number 

The Weber number compares inertia to interfacial tension defined as: 

𝑊𝑊𝑊𝑊 =
ρυ2𝑙𝑙
𝛾𝛾

= 𝐶𝐶𝐶𝐶 · 𝑅𝑅𝑅𝑅 
(1-4) 

where l represents the characteristic length, typically the droplet diameter. Because the inertia 

force of the droplet in the microchannel is generally small, the Weber number in microfluidics 

is usually ignored. 

 

(4) Bond number 

  Finally, the effects of gravity on the generation of droplets in microfluidic devices are often 

overlooked, which may be estimated by the Bond number, that relates the tension of interface 

to gravity: 

𝐵𝐵𝐵𝐵 =
𝛥𝛥ρ𝑔𝑔𝑙𝑙2

𝛾𝛾
 (1-5) 

where g is the acceleration of gravity, Δρ is the difference in fluid densities. The value of the 

Bond number in an oil and water microfluidic device is usually small than 10-5. 

 

1.4.2 Droplet production in microchannels 
Droplet-based microfluidic systems should provide a regular and steady monodisperse 

droplet flow and be adaptable enough to deliver droplets of a certain volume at a specified pace. 

Three key techniques based on various physical processes have been developed to achieve this 
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goal: (1) split in a co-flowing stream; (2) split in a cross-flowing stream; and (3) split in a flow-

focusing stream. 

The dispersion phase is forced into the microchannel in all of these circumstances, where it 

encounters the immiscible continuous phase. The connector is intended to improve droplet 

manufacturing repeatability. The design of the junction, flow rates, and physical features like 

the tension of interface and viscosity influence the flow pattern, which changes the interface 

and finally results in droplet formation. Indeed, the conflict between the pressures caused by 

external flow and viscous shear forces, as well as the capillary pressure preventing fluid 

deformation, determines droplet size. 

 

1.4.2.1 Co-flowing 
Figure 1.9 is a typical example of the structure of the co-flow device. A co-flow device 

typically consists of a round tube matched with a rectangular or square outside channel, with 

the two parallel flows running at the tip. The Rayleigh-Plateau instability is readily recognized 

as the physics of droplet formation in co-axial injectors. 

 

 

Fig. 1.9 A typical droplet manufacturing example in a co-flow device. (a) A schematic graph of 

co-flow device 61. (b) Microscopic images of droplet formation. Reproduced with permission 

[62]. Copyright 2007 APS. 
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A fully unstable setup in co-axial infusion devices should result in the self-sustained 

development of droplets at the device inlet, while a convectively unsteady flow should result in 

droplets that form a limited distance downstream only after the instability has had time to 

expand. As a result of the viscosity ratio, Ca, and equilibrium confinement value, the transition 

is explained in further depth 63,64. 

 

1.4.2.2 T-junctions 
A typical structure of a T-junction droplet-based device consists of two orthogonal channels 

in which two immiscible phases flow through and the droplets form when they meet (Fig. 1.10). 

In a confined channel geometry, the droplets formation regimes could be distinguished as the 

capillary number and proportion of flow rate varied 65. Up to now, many numerical and 

experimental works have been presented demonstrating that the viscosity ratio, flow rate ratios, 

and channel width ratios are essential for the generation process of the droplet 66. 

 

 

Fig. 1.10 Example of typical generation of the droplet in T-junction device. (a) A schematic 

graph T-junction device 61.  

 

1.4.2.3 Flow-focusing 
The dispersion phase is compressed by two flowing flows of the continuous phase in a 

standard flow concentrating configuration (Fig. 1.11). 

The conventional microfluidic flow-focusing geometry can be classified into two types: the 

first kind has a small, constricted shape that leads to a suddenly enlarged downstream region. 

(Fig. 1.11a), this kind of geometry can be designed in both three-dimensional and two-
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dimensional ways; the second type having a cross-junction were the disperse phase encounter 

with an orthogonal continuous co-flow (Fig. 1.11b). 

However, due to the huge variety of spatial aspect proportions that characterize flow-focusing 

devices, simple scaling formulas to forecast the diameter of droplets, CV values, and production 

efficiency as a function of critical factors have not been developed. As a consequence, no 

specific scaling rules for the transition of droplets generation mechanism, nor the dimension 

and production frequency of droplet generation 67. Although it is widely recognized that the 

diameter of a droplet is defined by the flow rate relationship between the dispersed and 

continuous phase for a particular microchannel design, this is not always the case 68. 

 

 

Fig. 1.11 Example of typical generation of the droplet in a flow-focusing device. Schematic 

graphs of flow-focusing geometry in (a) capillary device 61 and (b) 2-dimensional microchannel 

device (Reproduced with permission [69]. Copyright 2020 ACS). Microscopic images of 

droplet formation in (c) capillary device (Reproduced with permission [70]. Copyright 2015 

ACS) and (d) microchannel device (Reproduced with permission [71]. Copyright 2014 RSC). 
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1.5 Objectives 

As discussed in the above sections. The droplet-based microfluidics approach is 

unquestionably ideal for the production of hydrogel microbeads. However, the existing 

microfluidic researches on the generation of alginate-based microgels still have, more or less, a 

deficiency in mechanical, physical, or chemical aspect. This discussion will be extended in the 

following chapters respectively.  

As a result, in this thesis, a novel microfluidic emulsion-based external gelation (µFEEG) 

strategy was developed to produce different types of functional calcium alginate (Ca-alginate) 

hydrogel microparticles. Further, to meet the practical industry requirements, a paralleled 

microfluidic platform was put forward for the mass generation of Ca-alginate microparticles. 

Finally, a new application of the Ca-alginate microcapsules for antifouling biocide 

encapsulation was demonstrated.  

 

The main objectives of this thesis are as follows: 

 

(1) To design and testify a novel µFEEG for synthesizing highly spherical calcium alginate 

hydrogel microparticles and investigate the key parameters behind this strategy (Chapter 2). 

 

(2) To utilize this µFEEG preparing functional Ca-alginate microparticles including the 

magnetic and/or fluorescent Janus beads (Chapter 3) and hydrogels with magnetic and/or 

fluorescent coatings (Chapter 4). 

 

(3) To design and fabricate a microfluidic device for synthesizing monodispersed and facile 

shaped Ca-alginate hydrogels in a high-volume output for industrial application (Chapter 5).  

 

(4) To use the highly spherical hydrogel particles to encapsulate the anti-fouling drug Irgarol 

and further investigate their release mechanism and antifouling effects (Chapter 6). 
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1.6 Outline of thesis 

Chapter 1 Introduction 

Introduces the background of hydrogel and alginate materials, existing methods for 

producing alginate hydrogel particles. In the meanwhile, the background of droplet-based 

microfluidic techniques is briefly demonstrated. 

 

Chapter 2 Highly spherical calcium alginate hydrogel 

Carries out a novel µFEEG method for synthesizing highly spherical calcium alginate 

microparticles. The mechanism and important parameters of this gelation approach are reported. 

 

Chapter 3 Functional Janus calcium alginate hydrogel 

Introduces the production of functional magnetic and/or fluorescent Janus calcium alginate 

hydrogel microspheres using the µFEEG. The prepared Janus particles were used for the 

mammal cells encapsulation. 

 

Chapter 4 Surface coating of the alginate hydrogel particles 

Introduces the formation of calcium alginate hydrogel microbeads with magnetic and/or 

fluorescent surface coatings using the µFEEG.  

 

Chapter 5 Mass production of calcium alginate hydrogel particles 

Presents an innovative microfluidic module consisting of a PDMS chip and stainless holders 

for the high-throughput preparation of cell-laden calcium alginate hydrogel microcapsules with 

facile shapes through the µFEEG.  

 

Chapter 6 Microencapsulation of hydrophobic antifouling biocide 

Introduces and investigates a new application of the alginate hydrogel microcapsule for 

encapsulation of hydrophobic antifouling biocides that can be used for antifouling coating paints.  

 

Chapter 7 Conclusions and outlook 

Describes the conclusions and points out the outlook of this thesis. 
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The connection between the above chapters is shown in Fig. 1.12.  

 

 
Fig. 1.12 The flow chart showing the connection between each chapter in this thesis. 
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Chapter 2 

Microfluidic emulsion-based synthesis of calcium-alginate 

hydrogel particles 

 

2.1 Introduction 

2.1.1 Microfluidic processes for synthesizing hydrogel particles 

The size and morphology of hydrogel particles are important in applications such as 

medication delivery and cell encapsulation. Since of their generally nanoporous nature, 

alginate-based hydrogel microbeads may be used to manage the kinetics of medication release 

because molecules can spread through the hydrogels at a predictable rate. Furthermore, the size 

and surface area of hydrogel microspheres are critical for controlling drug release kinetics since 

they determine drug release speed. As a consequence of their random surface area and inequable 

volume, polydisperse hydrogel particles with non-uniform morphologies may have limited 

control over the kinetics of drug release. Monodisperse hydrogel particles with spherical 

morphologies and tiny sizes, on the other hand, may give precise control of drug dose and 

release quantity with great repeatability 1–3. The optimal hydrogel microcapsules for cell 

encapsulation should have a homogenous network structure with a regulated microenvironment 

that allows for the stable entrapment of the cells. Furthermore, the hydrogel microcapsules 

should be tiny enough (< 200 m) to allow for efficient transport of oxygen and nutrients to the 

cells inside them 4. As a consequence, precise control over the form, size, and size distribution 

of hydrogel particles is critical. The development of monodisperse hydrogel microparticles with 

very homogeneous morphologies is critical. 

Several droplet-based microfluidic techniques for the synthesis of alginate-based hydrogel 

microparticles have been described so far. The alginate droplets were generated in the 

microfluidic devices prior to gelation in this procedure. Because microfluidic devices allow for 

more precise control of the multiphase flow pattern, so monodisperse alginate droplets with a 

coefficient of variation (CV) in diameter of less than 10% could be created, which is critical for 
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the production of the following hydrogel particles. The droplet-based microfluidic approaches 

may be subdivided into a number of distinct categories. (i) coalescence of a Na-alginate droplet 

with a droplet containing gelation ions, (ii) off-chip reaction of Na-alginate droplets in a gelation 

agent-containing bath, (iii) a gelation agent is added to the oil phase to trigger the reaction, (iv) 

internal gelation is achieved by utilizing a gelation chemical that is poorly soluble in water, (v) 

phase separation of double emulsion, and (vi) simultaneously reaction inside the single droplets 

(Fig. 2.1) 

 

 

Fig.2.1 Schemes for making Na-alginate microspheres from droplets 5. 

 

The following section provides an overview of prior research on the microfluidic manufacture 

of alginate particles using a variety of different approaches. 

 

2.1.1.1 Continuous process 

(1) Coalescence of a Na-alginate droplet with a droplet containing gelation ions 

The Na-alginate droplets and droplets containing Ca2+ were generated at separate locations 

of a microchannel array device for this approach, which flowed downstream and consolidated 
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to create alginate hydrogel particles. Three examples based on this approach were listed. Firstly, 

as shown in Fig. 2.2, As a continuous microfluidic reactor, the microfluidic device consists of 

two independent infusing channels and a chemical reaction channel to manufacture hydrogel 

particles with size and shape control. They were successful in creating hydrogel microparticles 

with a variety of morphologies. 

 

Fig. 2.2 Coalescence of a Na-alginate droplet with a CaCl2 droplet to form Ca-alginate 

hydrogels particles. Reproduced with permission [6]. Copyright 2006 ACS. 

 

Secondly, as shown in Fig. 2.3, the nozzle placed upstream of the microchannel produces a 

Na-alginate droplet. The generated alginate droplet then moves downstream of the main channel 

due to the continuous liquid phase flow and is merged with the droplets containing Ca2+ created 

from the nozzle positioned downstream, generating hydrogel particles. The Ca-alginate 

hydrogel particles formed in this study had a nonspherical and non-uniform shape. 

 

 

Fig. 2.3 Coalescence of a Na-alginate droplet with a CaCl2 droplet. (a) Schematic graph and (b) 

obtained hydrogel particles. Reproduced with permission [7]. Copyright 2007 Springer. 

(a) (b)
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Finally, as shown in Fig. 2.4, Alginate microgels were created using a microfluidic device 

with a co-flow structure. Using a glass capillary device with two parallel channels, the coupled 

cores preferentially coalesce after regulated delay under a strong capillary force imposed by a 

nonspherical exterior of the oil shell, resulting in the creation of single-core double-emulsion 

droplets. When the two segments contain alginate and Ca2+, the fusion results in the creation of 

alginate microgels. 

 

Fig. 2.4 Schematic graph of coalescence of Na-alginate droplet with CaCl2 droplet. Reproduced 

with permission [8]. Copyright 2016 RSC. 

 

(2) Off-chip reaction of Na-alginate droplets in a gelation agent-containing bath 

The Na-alginate droplets were initially produced within the microchannels for this approach. 

They were then transferred to an outer reservoir containing a cross-linking reaction triggered 

agent (e.g., CaCl2 solution) forming hydrogel particles 9. An example is shown in Fig. 2.5. 

 

Fig. 2.5 Example of off-chip external gelation. Reproduced with permission [9]. Copyright 

2017 Elsevier. 
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(3) A gelation agent is added to the oil phase to trigger the reaction 

For this method, the gelation agent was delivered by the continuous oil phase. An example is 

shown in Figs. 2.6 and 2.7. 

 

 

Fig. 2.6 External gelation utilizing an oil phase containing cross-linking chemicals. 

Reproduced with permission [10]. Copyright 2007 Wiley-VCH. 

 

 

Fig. 2.7 Optical microscopy images of different alginate beads synthesized through gelation 

utilizing an oil phase containing cross-linking chemicals. Reproduced with permission [11]. 

Copyright 2014 Wiley-VCH. 

 

(4) Phase separation of double emulsion 

This approach makes use of the dissolution of a less soluble salt of divalent ions embedded 

in the droplets, which occurs in reaction to changes in the properties of the environment around 

the droplets, to produce the desired results. Three examples were listed here. Firstly, as shown 

in Fig. 2.8, in a continuous phase of corn oil, the Na-alginate droplets containing CaCO3 
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nanoparticles were generated. The acetic acid in corn oil was injected farther downstream, and 

mixed with the oil flowing in the mainstream. When the acetic acid diffused into the Na-alginate 

droplets, Ca2+ was liberated from the insoluble calcium complex, triggering the gelation. 

 

 

Fig. 2.8 Internal gelation that transfers the gelation agent inside the microchannel. Reproduced 

with permission [12]. Copyright 2007 Wiley-VCH. 

 

Secondly, the aqueous Na-alginate droplets containing CaCO3 nano-particles can form 

hydrogel particles by subsequently being transported into the outer bath containing gelation 

agent (Fig. 2.9) 13. 

 

 

Fig. 2.9 internal gelation that transfers the gelation agent outside the microchannel. Reproduced 

with permission [13]. Copyright 2007 IMR. 
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Finally, the group of S. Utech et al. reported a technique that Ca2+ is delivered using a water-

soluble calcium–ethylenediaminetetraacetic acid (EDTA) combination. Due to the use of the 

anti-chelating agent EDTA, calcium ions may stay in solution while being inaccessible to the 

alginate chains. With the addition of acetic acid to the continuous phase, they may cause the 

dissociation of the complex and the release of calcium ions after the creation of drops. A highly 

regulated interaction between free ions and alginate chains results in the formation of alginate 

hydrogel particles that have very outstanding structural uniformity. (Fig. 2.10). 

 

 

Fig. 2.10 Schematic of internal gelation using water-soluble Ca-EDTA. Reproduced with 

permission [4]. Copyright 2015 Wiley-VCH. 

 

(5) Phase separation of double emulsion 

Saeki et al. devised the double emulsion rupture approach. W/O/W emulsion droplets with a 

thin oil shell were created using microfluidic devices (Fig. 2.11). The center was a Na-alginate 

aqueous solution, while the outside aqueous phase included a gelation agent. When the 

thickness of the oil shell was tiny enough, the double emulsion droplets were readily ruptured, 

and the inner droplets quickly gelled. 
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Fig. 2.11 Formation of Ca-alginate particles through double emulsion. Reproduced with 

permission [14]. Copyright 2010 RSC. 

 

(6) Simultaneously reaction inside the single droplets 

For this method, several kinds of aqueous solution flows were linked in a microchannel just 

before the creation of droplets, and the crosslinking process occurred in the droplets (Fig. 2.12) 

15. 

 

 

Fig. 2.12 In-situ mixing of alginate solution and CaCl2 solution inside the droplets to form Ca-

alginate microparticles. Reproduced with permission [15]. Copyright 2015 Wiley-VCH. 

 

2.1.1.2 Batch process 

The batch process for synthesizing hydrogel particles based on external gelation has also been 

reported recently. Droplets are generated in the air and then delivered into the aqueous phase to 

trigger the gelation (Fig. 2.13) 16.  
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Fig. 2.13 Air-jet-based process to produce alginate microparticles. Reproduced with permission 

[16]. Copyright 2012 Wiley-VCH. 

 

2.1.2 Comparison of different methods 

As described above, the comparison of different methods to generate Ca-alginate hydrogel 

particles is shown in Table 2.1.  

 

Table 2.1 Sizes and size distribution of alginate hydrogel beads prepared by a continuous and 

batch process in literature 

Process Method for supplying 

Ca2+ (or Ba2+) 

Average 

diameter [m] 

Coefficient of 

variation [%] 
Reference 

Continuous 

Process 

(Internal 

gelation) 

On-chip poorly soluble 

salt 

94-150   

N.A. 

< 2.9 

N.A. 

12 

13 

On-chip water-soluble 

salt 
10-50  N.A. 4 

 

 

 

 

 

 

 

 

 

Continuous 

Process 

On-chip coalescence of 

microfluidic water-in-

oil droplets 

ca. 20–50  < 3.6 6 

104–167 6.4 7 

195 1.5 8 

77.4–216 11.1–14.4 17 

34–53 < 5 18 

Off-chip gelation bath 

100–250 N.A. 9 

226–244 11.4–36.7 19 

N.A. N.A. 20 

6.2 < 10 21 

On-chip continuous 

flow of calcified oil 

50–70 < 2 10 

16.7–39.7 2.7–6.6 11 
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(External 

gelation) 

14.6–27.6 2.5–7.8 22 

~130 0.44 23 

69.6 N.A. 24 

N.A. N.A. 25 

On-chip outer gelation 

phase of Water-in-oil-

in-water emulsion 

41.8 5.0 14 

On-chip gelation inside 

a multiphase droplet 

N.A. 

112 

N.A. 

N.A. 

3.9 

N.A. 

15 

26 

27 

 

Batch 

Process 
Gelation bath under a 

jet nozzle (oil-free) 

99 2.0 16 

20–60 N.A. 28 

120–300 < 7.5 29 

68.8 10.9 30 

 

In conclusion, for the continuous process of manufacturing alginate hydrogel particles, 

internal gelation of Na-alginate droplets is commonly accomplished by the use of weakly 

soluble salts of divalent cations (e.g., CaCO3 particles) 4,12,13, 31–35. Although the internal gelation 

process has response control, gelation necessitates alterations in the surrounding environment, 

such as a decrease in the pH of the droplets, which may cause harm to the enclosed cargos, such 

as live cells. Furthermore, the presence of weakly soluble salt particles restricts the size of the 

microchannels and, as a result, the dimensions of the hydrogel particles that are formed. 

Continuous processes for generating alginate hydrogel particles based on external gelation of 

Na-alginate droplets have also been reported. For external gelation, the reactant divalent cations 

can be in the CaCl2 solution droplets 6–8, 17,18, off-chip bulk solution 9,19–21, or supplied directly 

through the oil phase 10,11,22–25, 36. The external gelation methods reported before all have some 

difficulties. For instance, in the method of coalescence of a Na-alginate droplet with a droplet 

containing cross-linking agent, a 1:1 pair of two types of droplets is necessary; instead, the 

distribution of particles diameter becomes broader, making it difficult to achieve high 

controllability of particle size. Furthermore, the procedure is simple for the approach that 

employs the off-chip bulk solution, but the contact of the Na-alginate droplets with the water-

oil interface often causes the deformation of droplets, resulting in the creation of non-spherical 

particles. In addition, for the method that directly supplies the divalent cations through the oil 

phase, the incorporation of divalent cations and oil phase is a demanding task, because the 

reactant (e.g., calcium chloride) is usually insoluble in an oil phase. As a result, the reactant oil 

phase is typically made from the emulsion of an aqueous solution containing divalent cations 
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and oil through the evaporation of the water phase. But this method often creates extra solid 

residues that need filtration and low reactant concentration in the oil phase 22–25.  

Moreover, as previously noted, the continuous process using external gelation often results 

in clogging problems and the development of non-uniform hydrogel particles as a result of the 

fast reaction speed and heterogeneous distribution of divalent cations inside devices.  

Alternatively, batch techniques based on external gelation for the generation of hydrogel 

particles by droplets shooting in the air have also been described 16,28–30. The comparatively 

limited throughput of droplet generation, on the other hand, restricts the scope of its applicability. 

Therefore, although the microfluidic external gelation may be potentially suitable for the 

production of monodisperse hydrogel microspheres, to our knowledge, there has not yet been 

reported a continuous process for the production of highly spherical alginate-based hydrogel 

particles using external gelation. 

 

2.1.3 Objectives 

In this chapter, a microfluidic in-situ external gelation method utilizing CaCl2 emulsion as a 

reactant that is used to produce extremely spherical Ca-alginate hydrogel particles was 

presented. Specifically, the microfluidic channel is comprised of two cross-junctions that are 

linked serially: the upstream cross-junction, which is used for the production of Na-alginate 

droplets in a sheath flow of corn oil, and the downstream cross-junction, which is used for the 

external gelation of a fine W/O emulsion containing CaCl2 in a symmetrical co-flow of corn oil. 

The essential parameters to obtain the highly spherical hydrogel particles were also investigated.  

The main objectives of this chapter are as follows: 

(1) To design and fabricate a microfluidic device for synthesizing highly spherical hydrogel 

particles. 

(2) To investigate the influence factors on the shapes and sizes of obtained hydrogel particles. 

 

2.1.4 Outline of chapter 

 

Section 2.1 Introduction 

Introduces the background of previous researches about the alginate-based hydrogel particles. 
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Section 2.2 Materials and methods 

Describes the peripheral equipment, our microfluidic device, and the materials that used in this 

experiment. 

 

Section 2.3 Results and discussion 

Demonstrates the experiments about synthesizing the highly spherical Ca-alginate hydrogel 

particles using our novel device. The influence factors of the roundness and sizes of obtained 

hydrogel beads are also reported. 

 

Section 2.4 Conclusion 

Describes the conclusion of this chapter. 

 

2.2 Materials and methods 

2.2.1 Microfluidic emulsion-based external gelation 

The development of a microfluidic external gelation method using an on-chip water-in-oil 

(W/O) emulsion reactant for the production of highly spherical Ca-alginate hydrogel particles 

is described. The generated Na-alginate droplet in the microchannel contacted with the much 

smaller CaCl2 droplets in the CaCl2 aqueous/corn oil emulsion. The Ca2+ that goes inside the 

Na-alginate droplet can react with the alginate molecular forming a Ca-alginate polymer 

network (Fig. 2.14). 

 

Fig. 2.14 Schematic graph of the emulsion-based external gelation 
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2.2.2 Microfluidic device 

2.2.2.1 Design of the microfluidic channel 

A microfluidic channel with two cross-junctions coupled serially: the upstream cross-

junction for creating Na-alginate droplets in the corn oil flow and the downstream cross-junction 

for symmetrically co-flowing fine W/O emulsion carrying Ca2+ for external gelation was 

designed (Fig. 2.15). The four channels of the upstream cross-junction are 200 m wide and 

200 m deep. The two input channels for reactant emulsion have a width of 200 m at the 

downstream cross-junction, while the drain channel has a width of 400 m, with a depth of 400 

m. This broader and deeper drainage channel was intended to produce spherical hydrogel 

particles even when the diameter of the precursor Na-droplets is greater than the cross-sectional 

dimension of the upstream channel (i.e., 200 m). 

 

Fig. 2.15 Schematic graph of the microfluidic channel design. 

 

2.2.2.2 Microfabrication 

To create microgrooves and through-holes, mounted wheels were used with computer 

numerical control (CNC) machining on a quartz glass chip (15 mm x 15 mm, 2 mm thick) 
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(LB2000 EXII, OKUMA, Japan). Fused bonding was used to secure the microgrooves to a 

planer quartz glass piece of the same size (Fig. 2.16). The cross-section of the microgrooves is 

rectangular (Fig. 2.17). The details are shown in Appendix (A.1.1). 

 

 

Fig. 2.16 Image of a fabricated microfluidic glass chip. 

 

 

Fig. 2.17 The SEM images of (a) the fabricated rectangular microgrooves, (b) the upstream 

cross-junction, (c) the downstream cross-junction, and (d) the through-hole. 
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2.2.2.3 The preparation of microfluidic system 

Syringe pumps were used to fill gastight glass syringes (1000 series, Hamilton Company, NV, 

USA) with the various liquids (KDS 200 and KDS LEGATO 200, KD Scientific Inc., PA, USA). 

An assembled glass microfluidic chip was mounted in a stainless steel supporting holder (36 

mm x 36 mm x 10 mm) and connected to syringes via polytetrafluoroethylene (PTFE) tubes 

(0.5 mm inner diameter for input tubes and 0.8 mm inner diameter for output tubes) and 

connectors (0.5 mm inner diameter for input tubes and 0.8 mm inner diameter for output tubes). 

The details are shown in Appendix (A.3). 

2.2.2.4 Modification of the surface 

The glass surface of the microfluidic chip was modified to hydrophobic to generate W/O 

droplets. As a surface-modifying agent, 1 wt percent octadecyltrichlorosilane (ODS, Shin-Etsu 

Chemical, Japan) in toluene was utilized. 

2.2.3 Materials 

Unless specific noted, all of the reagents were obtained from Wako Pure Chemical 

Industries, Japan. A 3 wt% aqueous solution of sodium alginate with a viscosity of about 1500 

mPa∙s served as the dispersion phase, and corn oil with a viscosity of approximately 60 mPa∙s 

served as the continuous phase, resulting in the formation of sodium alginate droplets A 30 wt

% aqueous solution of CaCl2 was mixed with corn oil, which included a surfactant (SY-Glyster 

CRS-75, Sakamoto Yakuhin Kogyo, Osaka, Japan), by 0.1 wt% to produce the reactant W/O 

emulsion. To wash out the reactant emulsion and collect the hydrogel particles, pure water and 

hexane were utilized. 

2.2.4 Preparation and characterization of reactant emulsion 

The reactant W/O emulsion containing Ca2+ was created by homogenizing it for 3 minutes at 

30,000 rpm in a mixer (T10 basic ULTRA-TURRAX, IKA, Germany). The diameters of 

reactant W/O emulsion droplets were determined using a laser scattering particle size 

distribution analyzer (Partica LA-960, HORIBA, Japan). 
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2.2.5 Preparation of Ca-alginate hydrogel particles 

To collect the microcapsules, the mixture that exited the output tube (inner diameter, 0.8 mm; 

outer diameter, 1.58 mm) was placed over a nylon mesh (mesh size: 100 m × 100 m, Tokyo 

Screen, Tokyo, Japan). To remove the CaCl2 emulsion, deionized water was poured over the 

capsules. The leftover corn oil was then flushed away using hexane. Finally, distilled water was 

used to wash the hexane away.  
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2.3 Results and discussion 

2.3.1 Formation of Na-alginate droplets 

2.3.1.1 Droplet formation region 

The generation procedure of Na-alginate droplets at the first junction was firstly investigated. 

It is well known that, in low Reynolds condition, there exists a specific mountain-shaped region 

in the diagram of continuous (Qc) and disperse phases (Qd). When the flow conditions fall within 

this region, monodisperse droplets can be formed 37. As a consequence, this phase diagram (Fig. 

2.18) was created to better comprehend the relationship between flow patterns and the 

hydrodynamic domains that follow them. 

 

Fig. 2.18 A phase diagram depicting the circumstances in which Na-alginate droplets may 

generate. The horizontal axis is the flow rate of the continuous phase (Qc) and the vertical axis 

is the flow rate of the dispersed phase (Qd). The crosses represent a flow condition where 

monodisperse droplets cannot be formed. The solid circles depict the flow conditions under 

which monodisperse droplets may generate. The open triangles show the circumstances of a 

stream that is elongated (inset A), the open pentagon and star represent the condition where 

stable droplets formed in squeezing and dropping types respectively (inset B and C), the open 

inverted triangles represent condition for irregular jetting (inset D). 

 

The Qd for creating monodisperse drops was 0.2 mL/h, with Qc varying from 0.2 mL/h to 0.8 

mL/h. When Qd was less than 0.2 mL/h, the Na-alginate solution produced a steady laminar 



Chapter 2. Microfluidic emulsion-based synthesis of calcium-alginate hydrogel particles 
 

2-18 
 

flow if Qc was too low, while a disorganized generation of droplets was seen in the jetting 

regime when Qc was too high. Droplets of similar size might develop if Qc and Qd were suitably 

tuned under low Reynolds number circumstances (ca. 0.02). 

 

2.3.1.2 Droplet generated inside the microchannel 

Figure 2.19 depicts a typical process of the production of a Na-alginate droplet when Qc and 

Qd are set to 2.0 mL/h and 0.1 mL/h, respectively, as shown in the experiment. In a dripping 

mechanism, droplets of similar size were progressively created, with the break-up rate averaging 

around 8 droplets/s. Since of the high viscosity of the Na-alginate aqueous solution, two satellite 

droplets with average diameters of 39 m and 16 m were generated; nevertheless, they merged 

with the main droplet on occasion (from 72 ms to 75 ms) because pure corn oil without 

surfactant was employed as the continuous phase. The satellite merged with the main droplet 

before reaching the downstream, so it did not affect the shape and surface of obtained hydrogel 

particles. Later, the droplets flowed into the downstream cross-junction and interacted with the 

reactant W/O emulsion (Fig. 2.20, t = 90 milliseconds) 

 

Fig. 2.19 Images of generation of a Na-alginate droplet. The Qd and Qc were 0.1 and 2.0 mL/h 

(= 1.0 mL/h × 2) respectively. 

 

The symmetrical co-flow of reactant W/O emulsion at a downstream cross-junction caused 

the Na-alginate droplets to flow in the downstream channel's center. The downstream channel's 

greater cross-sectional area lowered flow velocities, reducing shear-induced significant droplet 

t = 0 ms

t = 20 ms

t = 72 ms

t = 75 ms

t = 90 ms

200 m
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deformation. Furthermore, the deeper and wider downstream channel allowed spherical droplets 

with diameters greater than the nozzle dimension of the upstream cross-junction to pass. If used 

routinely, the microfluidic chip may run indefinitely without gel blockage. 

 

2.3.1.3 Produced droplets 

(1) Experimental results 

The sizes of Na-alginate droplets after collection outside the micro-channels were measured. 

Corn oil with a surfactant of 1 wt% was used rather than reactant W/O emulsion at the drain 

cross-junction to avoid the coalescence of Na-alginate droplets in the collecting reservoir. The 

flow rate of corn oil downstream was set as 20 mL/h.  

The production of monodisperse Na-alginate droplets of various sizes was achieved by 

varying Qc while maintaining a constant Qd of 0.1 mL/h. In a Qc of 2.0 mL/h, the produced Na-

alginate droplets had an average diameter of 191 m and a CV of 2.2%, indicating that the 

process was successful (Fig. 2.20a). When the flow rate was reduced to 1.2 mL/h, the Na-

alginate droplets generated had an average diameter of 201 m and a CV of 2.4%, respectively 

(Fig. 2.20b). When the flow rate was raised to 3.0 mL/h, the resulting Na-alginate droplets had 

an average diameter of 176 m and a CV of 1.9%, respectively (Fig. 2.20c). These CV values 

indicate that the droplets were monodisperse and had a very limited size distribution, which is 

consistent with earlier work 23,38,39. 

The influence of Qc/Qd on the size and CVs of generated droplets was also examined in more 

detail (Fig. 2.20d). It is showing that Changing the Qc/Qd ratio in the range of 6.0 to 30.0 might 

result in droplets that were both larger and smaller (ranging from 176–225 m) than the orifice 

size and with CV values less than 3%, the findings show. 

 

(2) Analysis of droplet scaling law 

The huge number of geometrical aspect ratios that characterize flow-focusing devices has 

made it difficult to develop simple scaling equations to forecast droplet size, distribution, and 

generation frequency as a function of the essential parameters.  

However, the mechanisms governing gas/liquid flow conditions confined in a microfluidic 

flow-focusing droplet generator have been reported by Garstecki et al. 40 and Dollet et al 41, 

showing that the break-up of bubbles occurs at a rate proportional to the velocity of the co-
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flowing continuous fluid (v): f  v, where f is the break-up rate. And then, it is easy to conclude 

that the droplet diameter (Dd) is proportional to the minus one-third power of the Capillary 

number (Ca): Dd  Ca. 

Whereas, it is unclear if this model for gas threads works in the same manner as the fluid 

flows (e.g. 1500 mPa∙s in this case) reported by Cubaud et al. 42 or Lee et al. 43. As a 

consequence, there are no perfect scaling equations available for transitions between distinct 

regimes, let alone for droplet size and production frequency 44. 

Based on the published literatures on the mechanism of generation of droplets using the flow-

focusing method, the diameter of a droplet (Dd) is determined by the flow rate ratio Qc/Qd for a 

given microchannel geometry 38. Here, the following scaling law of the generated droplet sizes 

in the dripping mechanism is assumed: 

𝐷𝑑  / 𝐷ℎ = 𝛾(
𝑄𝑐

𝑄𝑑
)𝑎 (2-1) 

Dh is the hydraulic diameter of the orifice, given by Dh = 4A/P-1, where A is the cross-section 

area of the orifice and P is the perimeter of the orifice, γ and a are the parameters dependent on 

the microchannel geometry, fluid viscosity, and interfacial tensions. Through the linear fitting, 

the predicted relationship of the generated droplet diameter and flow rate ratios is: 

𝐷𝑑  / 𝐷ℎ = 1.48(
𝑄𝑐

𝑄𝑑
)−0.15 

(2-2) 

 

Fig. 2.20 Influence of Qc on the diameter of the droplet. (a-c) Images of droplets and the size 

distribution at (a) Qc/Qd = 20.0, (b) Qc/Qd = 12.0, (c) Qc/Qd = 30.0. Qd = 0.1 mL/h. (d) The flow 

rate ratio Qc/Qd vs. the sizes and CVs of Na-alginate droplets. The dashed line represents the 

scaling law. Scale bar is 200 μm. 
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2.3.2 Calcium chloride emulsion reactant 

The reactant W/O emulsion was composed of a 30 wt% aqueous CaCl2 solution combined 

with corn oil having a surfactant (SY-Glyster) which was fabricated through a mechanical 

homogenizer at the maximum rotation speed which is 30000 rpm. Before mixing, the corn oil 

phase and CaCl2 aqueous solution phase have a clear interface boundary (Fig. 2.21a), because 

they are immiscible. After 3 minutes of homogenizing process, the mixture has a milk-white 

color (Fig. 2.21b). 

 

Fig. 2.21 Corn oil and CaCl2 aqueous solution (a) before and (b) after mixing. 

 

2.3.3 Highly spherical Ca-alginate hydrogel particles 

In this section, the formation method of synthesizing highly spherical Ca-alginate hydrogel 

particles was demonstrated. Parameters including the property of reactant W/O emulsion and 

the flow rate of continuous and emulsion phase that can influence the shapes and sizes of 

produced hydrogel particles were fully investigated.  

Averaged values of roundness (R, Fig. 2.22) was used to evaluate the shape of obtained gel 

particles, which is defined as: 

𝑅 =
4𝜋𝑆

𝐿2
 

(2-3) 

where L is the hydrogel particle's perimeter and S is the projected area from the microscopic 

picture as determined by the program ImageJ.  

The roundness of a body is determined by the shape's basic characteristics instead of the 

sharpness of its edges and corners, or the roughness of the surface of a manufactured item, 

which are both important factors. When the eccentricity of a smooth ellipse is considerable, it 
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might have a low roundness. Regular polygons get more rounded as the number of sides 

increases, despite the fact that they retain their sharp edges on the edges. The Qd, Qc, and flow 

rate of the emulsion phase Qe were set at 0.1, 2.0 (= 1.0 mL/h × 2), and 20.0 mL/h (= 10.0 mL/h 

× 2) respectively throughout the experiments. 

When the influence of the property of reactant W/O emulsion was investigated, the effects of 

concentration of surfactant and the faction of aqueous solution (W) in reactant emulsion were 

demonstrated, because the obtained microparticles had different sizes and morphologies when 

the reactant W/O emulsions were produced at varying conditions. The definition of W is 

according to the following equation: 

𝑊 = 𝑊1 ÷ 𝑊2 (2-4) 

where W1 is the weight of the aqueous solution and W2 is the total weight of CaCl2 emulsion. 

 

 

Fig. 2.22 Schematic illustration of roundness calculation. 

 

2.3.3.1 The effect of surfactant concentration  

Four kinds of reactant W/O emulsions containing surfactants at 0 wt%, 0.01 wt%, 0.1 wt%, 

and 0.3 wt% were prepared to test the influence of surfactant concentrations in the emulsion 

phase. The value of W was set to 0.33. The morphologies of the prepared hydrogel microbeads 

were examined (Fig. 2.23). When the concentration of surfactant was 0 and 0.01 wt%, hydrogel 

particles with significantly deformed shapes were produced and their roundness was 0.74 and 

0.75 respectively (Fig. 2.23-A and B). When the surfactant concentration was increased to 0.1 

wt%, more spherical hydrogel particles were produced and their roundness increased to 0.89 

(Fig. 2.23-C). However, when the concentration of surfactant increased further to 0.3 wt%, 

bigger hydrogel particles with lower roundness of 0.78 were formed (Fig. 2.23-D). The 

relationship between surfactant concentration and roundness of obtained hydrogel particles is 

shown in Fig. 2.24. 
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The variance in roundness values of hydrogel particles formed at various surfactant 

concentrations may be linked to the durability of the reactant W/O emulsion. When the 

surfactant concentration was insufficient, the reactant W/O emulsion might be unstable, 

allowing aqueous droplets to readily combine and create larger aqueous droplets over time. 

These larger droplets were most likely responsible for the production of distorted hydrogel 

particles. However, if the surfactant concentration was too excessive, the reactant W/O 

emulsion may be too stable to merge with Na-alginate droplets, perhaps triggering mutual 

coalescence of several Na-alginate droplets prior to gelation, resulting in larger gel particles 

with reduced homogeneity. As a consequence, in the experiments, the ideal surfactant 

concentration was set at 0.1 wt%. 

 

Fig. 2.23 Effect of surfactant concentration on the roundness of hydrogel particles. High-speed 

micrograph of hydrogel formation in the microchannel and micrograph of hydrogel particles 

produced by reactant emulsion with different concentrations of surfactant after filtered in pure 

water. (A) No-surfactant (roundness 0.735). (B) 0.01 wt% (roundness 0.746). (C) 0.1 wt% 

(roundness 0.889). (D) 0.3 wt% (roundness 0.784). The scale bar is 200 m. 

 

Fig. 2.24 Relationship between surfactant concentration and roundness of hydrogel particles. 

the weight fraction of 30 wt% CaCl2 aqueous solutions in CaCl2 emulsion (W) was set as 0.33. 

A B C D
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2.3.3.2 The effect of the fraction of aqueous solution (W) 

(1) Sizes of CaCl2 emulsion at different W 

The influences of W values on the morphology and size of hydrogel microparticles were 

investigated. The reactant W/O emulsions with surfactant at 0.1 wt% at W values in the range 

from 0.20 to 0.33 were prepared. The prepared reactant emulsion was first observed through the 

optical microscope which is shown in Fig. 2.25. Because the sizes of emulsion droplets are 

below 5 m and their densities are too high, the reactant emulsion in corn oil with surfactant 

(SY-Glyster) of 1 % was diluted 50 times before observation. 

Next, the sizes of reactant emulsions at three W values 0.20, 0.26, and 0.33 were measured 

by the laser scattering particles size distribution analyzer which is shown in Fig. 2.26. 

Using the values of W as 0.20 and 0.26, the average diameter of aqueous droplets in reactant 

emulsion was 2.3 m with a CV of 41.3% and 2.2 m with a CV of 38.4%, respectively. In 

contrast, when W was raised to 0.33, the average diameter of aqueous droplets in reactant 

emulsion grew to 4.1 m, which was almost twice as big as when W was 0.20 and 0.26. The 

CV of diameter grew as well, reaching 44.5%. 

 

 

Fig. 2.25 CaCl2 emulsion prepared at varying W values: (A)0.20, (B)0.26, and (C)0.33 after 

dilution in corn oil with a surfactant of 1 wt%. 

A

B

C
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Fig. 2.26 Size distributions of aqueous droplets in reactant emulsion at W. 

 

(2) Obtained Ca-alginate hydrogel particles at different W 

The Qd, Qc, and Qe were set at 0.1, 2.0, and 20.0 mL/h respectively for the following 

experiments. Obtained hydrogel microparticles using reactant W/O emulsions at three W values 

0.20, 0.26, and 0.33 were shown in Fig. 2.27. 

 

 

Fig. 2.27 Hydrogel microbeads generated at different W values: (a) 0.20, (b) 0.26, (c) 0.33. All 

scale bars are 200 μm. 
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Three repeated tests were also conducted to explore the influence of W on the roundness of 

hydrogel microparticles (Fig. 2.28). When W was 0.26, highly spherical hydrogel microspheres 

with a roundness of more than 0.96 were able to be synthesized; the average ± s.d. was 

0.965±0.002 (n = 3). When W was more than 0.26, however, the calculated roundness of the 

hydrogel particles decreased as W grew. When W was less than 0.26, however, the roundness 

of the hydrogel particles reduced as W declined. 

 

Fig. 2.28 The weight fraction of the aqueous phase in CaCl2 emulsion W. (a) The influences of 

W on the roundness of hydrogel particles. (b) W vs. the average values of roundness (n = 3). 

 

The three repeated studies studied the influence of W on the size and CVs of hydrogel 

particles in the same way (Figs. 2.29, 30, and 31). The produced gel particles had average 

diameters of 167 m and a CV of 5.8% with a highly spherical form when W was 0.26 in the 

first run (Fig. 2.27-B); the average ± s.d. of the diameter and CV in the three tests were 162±4 

m and 4.3±1.1%. When W was more than 0.26, the diameters and CVs of the gel particles 

remained low. For instance, when W was 0.33 in the first run, the produced gel beads had 

average diameters of 154 m and a CV of 6.4% with roundness about 0.87; in the three tests, 

the diameter, CV, and roundness were 159±9 m, 6.1±1.1%, and 0.848±0.039. The gel particles 

that had been created had distorted into deformed morphologies (Fig. 2.27-C). When W was 

less than 0.26, the diameters and CV values of the beads increased. For example, when W was 

0.20 in the first run, the generated hydrogel particles had a roundness of 0.86, a diameter of 166 

m, and a CV of 10.4%, implying that the generated hydrogel microbeads were larger and had 
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deformed structures (Fig. 2.27-A); the diameter, CV, and roundness in the three experiments 

were 170±5 m, 12.1±1.2%, and 0.800±0.041, respectively. 

 

Fig. 2.29 The effect of W on diameter and its CV of the gels in the first run. 

 

Fig. 2.30 Results of the second (left) and third (right) runs to measure the diameter and its CV 

values of the gels at four different W (= 0.20, 0.22, 0.26, 0.33). 

 

Fig. 2.31 The weight fraction of the aqueous phase in reactant emulsion W vs. the average values 

of diameter and CV (n = 3). 
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In conclusion, when the weight fraction of the aqueous phase in reactant W/O emulsion W 

was set as 0.26, monodispersed Ca-alginate hydrogel particles of highly spherical shape with 

an average roundness over 0.95 could be obtained (Fig. 2.32). 

 

 

Fig. 2.32 Monodispersed Ca-alginate hydrogel particles obtained when W was set as 0.26. (a) 

Hydrogel particles were collected in 4 hours. (b) Microphotograph of prepared gel beads in pure 

water. The scale bar is 400 m.  

 

(3) Discussion 

According to the experimental findings shown above, the W values, that is, the proportions 

of aqueous solution in the reactant W/O emulsion affected the aqueous droplet sizes of the 

reactant emulsion, which in turn influenced the morphologies of the hydrogel particles that were 

formed (Fig. 2.33). Figure 2.26 shows that when W values were 0.20 and 0.26, the average 

diameters of aqueous droplets in reactant emulsion were quite near (2.3 and 2.2 m, 

respectively), as revealed in the experiment. Therefore, a decrease in W could result in a lower 

density of aqueous droplets containing Ca2+ in the channel, which may have resulted in 

inadequate gelation of Na-alginate droplets in the channel, resulting in off-chip coalescence 

between the Na-alginate droplets and the formation of larger hydrogel particles with poor 

roundness (Fig. 2.33a). When W was increased to 0.33, the average diameter of aqueous 

droplets containing Ca2+ was increased by more than twofold (4.1 m), and the size distribution 
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of aqueous droplets was widened significantly. The high W value may result in more 

polydisperse aqueous droplets containing Ca2+ with big sizes. It is likely that the presence of 

large reactant aqueous droplets created a heterogeneous distribution of Ca2+ surrounding the 

Na-alginate droplets, which resulted in the deformation of the hydrogel particles that were 

formed (Fig. 2.33c). 

Through the experiments, it can be concluded that the fraction of aqueous solution in reactant 

W/O emulsion influences the size of aqueous droplets containing Ca2+ in reactant emulsion that 

can control the morphologies of obtained hydrogel particles in advance. As a consequence, to 

synthesize spherical hydrogel particles, the reactant W/O emulsion should be prepared at 

optimal W which is 0.26 in the following experiments. 

 

 

Fig. 2.33 Influences of W on the morphologies of the hydrogel particles. Formation of (a) bigger 

and non-spherical, (b) spherical, (c) deformed and non-spherical hydrogel particles. 
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2.3.3.3 Identification of obtained Ca-alginate hydrogels 

To identify, analyze, and define the synthesized Ca-alginate hydrogel particles, the Fourier 

transform infrared (FTIR) spectra of used Na-alginate powder and obtained Ca-alginate beads 

were measured (Fig. 2.34). 

The FTIR spectrum of Na-alginate has specific absorption peaks caused by the hydroxyl, 

either, and carboxylate functional groups. Stretching vibrations of O–H bonds of alginate 

appeared in the range of 3600 cm-1 to 3000 cm-1. Observed peaks in 1598 cm-1 and 1406 cm-1 

were attributed to asymmetric and symmetric stretching vibrations of carboxylate salt ion (–

COO -) (Fig. 2.34a). Ca-alginate microparticles showed significant differences in absorption 

peaks in comparison with the FTIR spectra of Na-alginate (Fig. 2.34b). It is clear that the 

asymmetric stretching peak of –COO- at 1598 cm-1 is gradually replaced by a new absorption 

peak at 1743 cm-1, which is caused by the interaction of Ca2+ with the –COO- groups of Na-

alginate. 

 

Fig. 2.34 FTIR spectra of Na-alginate powder and synthesized Ca-alginate particles. 

 

2.3.3.3 Effects of a flow rate of continuous and emulsion phases 

(1) Effects of a flow rate of emulsion phase 

It was established that Qe has an influence on the roundness of hydrogel particles. Reactant 

W/O emulsion with the optimum percentage of aqueous solution (W = 0.26) was utilized in this 
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experiment. During the experiment, Qd was 0.1 mL/h. When Qc was maintained at 1.2 or 2.0 

mL/h while varying Qe, the average roundness of the hydrogel beads steadily reduced as Qe rose 

(Fig. 2.35). Fig. 2.35-A shows that when Qe was 40.0 mL/h, the generated gel particles have 

homogeneous bullet morphologies with average roundness less than 0.80 at three different Qc 

values: 1.2, 2.0, and 3.0 mL/h (Fig. 2.34-II). 

The deformation of a Newtonian fluid droplet in continuous flow is positively correlated with 

the velocity of the fluid motion. Therefore, when Qe was 40.0 mL/h, the high velocity of the 

emulsion phase applied high shearing force on the Na-alginate droplets and elongated the 

spherical droplets before gelation. As a result, the hydrogel particles of bullet shape were 

obtained. Thus, there is a limit for Qe to produce hydrogel particles with spherical shapes. 

 

 

Fig. 2.35 Effect of the Qe on the roundness of the hydrogel particles. Scale bars are 200 μm. 
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(2) Effects of a flow rate of the continuous phase 

Furthermore, as shown in Fig. 2.35, when Qe was 20.0 mL/h, on the one hand, highly 

spherical gel microspheres with roundness ~0.95  could be obtained as Qc was 1.2 and 2.0 mL/h 

(Fig. 2.35-I). On the other hand, deformed and non-spherical gel microbeads with roundness 

~0.82 were obtained as Qc increased to 3.0 mL/h (Fig. 2.35-III). 

The distribution of light intensity, which has a reciprocal connection with the distribution of 

emulsion density at the downstream cross-junction, was studied to determine the cause of this 

drop in roundness. When Qc was as low as 1.2 and 2.0 mL/h, the middle region with low 

emulsion density was narrow and the obtained gel beads were highly spherical, that is probably 

because the generated droplets also spun at downstream channel. However, when seen in Fig. 

2.36, as Qc rose, the middle region with low emulsion density became larger. This indicates that 

when Qc increased, the emulsion density at the core of the downstream cross-junction decreased, 

causing the distribution of aqueous droplets containing Ca2+ surrounding Na-alginate droplets 

to become heterogeneous, resulting in distorted and non-spherical hydrogel particles. 

 

 

Fig. 2.36 Light-intensity distribution across the reaction channel. Scale bars are 200 μm. 

 

(3) Conclusion 

As a result, first of all, the Qe should not be as high as 40 mL/h to prevent high shearing stress 

that probably causes the deformation of droplets. Next, there is an optimal range of Qe for a 

given Qc to produce highly spherical hydrogel particles. 
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2.3.4 Spherical Ca-alginate hydrogel particles of varied sizes 

2.3.4.1 Experimental results 

Based on the results above, when Qe was adjusted at 30 mL/h, spherical hydrogel particles of 

various sizes and narrow size distribution could be produced by altering the Qc/Qd value. A 

reactant W/O emulsion with the appropriate aqueous solution fraction (W = 0.26). The Qd was 

then set at 0.1 mL/h while the Qc was changed; the produced hydrogel particles had roundness 

around 0.90 at all Qc levels. The results are shown in Fig. 2.37. 

The produced hydrogel particles had an average diameter of 176 m and a CV of 5.3% when 

Qc was 1.2 mL/h (Fig. 2.37a). The generated hydrogel particles had an average diameter of 160 

m and a CV of 4.2% when Qc was 2.0 mL/h (Fig. 2.37b). The obtained hydrogel particles had 

an average diameter of 147 m and a CV of 6.3% when Qc was 3.0 mL/h (Fig. 2.37c). Their 

monodispersity is reflected in the narrow size distribution graphs, which have average CVs of 

roughly 5%. The influence of Qc/Qd on the size and CVs of hydrogel particles was also studied 

(Fig. 2.37d). 

 

 

Fig. 2.37 Effect of Qc on the diameter of hydrogel particles. (a-c) Images of hydrogel particles 

in deionized water and their size distribution at (a) Qc/Qd = 12.0, (b) Qc/Qd = 20.0, (c) Qc/Qd = 

30.0. Qd = 0.1 mL/h, Qe = 30.0 mL/h. Scale bar is 200 μm. (d) The Qc / Qd vs. the sizes and CVs 

of hydrogels. 

 

The results demonstrate that the size of hydrogel particles could be easily regulated by 

altering the Qc/Qd ratio between 12.0 and 30.0, and the average diameter of created hydrogel 

particles varied between 147 m and 176 m. At the same Qc/Qd ratio, the diameter of hydrogel 
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particles was smaller and their CV value was greater than that of Na-alginate droplets, as shown 

in Fig. 2.20. The diameter of hydrogel particles reduced because the Na-alginate droplets shrank 

(about 17% in diameter) following gelation because the cross-linking process limited the space 

between the alginate molecules 45. The water desorption from the hydrogel particles during 

hexane cleaning was not the primary source of shrinkage since hexane's solubility in water is 

relatively low, and the hexane-washed hydrogel particles were flushed and re-dispersed in water 

before measurement. The somewhat greater CVs of the hydrogel particles were owing to the 

presence of a few larger and nonspherical hydrogel particles. 

 

2.3.4.2 Flow simulation results 

The sizes of generated droplets in the microchannel can be estimated through the flow 

simulation using commercial software (Fluent 19.0, ANSYS, USA). The details of the 

simulation are shown in Appendix 4.3. As shown in Fig. 2.38, similar to the experimental 

results, when Qc was 1.2 mL/h, the Na-alginate droplets with sizes bigger than the channel width 

(200 m) were generated. When Qc was 2.0 mL/h, the droplets of sizes cross to the channel 

width were formed (similar to Fig. 2.19). Further, when Qc increased to 3.0 mL/h, the sizes of 

generated droplets were clearly smaller than the width of the microchannel. 

 

 

Fig. 2. 38 Flow simulation of droplet formation in the microchannel at different flow conditions. 
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The comparison of sizes of prepared droplets and hydrogel particles between the flow 

simulation and actual experiments is shown in Fig. 2.39. The sizes of simulated hydrogel 

particles were equal to the sizes of simulated droplets time the shrinkage ratio (ca. 83%). When 

Qc was 1.2 mL/h, the estimated diameter of obtained Na-alginate droplets and hydrogel beads 

was 207 m and 181 m, respectively. When Qc was 2.0 mL/h, the estimated diameter of 

obtained Na-alginate droplets and hydrogel beads was 197 m and 165 m, respectively. 

Finally, when Qc was 3.0 mL/h, the estimated diameter of obtained Na-alginate droplets and 

hydrogel beads was 173 m and 145 m, respectively. The estimated sizes of droplets and 

hydrogel particles have a high similarity with the actual experimental results proving that the 

sizes of prepared hydrogel particles could be precisely evaluated through the simulation 

approach. 

  

 

Fig. 2.39 Comparison between flow simulation results and experimental results on the sizes of 

generated droplets and hydrogel microparticles. 

 

In addition, it seems from the experimental findings that, when the reactant W/O emulsion is 

at its optimum W (0.26), monodisperse spherical hydrogel particles that are larger or smaller in 

size than the orifice size could be prepared as long as the flow parameters are suitably 
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configured. This is because, on the one hand, the fine reactant emulsion can provide sufficient 

gelation of Na-alginate droplets. On the other hand, they have relatively small sizes (~2 m) 

compare with the Na-alginate droplets (over 140 m) that can provide a homogeneous 

distribution of calcium ions around the Na-alginate droplets, then further ensuring the sphericity 

of formed hydrogel particles. In another word, for synthesizing spherical hydrogel particles, the 

sizes of reactant emulsion should be small enough to match the sizes of Na-alginate droplets. 

So, if the reactant W/O emulsion with nano-sizes which can be obtained through conventional 

sonication was used46, this design has the potential to produce spherical hydrogel particles with 

much smaller sizes (below 50 m). 
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2.4 Conclusion 

 

Section 2.1. Introduction  

This section describes the background, previous researches, and the objectives of this chapter. 

 

Section 2.2. Materials and methods 

This section describes the peripheral equipment, our microfluidic device, and the materials 

that used in our experiments. 

 

Section 2.3. Results and discussion 

This section covers the microfluidic external gelation technique used to create spherical Ca-

alginate hydrogel microparticles. The effects of the fraction of aqueous phase in the reactant 

W/O emulsion, as well as the flow rates of the continuous and emulsion phases, on the 

roundness of the obtained hydrogel microbeads, were investigated. A conclusion that 

homogeneous spatial distribution of Ca2+ around precursor Na-alginate droplets is required to 

obtain highly spherical hydrogel particles is presented. The effects of the property of reactant 

W/O emulsions and the flow rate of the continuous phase and emulsion phase were investigated. 

By adjusting the abovementioned factors, monodisperse hydrogel particles with a diameter of 

147–176 m and roundness of 0.90–0.96 could be prepared.  
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Chapter 4 

Surface coating on calcium-alginate hydrogel particles 

 

4.1 Introduction 

4.1.1 Overview 

As described in Chapter 3, Section 1, hydrogel microparticles coupled with nanoparticles 

are of tremendous interest due to their versatility in a variety of applications. The indented 

nanoparticles could be incorporated in the hydrogel beads by two main approaches: 

encapsulation or coating (Fig. 4.1). 

 

 

Fig. 4.1 Illustration graph of nanoparticles encapsulated and coated on the alginate hydrogel 

particles. 

 

The most typical method to combine the functional nanoparticles with the hydrogel 

microbeads is to encapsulate them inside the hydrogel particles (Fig. 4.2) 1-5. Whereas, when 

the hydrogel particles are used as a capsule and carry cargos inside, the presence of inorganic 

nanoparticles inside the hydrogel microcapsules would probably influence their effectiveness 

and efficiency. 
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In contrast, the nanoparticles could also be coated on the surface of the microparticles. 

However, few studies have been reported for preparing microparticles with functional 

nanoparticles coating. Mask templating is a common approach that can achieve a surface 

coating of hydrogel beads. For example, a succession of spin coatings and etchings on a 

photoresist resulted in the formation of a golden-faced JP on silica particles, according to Bao 

et al (Fig. 4.3) 6. Nevertheless, the templating techniques could prepare microparticles with 

partial coatings and have difficulties achieving a whole surface coating. 

 

 
Fig. 4.2 Nanoparticles encapsulated inside the hydrogel particles. (a) Fluorescent nanoparticles 

encapsulated in PS-PMAA microspheres. Reproduced with permission [1]. Copyright 2015 

ACS. (b) Magnetic nanoparticles and cells encapsulated in Ca-alginate microspheres by 

centrifugal process. Reproduced with permission [2]. Copyright 2012 Wiley-VCH. (c) Magnetic 

nanoparticles in Ca-alginate microspheres. Reproduced with permission [3]. Copyright 2009 

RSC. (d) Magnetic nanoparticles encapsulated in PEG hydrogels. Reproduced with permission 

[4]. Copyright 2010 ACS. (e) Magnetic nanoparticles encapsulated in Ca-alginate microbeads. 

Reproduced with permission [5]. Copyright 2016 Elsevier. 
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Fig. 4.3 Patterning of nanoparticles on particles surface. (a) An illustration graph of typical 

templating technique. Reproduced with permission [6]. Copyright 2002 ACS. (b) Silica 

particles with partial Au nanocrystal coating. Reproduced with permission [7]. Copyright 2009 

ACS. 

 

In addition, Karg et al. reported Au nanorod-coated pNIPAM microgels created by sonicating 

aqueous microgel dispersions with varying volumes of an aqueous solution of the gold (Fig. 

4.4) 8. 

 

 

Fig. 4.4 Gold nanorods coated pNIPAM microgels. Reproduced with permission [8]. Copyright 

2007 Wiley-VCH. 

 

As a result, the surface coating of alginate hydrogel microparticles with functional nanobeads 

has not yet been reported that needs to be further researched.  
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4.1.2 Objectives 

In this chapter, a microfluidic on-chip external gelation employing W/O emulsion containing 

Ca2+ and functional nanoparticles as a reactant was described for the creation of extremely 

spherical Ca-alginate hydrogel microparticles with appropriate surface coatings. The Fe3O4 

nanoparticle or fluorescent nanoparticles was dispersed in the aqueous CaCl2 solution for 

producing CaCl2 emulsion-carrying nanoparticles. By infusing the different reactant emulsions 

from the downstream inlets, Ca-alginate hydrogel microparticles with whole magnetic or 

fluorescent surface coatings could be obtained and hydrogel microbeads with magnetic and 

fluorescent coatings, which might be beneficial in biological applications such as medication 

delivery and sustained release. 

The main objectives of this chapter are as follows: 

(1) To fabricate hydrogel particles with whole magnetic or fluorescent surface coatings. 

(2) To fabricate hydrogel particles with both magnetic and fluorescent surface coatings. 

 

4.1.3 Outline of chapter 

 

Section 4.1 Overview 

Introduces the background of the surface coating of hydrogel particles. 

 

Section 4.2 Materials and methods 

Describes the peripheral equipment, our microfluidic device, and the materials that used in this 

experiment. 

 

Section 4.3 Results and discussion 

Demonstrates the experiments about synthesizing the spherical hydrogel microspheres with 

magnetic and/or fluorescent surface coatings. 

 

Section 4.4 Conclusion 

Describes the conclusion of this chapter. 

 



                               Chapter 4. Surface coating on calcium-alginate hydrogel particles 
 

4-5 
 

4.2 Materials and methods 

4.2.1 Principle 

In this study, a microfluidic emulsion-based external gelation was used for synthesizing Ca-

alginate hydrogel particles with different surface coatings (Fig. 4.5). First, hydrophilic 

nanoparticles were manually dispersed in the CaCl2 solution. Then, the prepared CaCl2 solution 

was mixed with corn oil forming the reactant water-in-oil emulsion phase. Finally, the reactant 

emulsion was infused into the microfluidic channel where they reacted with the Na-alginate 

droplets on-chip. As shown in Fig. 4.5, once the aqueous droplets containing Ca2+ in the 

emulsion phase contacted the Na-alginate droplets, they tended to merge with each other to 

minimize the interfacial area and to decrease the oil-water interfacial energy. The calcium ions 

would diffuse into the droplets and immediately trigger the cross-linking reaction between the 

alginate molecular in the droplet forming a stable cross-linked network. Whereas, the 

nanoparticles could only embed on the particles’ surface because the pore sizes of cross-linked 

alginate film are much smaller than the sizes of nanoparticles. 

 

 

Fig. 4.5 Schematic illustration of the surface coating of Ca-alginate hydrogel particles using 

emulsion-based external gelation. 

 

4.2.2 Microfluidic device 

In this study, the microfluidic device has the same geometry as the one that used in Chapter 

2. Here, the symmetric or asymmetric stream of W/O reactant emulsion containing Fe3O4 or 
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fluorescent nanoparticles resulted in magneto-responsive and/or fluorescent hydrogel particles 

with entire or quasi-hemispherical coverings. The schematic graph is shown in Fig. 4.6. 

 

 

Fig. 4.6 A schematic depiction of how to make hydrogel microparticles with a magnetic and 

fluorescent nanoparticle-coated surface. 

 

4.2.3 Materials 

The Fe3O4 nanoparticles (< 500 nm, Fig. 4.7) were added in a 30.0 wt% aqueous solution 

containing CaCl2 by 2.0 wt%, then combined with corn oil having surfactant (0.1 wt%, SY-

Glyster, CRS-75) as the W/O emulsion reactant phase (Fig. 4.8a). Similarly, fluorescent 

carboxylate microspheres (#24051-10, 300 nm, Polysciences, U.S.) were put in a 30.0 wt% 

aqueous CaCl2 solution by 2.5 wt% (Fig. 4.8b). 

 

4.2.4 Generation and collection of Ca-alginate hydrogel particles 

For hydrogel particles with whole magnetic-responsive coatings, the CaCl2 emulsion phase 

containing Fe3O4 nanoparticles was infused into the inlet microchannel at downstream cross-

junction from both sides. Further, for hydrogel particles with whole fluorescent coatings, the 

CaCl2 emulsion phase containing fluorescent nanoparticles was infused into the inlet 

microchannel at downstream cross-junction from both sides. Last, for the hydrogel particles 
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with both fluorescent and magnetic coatings, the CaCl2 emulsion phase that contained Fe3O4 

nanoparticles was infused from one side and the CaCl2 emulsion phase contained fluorescent 

nanoparticles from the other side. 

Following collection, deionized water was used to remove the reactant phase from the mesh 

container. Hexane was then used to remove the remaining corn oil. The hexane was then washed 

away with fresh water. Finally, on a petri plate, the hydrogel particles were spread in water for 

observation. 

 

Fig. 4.7 An SEM image of Fe3O4 nanoparticles. The scale bar is 10 μm. 

 

 

Fig. 4.8 Water-in-oil CaCl2 emulsion containing (a) fluorescent polystyrene nanoparticles and 

(b) Fe3O4 nanoparticles before and after mixing. 

 

4.3 Results and discussion 

4.3.1 Hydrogel particles with whole Fe3O4 coatings 

(1) Droplet formation in the microchannel 

 The flow rate of the continuous phase (Qc), disperse phase (Qd), and the emulsion phase (Qe) 

at 1.0, 0.1, and 20.0 mL/h respectively which were the same as the flow rates used in Chapter 
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2. The droplet formation process in the microchannel was also similar to that described in 

Chapter 2, Section 2.3.1.2 (Fig. 4.9). Because the CaCl2 emulsion was originally opaque, the 

existence of Fe3O4 nanoparticles could not be observed under the optical microscope.  

 

 

Fig. 4.9 Image of the generation process of a Na-alginate droplet.  

 

(2) Obtained hydrogel particles with Fe3O4 coatings 

The image of the generated hydrogel microparticles reveals that the Fe3O4 nanoparticles 

accumulated around the surface of the gel beads rather than being absorbed by the hydrogel 

balls (Fig. 4.10). The collected hydrogel microbeads had an average diameter of 160 m with 

a CV value of 3.8% that is similar to the results reported in the previous chapter. 

 

 

Fig. 4.10 Obtained hydrogel particles with Fe3O4 coatings. (a) Images of the hydrogel 

microparticles in water. (b) The size distribution of prepared hydrogel beads. 

 

After the obtained hydrogel particles fully dried, the gel particles were observed through a 

SEM. The SEM images are shown in Fig. 4.11. The Fe3O4 nanoparticles coating of hydrogel 

microsphere can be demonstrated through the SEM images of dried aerogel beads (Fig. 4.11a), 
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and the Fe3O4 nanoparticles were partly embedded on the surface of alginate gel microspheres 

(Fig. 4.11b). 

 

 

Fig. 4.11 (a) An SEM image of an aerogel bead. (b) An enlarged SEM image of the surface. 

 

(3) Movement of magneto-responsive hydrogel particles 

After the hydrogel particles were collected and filtered, they were dispersed in pure water. 

Using an external magnetic field, the manipulation of magneto-responsive hydrogel 

microparticles was shown (Fig. 4.12). The external magnetic field was manipulated by a 

neodymium magnet. The magneto-responsive Janus hydrogel particles could be easily 

controlled under the magnet field. 

It was found that when Fe3O4 nanoparticles were added to the W/O reactant emulsion, the 

Ca2+ would enter the alginate droplets, forming cross-linked hydrogels with calcium ions, while 

the Fe3O4 nanoparticles remained on top of the alginate droplets, preventing impurities from 

entering the inside of the particles. Several researches suggest that cross-linked alginate film 

pores have mesh sizes lower than 30 nm 9–11. The cross-linked hydrogel structure prevented 

nanoparticles smaller than 500 nm from entering.  

The utilization of hydrogel microparticles with coated Fe3O4 nanoparticles in applications 

such as drug administration and release, sorting, and separation may hold tremendous promise 

since these hydrogel particles with coated Fe3O4 nanoparticles may be manipulated by an 

external driving force. Besides, coated Fe3O4 nanoparticles that exist on the surface of hydrogels 

have no damage for encapsulated cargos such as living cells. 
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Fig. 4.12 Images of the Janus hydrogel particles in water that can be magnetically controlled. 

 

4.3.2 Hydrogel particles with whole fluorescent coatings 

(1) Droplet formation in the microchannel 

For synthesizing the Ca-alginate hydrogel particles with fluorescent coatings, the CaCl2 

emulsion carrying fluorescent nanoparticles was infused from the two downstream inlet 

channels at the flow rate of 20 mL/h (10 mL/h × 2). The flow rates at the upstream cross-junction 

were set as Qd = 0.1 mL/h and Qc = 1.0 mL/h. 

As shown in Fig. 4.13, when t = 0 ms, the formed Na-alginate droplet reached the downstream 

cross-junction. When t = 17.5 ms, the Na-alginate droplet moved to the deeper downstream 

channel. The droplet was sheltered by the black CaCl2 emulsion in the bright filed 

microphotograph but had a clear boundary with the CaCl2 emulsion in the fluorescent images 

suggesting that the fluorescent particles did not go inside the flowing Na-alginate droplet at the 

downstream channel. 

 

(2) Obtained hydrogel particles with fluorescent coating 

 The collected Ca-alginate hydrogel particles with fluorescent coating were firstly observed 

by bright-field microscopy in pure water (Fig. 4.14). The generated hydrogel beads had an 
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average diameter of 165 m with a CV value of 3.4% that is similar to the result in Fig. 4.10. 

The hydrogel particles had a highly spherical shape with an average roundness of around 0.95. 

Besides, because the fluorescent polystyrene microspheres are transparent under the bright-field 

microscopy, the embedded fluorescent nanoparticles could not be easily defined under small 

magnification such as the images in Fig. 4.14a. 

 

 

Fig. 4.13 Images of generation of a Ca-alginate hydrogel particle with a fluorescent coating. 

 

 

Fig. 4.14 Obtained hydrogel particles with fluorescent coatings. (a) An image of the hydrogel 

microbeads in water. (b) The size distribution of prepared hydrogel beads. 
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To demonstrate the fluorescent coatings of obtained hydrogel particles, the microgels were 

further observed by the bright-field and fluorescent microscopy. As shown in Fig. 4.15, the 

fluorescent feature of the surface of the hydrogel particles could be confirmed. Under the 

fluorescent background, it is shown that the fluorescent particles only existed on the surfaces of 

the prepared Ca-alginate particles instead of going inside the hydrogel beads. 

 

 

Fig. 4.15 Hydrogel particles with fluorescent coating observed by bright-field and fluorescent 

microscopy in pure water. 

 

The dried particles were also observed through the SEM. An SEM image is shown in Fig. 

4.16. Through the SEM image, the fluorescent polystyrene nanoparticles were demonstrated, 
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the white small dots in Fig. 4.16, were successfully embedded on the surface of the Ca-alginate 

hydrogel particles. However, the number of embedded polystyrene nanoparticles was small. 

That is might due to the low volume proportion of the nanoparticles in the W/O reactant 

emulsion phase (ca. 6 × 10-5 %). 

 

 

Fig. 4.16 An SEM image of dried gel particles with fluorescent nanoparticles embedded on the 

surfaces. 

 

4.3.3 Gel particles with both magnetic and fluorescent coatings 

(1) Droplet formation in the microchannel 

For synthesizing the Ca-alginate hydrogel particles with both magnetic and fluorescent 

coatings, the CaCl2 emulsion reactant containing Fe3O4 nanoparticles or fluorescent polystyrene 

microspheres was used. Considering that the dispersion of both Fe3O4 nanoparticles and 

fluorescent polystyrene microspheres into the CaCl2 emulsions might decrease the 

concentration of calcium ions inside the CaCl2 aqueous droplets of the emulsion and further 

influence their crosslinking reaction with the Na-alginate droplets. The CaCl2 emulsion phase 

containing Fe3O4 nanoparticles or fluorescent microspheres was infused from separate inlets 

into the downstream channels at the flow rate of 20 mL/h (10 mL/h × 2). The flow rates at the 
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upstream cross-junction were set as Qd = 0.1 mL/h and Qc = 1.0 mL/h.  

As shown in Fig. 4.17, only one side of the downstream had fluorescence under the 

fluorescent microscopy, and the fluorescent side had a clear boundary with the non-fluorescent 

side. Then when t = 0 ms, the formed Na-alginate droplet reached the downstream cross-

junction. When t = 14 ms, the Na-alginate droplet moved to the deeper downstream channel. 

Similar to Fig. 4.13, The droplet flowing at the downstream channel had a clear boundary with 

the fluorescent CaCl2 emulsion reactant phase (Fig. 4.17, t = 37 ms) 

 

Fig. 4.17 Images of generation of a Ca-alginate hydrogel particle with both magnetic and 

fluorescent coating at the downstream cross-junction. 

 

(2) Obtained hydrogel particles with both magnetic and fluorescent coating 

 The collected Ca-alginate hydrogel particles with both magnetic and fluorescent coating 

were firstly observed by bright-field microscopy in pure water (Fig. 4.18). The generated 

hydrogel beads had an average diameter of 156 m with a CV value of 2.5%. The hydrogel 

particles had a highly spherical shape with an average roundness of around 0.97. Compared 

with the hydrogel particles that only have the fluorescent coating in Fig. 4.14, the embedded 

black Fe3O4 magnetic on the surface of obtained hydrogel particles could be observed under the 

bright-field microscopy. Besides the embedded fluorescent polystyrene microspheres could be 

confirmed by the bright-field microscopy under a large magnification (Fig. 4.19). As shown in 
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Fig. 4.19-D, both the Fe3O4 nanoparticles and fluorescent polystyrene microspheres existed on 

the surface of prepared Ca-alginate hydrogel microparticles. 

Further, the fluorescence of obtained Ca-alginate hydrogel particles was observed under 

ultra-violet light and the image shows that the prepared microbeads had a clear fluorescent 

coating on their surfaces (Fig. 4.20). 

 

 

Fig. 4.18 Obtained hydrogel particles with both magnetic and fluorescent coatings. (a) A bright-

field image of the hydrogel particles in water. (b) The size distribution of prepared hydrogel 

beads. 

 

 

Fig. 4.19 A hydrogel microparticle with magnetic and fluorescent coating was observed at 

different focuses in pure water. The scale bars are 25 m. 
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Fig. 4.20 Hydrogel particles with magnetic and fluorescent coating observed by bright-field and 

fluorescent microscopy in pure water. 
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4.4 Conclusion 

 

Section 4.1. Introduction  

This section describes the background, previous researches, and the objectives of this chapter. 

 

Section 4.2. Materials and methods 

This section describes the peripheral equipment, our microfluidic device, and the materials 

that used in our experiments. 

 

Section 4.3. Results and discussion 

This section explains how to use microfluidic external gelation to create highly spherical Ca-

alginate hydrogel microparticles with magnetic and/or fluorescent coatings.  

1) Highly spherical Ca-alginate hydrogel particles that had whole Fe3O4 nanoparticles coating 

with an average diameter of 160 m, a CV value of 3.8%, and roundness around 0.90 were 

prepared. The manipulation of obtained particles under the exterior magnetic field was also 

demonstrated. 

2) The Ca-alginate hydrogel beads that had whole fluorescent polystyrene microspheres 

coating with an average diameter of 165 m, a CV value of 3.4%, and roundness around 0.95 

were generated. The obtained hydrogel particles had a clear fluorescence under the fluorescent 

microscopy. 

3) The Ca-alginate microgels that had both fluorescent and magnetic coating with an average 

diameter of 156 m, a CV value of 2.5%, and roundness around 0.97 were synthesized. The 

produced hydrogel particles with various coatings have the potential to be highly useful in 

applications such as drug administration and release, high-resolution imaging, sorting, and 

separation.  
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Chapter 6 

Microencapsulation of hydrophobic antifouling biocide 

 

6.1 Introduction 

6.1.1 Antifouling biocide 

Biofouling on ship hulls and exterior walls are the most prominent examples of surface 

fouling 1-4. Antifouling coatings containing antifoulants are the most often used methods for 

preventing fouling of surfaces in numerous manufacturing fields and the general public. 

Antifouling paint formulations can be split into three kinds. The schematic illustration of three 

primary methods to introduce the antifoulants into the paint formulation is shown in Fig. 6.1. 

First, antifoulants are easily and molecularly disseminated in wet paints 5-7. This method is 

simple to manage, but it often results in the prematurely releasing or deterioration of 

biologically active substances 8,9. As a result, it is difficult to meet the intended lifetime due to 

the fast release speed (e.g. 10 years for facade coatings). Extravagant drug amounts were often 

employed in paints to increase their functional duration, although this generally causes 

environmental contamination 10 and may result in macro phase separation in the coatings 8. 

Second, the immobilization of items such as binder and pigments may be used to limit the rate 

of biocide release 9,11,12. Nonetheless, this technique is confined to a small number of biocides 

that must meet certain practical conditions or include appropriate ligands. Because the majority 

of fouling issues are caused by a variety of fouling organisms with varied sensitivity to biocides 

13,14, incompatibility hinders the combining of multiple types of biocide in a single paint 

composition with effective antifouling performance. 

When compared to traditional biocide formulations, microencapsulation offers several 

benefits in the creation of coating paints to prevent fouling issues, including 8,15-18: (i) the 

delayed release of actives from the microcapsules to the exterior paint matrix can be used to 

regulate the release rate of encapsulated actives; (ii) the degradation of biocides can be 

prevented through encapsulation; (iii) selected biocides can be combined for usage without 
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possible macro phase separation; (iv) after encapsulation, biocides will be considerably simpler 

to handle and apply, because some biocides (e.g. Irgarol or SEA-NINE 211) may cause eye 

irritation and skin sensitization. 

 

Fig. 6.1 Antifouling biocides can be added into the formulation of coating paints by (a) 

molecular dispersion, (b) immobilization to a large component, and (c) encapsulation. 

 

6.1.2 Microencapsulation of antifouling biocide 

(1) Polymeric urushiol (PUL) 

Zheng et al. reported a facile one-pot synthesis of polymeric urushiol microcapsules for 

encapsulating silver nanoparticles for the marine antifouling (Fig. 6.2) 17. 

 

 

Fig. 6.2 Microencapsulation of silver nanoparticles in PUL microparticles. Reproduced with 

permission [17]. Copyright 2020 RSC. 
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(2) Poly(l-lactide) 

Fay et al. presented work in which polymers were employed to design delivery devices with 

a long lifespan. To produce biodegradable antifouling paints based on non-toxic chemicals and 

bioactive surfaces, chlorhexidine was encapsulated in poly(l-lactide) microcapsules and 

integrated into antifouling compositions (Fig. 6.3) 19.  

 

 

Fig. 6.3 Microencapsulation of chlorhexidine in poly(L-lactide) microparticles. Reproduced 

with permission [19]. Copyright 2008 Wiley-VCH. 

 

(3) Poly(lactide-co-glycolide) 

Further, perfluorooctyl bromide was encapsulated in the poly(lactide-co-glycolide) (PLGA) 

microcapsules through a solvent-evaporation technique (Fig. 6.4) 20. 

 

 

Fig. 6.4 Microencapsulation of perfluorooctyl bromide in PLGA microparticles. Reproduced 

with permission [20]. Copyright 2009 RSC. 



                             Chapter 6. Microencapsulation of hydrophobic antifouling biocide 
 

6-4 
 

(4) Melamine formaldehyde 

Long et al. presented a new double-shell microcapsule containing a melamine-formaldehyde 

(MF) polymer and ripened CaCO3 nanoparticle for the encapsulation of aldehydes, alcohols, 

and esters, that could be used for antifouling applications (Fig. 6.5) 21. 

 

 

Fig. 6.5 Microencapsulation of perfluorooctyl bromide in PLGA microparticles. Reproduced 

with permission [20]. Copyright 2010 RSC. 

 

(5) Poly(methyl methacrylate) 

The antifoulant including medetomidine (Fig. 6.6) 8, dodecane 22, Iodopropynyl 

butylcarbamate (IPBC) 23, and aurantiol 24 have been encapsulated in poly(methyl methacrylate) 

(PMMA) microparticles as a useful tool for the creation of coatings that provide extended 

protection against bio-contamination. 

 

 

Fig. 6.6 Dispersion of PMMA microparticles containing medetomidine in paint coating. 

Reproduced with permission [8]. Copyright 2017 MDPI. 
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The summary of the shapes and size distribution of microparticles used for the antifouling 

biocide encapsulation is shown in Table 6.1. It is obvious that the shape and distribution of 

diameter of these kinds of microcapsules are often inadequately regulated, which might make 

producing a predictable dose and highly repeatable slow release of the encapsulated chemicals. 

Furthermore, the materials of microcapsule have to be suitable with the wet paint in order to 

prevent inhomogeneous dispersion, aggregation of microparticles, and other undesired effects. 

25. Encapsulating biocides in a hydrophilic substance, for example, would be excellent for use 

with aqueous paints and varnishes, which offer advantages such as non-combustibility and low 

viscosity 26.  

Last but not least, to minimize contamination, the microcapsule components should be 

biodegradable and environment-friend. 

 

Table 6.1 Sizes and size distributions of microcapsules for biocides encapsulation in literature. 

Materials Biocides 
Average 

diameter 

Coefficient 

variation 

Ref. 

PLA (Poly(L-lactide)) Chlorhexidine 1 μm N.A. [19] 

PLGA and PLGA-PEG Perfluorooctyl bromide 12–26 μm N.A. [20] 

Melamine formaldehyde Aldehydes, alcohols, esters 15 μm 13% [21] 

PMMA Medetomidine 12 μm 41.6% [8] 

PMMA Dodecane 2.4 μm 19% [22] 

PMMA IPBC N.A. N.A. [23] 

PMMA Aurantiol 20–200 μm N.A. [24] 
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6.1.3 Objectives 

In this chapter, a novel microfluidic external gelation method using reactant W/O emulsion, 

as described in Chapter 2, was used to show the biocompatible hydrophilic encapsulation of a 

hydrophobic antifouling biocide in Ca-alginate hydrogel microcapsules. The antifouling biocide 

Irgarol was effectively encapsulated in the hydrogel particles in this chapter. The rates of release 

of encapsulated and non-encapsulated biocides were studied. The hydrogel capsules were then 

reinforced with cellulose fiber to increase the mechanical property. Finally, utilizing water grass, 

the antifouling activity of the encapsulated chemicals was examined (Bacopa monnieri). 

The main objectives of this chapter are as follows: 

(1) To design highly spherical hydrogel particles for encapsulating antifouling biocide Irgarol. 

(2) To investigate the release speeds of the encapsulated and non-encapsulated drug Irgarol. 

(3) To incorporate the cellulose fiber with the gel microspheres to increase their mechanical 

feature. 

(4) To evaluate the antifouling functions of the loaded chemicals by using water grass (Bacopa 

monnieri). 
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6.1.4 Outline of chapter 

 

Section 6.1 Introduction 

Introduces the background of previous researches about the antifouling biocide capsules. 

 

Section 6.2 Materials and methods 

Describes the peripheral equipment, our microfluidic device, and the materials that used in this 

experiment. 

 

Section 6.3 Results and discussion 

Demonstrates the experiments about synthesizing the Ca-alginate hydrogels carrying the drug 

Irgarol. The release speeds of the encapsulated and non-encapsulated antifouling drugs are 

reported. The effects of cellulose fibers inside the hydrogel capsules are investigated and the 

antifouling effects of our microcapsules are presented. 

 

Section 6.4 Conclusion 

Describes the conclusion of this chapter. 
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6.2 Materials and methods 

6.2.1 Microfluidic chip 

6.2.1.1 Design of the microfluidic chip 

The structure of the microfluidic chip used in this chapter is the same as Chapter 2. The 

difference is that the Na-alginate solution carrying drugs was used as the disperse phase. 

 

 

Fig. 6.7 Microfluidic procedure to generate Ca-alginate microcapsules containing the 

antifouling drug Irgarol® 27. 

 

6.2.1.2 The preparation of microfluidic system 

The setup of the microfluidic device is the same as Chapter 2. The details are shown in 

Appendix. 
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6.2.2 Materials 

6.2.2.1 Antifouling drug Irgarol® 

Antifouling chemical compound Irgarol® 1071 (N-cyclopropyl-N’-(1,1-dimethylethyl)-6-

(methylthio)-1,3,5-triazine-2,4-diamine) (Ciba, USA.) (Fig. 6.8) was used for the experiments 

of drug encapsulation and sustained release. The drug Irgarol is a kind of hydrophobic and 

particularly phytotoxic algaecide that has lately been widely employed in long-term antifouling 

coatings for aquatic utilization and construction constituents due to its ability to disrupt 

photosystem II in water plant species and impede their development (Fig. 6.9) 28,29. 

 

 

 

Fig. 6.8 Chemical structure and a scanning electron microscopy (SEM) photograph of 

antifouling drug Irgarol® 1071.  
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Fig. 6.9 Antifouling mechanism of Irgarol ® on aquatic plant species. 

 

 

6.2.2.2 Cellulose fiber 

Cellulose fibers (Arbocel® UFC 100, JRS, MI, USA) (Fig. 6.10) were added to the hydrogel 

microparticles to enhance their mechanical strength. 
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Fig. 6.10 Cellulose chains linked by hydrogen bonds and a SEM photograph of the cellulose 

fiber (Arbocel® UFC 100) 30.  

 

6.2.2.3 Preparation of Ca-alginate microcapsules   

A disperser was used to create the disperse phase by mixing a 3 wt% aqueous Na-alginate 

solution containing Irgarol® 1071 or with both the medication and cellulose fibers (Arbocel® 

UFC 100, JRS, MI, USA). Table 6.2 shows the components of the dispersion phase utilized in 

the experiments. The other materials and preparation procedures of synthesized microcapsules 

are the same as Chapter 2. 

 

Table 6.2 The disperse phase used in the experiment. 

 3 wt% Na-alginate 

solution 

Irgarol® 1071 Cellulose fiber Mixing time 

(30000 rpm) 

Disperse #1 20.0 g 0.1 g - 3 min 

Disperse #2 20.0 g 0.05 g - 3 min 

Disperse #3 20.0 g 0.1 g 1.0 g 5 min 

 

6.2.2.4 Water grass (Bacopa monnieri) 

Using a collection reservoir with 80 g of specialized soil (Sunsun, Zhoushan, Zhejiang, 

China) and 20 mL of deionized water, 0.5 g of grass seed (B. monnieri, Balai, Japan) was 

cultivated. After 7 days of culture, the hydrogel microbeads were collected, dried on nylon mesh, 
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and flushed with 30 mL of deionized water into a collection reservoir containing tested grass. 

The glass beakers were placed in a typical outdoor place with plenty of sunshine. 

 

6.2.3 Ultraviolet-visible (UV-Vis) spectroscopy  

Light in the visible and neighboring wavelengths is used in ultraviolet-visible spectroscopy. 

The absorption or reflectance of a substance in the visible spectrum has a direct impact on its 

apparent color. Atoms and molecules experience electronic transitions in this area of the 

electromagnetic spectrum. Anti-bonding molecular orbitals may be raised by absorbing light 

energy in ultraviolet or visible light that contains bonded or nonbonding electrons. The greater 

the wavelength of light that electrons can absorb, the more quickly they can be activated. 

UV/Vis spectrophotometry is often employed in diagnostic chemistry to quantify various 

analytes such as metal ion transitions, highly conjugated chemical substances, and biological 

macromolecules. The device could also be used to combine with HPLC. When an analyte is 

present, the response is expected to be proportionate to the solubility level. The response factor 

is the response for a certain concentration. Figure 6.11 depicts a typical UV-Vis spectroscopy 

setup. 

 

 

Fig. 6.11 A typical UV-Vis spectroscopy setup 31. 
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In these experiments, a spectrometer, a light source, a glass cuvette, and a cuvette holder were 

used (Appendix). 

 

6.2.3.1 Beer-lambert law 

The wavelengths of absorption peaks may be associated with the kinds of bonds present in a 

specific molecule, and this information is useful in detecting the functional groups included 

inside a molecule. With the use of Beer-Lambert law, the approach is most often used to 

quantitatively measure the concentrations of an absorbing species present in a liquid solution. 

In terms of mathematical formulas, the transmittance of a material sample is proportional to its 

optical depth τ and its absorbance A as:  

𝑇 = Ф𝑒
𝑡 Ф𝑒

𝑖⁄ = 𝑒−𝜏 = 10−𝐴 (6-1) 

where Ф𝑒
𝑖  is the radiant flux that the material sample received and Ф𝑒

𝑡  is the radiant flux that the 

material sample transmitted. So the equation can be written as: 

𝐴 = 𝑙𝑜𝑔10(𝐼0 𝐼⁄ ) (6-2) 

where 𝐴 is the measured absorbance, 𝐼0 is the transmitted intensity of UV-Vis light after passing 

through the pure water, 𝐼 is the transmitted intensity of light pass through the test solution. 

 

6.2.3.2 Measurement procedure of UV-Vis device 

The gel microparticles were gathered on the nylon mesh in preparation for the UV-Vis 

measurement. Then particles on the mesh were scraped off and put into a glass reservoir 

containing 50 mL of deionized water, which completed the experiment. After that, 1.5 mL of 

the tested solution was transported to a glass cuvette for measuring purposes. The tested liquids 

were poured back to the reservoir containing microcapsules to finish the experiment (Fig. 6.12). 

 

6.2.3.3 UV-Vis absorbance vs. drug concentration 

The relation between the observed UV-Vis light absorbance and the concentration of the drug 

of the tested solution was demonstrated. Five samples were produced with a drug concentration 

of about 7.5 mg/L. Table 6.3 describes the five samples in detail. 
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Table 6.3 The details of the five samples. 

 Water (mL) Drug weight (mg) Concentration (mg/L) 

Sample 1 399.6 3.0 7.5 

Sample 2 399.4 2.9 7.3 

Sample 3 399.5 3.0 7.5 

Sample 4 399.4 3.0 7.5 

Sample 5 399.6 3.0 7.5 

 

Each sample was diluted by 1/6, 1/4, 1/3, 1/2, 2/3, and 5/6. Irgarol® showed just one 

absorbance peak (~ 224 nm) at wavelengths spanning from 195 nm to 527 nm (Fig. 6.13). A 

chart showing the connection between the concentration of Iragrol in the tested sample liquids 

and the maximum absorbance amount (224 nm) was created (Fig. 6.14a), and scattering points 

were linearly fitted (Fig. 6.14b). The equation below was used to calculate the connection 

between peak absorption intensity and medication concentration. 

𝐶𝑎 = 8.93𝐴  (6-3) 

where Ca is the drug concentration of the tested solution and A is the maximum light absorbance 

value. Table 6.4 shows the details of this linear fitting. 

 

 

Fig. 6.12 Schematic illustration of the UV-Vis measurement process. 
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Fig. 6.13 Measurement of UV-Vis absorbance spectra of Irgarol® 1071 (Sample 1) at different 

dilution ratios. The inset is an SEM image of Irgarol® 1071. 

 

 

Fig. 6.14 The UV-Vis absorbance vs. the drug concentration. (a) The UV-Vis absorbance vs. the 

drug concentration of five samples. (b) The average data and linear fitting.  

 

Table 6.4 Results of the linear fitting. 

Intercept Slope Statistics 

Value Standard Error Value Standard Error Adj. R-Square 

0.02245 0.00363 0.10524 0.00137 0.99841 
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6.2.4 Gel particles and non-encapsulated drug for UV-Vis test 

Four kinds of hydrogel particles containing just the drug and one kind of hydrogel particle 

comprising both the drug and cellulose fibers were created and the release mechanism of 

encapsulated drugs was tested by UV-Vis spectroscopy. Table 6.5 shows the specifics of the 

prepared hydrogels. For Type 1 hydrogels, a 0.1 g of Irgarol® was introduced to 20 g of 3 

wt% Na-alginate solutions (Disperse #1) and collection time for prepared microgels was 30 

mins. A 0.05 g of the Irgarol powder was dispersed in 20 g of 3 wt% Na-alginate solutions 

(Disperse #2) as the second type of gel microcapsules, and the particles were generated for 30 

min. The Type 3 microcapsules contained the same composition as the Type 1 microcapsules, 

but the collection time of gel beads was 60 min. The Type 4 microcapsules had the same amount 

of water as the Type 2 microcapsules, and the generation period was 60 min. Type 5 hydrogels 

were loaded with 0.1 g of the Iragrol and 1.0 g of fibers, which were dispersed in 3 wt% Na-

alginate solutions (Disperse #3), with a collection time of 60 min. Furthermore, the encapsulated 

quantity me, which is the quantity of encapsulated drug expected given the drug concentration 

in the initial disperse phase, the flow rate in the dispersion phase, and the collection period, is 

defined as follows: 

𝑚𝑒 = 𝐶𝐷·𝑄𝑑·𝑡  (6-4) 

where CD is the initial concentration of drug in disperse phase, Qd is the flow rate of disperse 

phase, and t is the producing time gel particles. 

 

Table 6.5 Details of the hydrogel samples for the UV-Vis measurement. 

 The type of used disperse 

phase  

Collection time Encapsulated amount 

(me) 

Type 1 Disperse #1 30 min 0.250 mg 

Type 2 Disperse #2 30 min 0.125 mg 

Type 3 Disperse #1 60 min 0.500 mg 

Type 4 

Type 5 

Disperse #2 

Disperse #3 

60 min 

60 min 

0.250 mg 

0.500 mg 

 

The non-encapsulated drug samples were dissolved in 20 mL of methanol (3.0 mg or 6.0 mg). 

Next, 1 mL of the produced solution was taken out by a pipette into a reservoir and allowed to 
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evaporate for 3 h at 80 °C. Lastly, 50 mL of deionized water was put into the reservoir to reach 

a concentration of 6.0 mg/L (Non-encapsulated drug sample 1) or 3.0 mg/L (Non-encapsulated 

drug sample 2).  

 

6.2.5 Fourier-transform infrared (FTIR) spectra measurement 

The FTIR spectrophotometer was used to measure the attenuated total reflection (ATR)-FTIR 

spectra. At 32 scans, spectra were recorded in the region of 4000 cm-1 to 400 cm-1 at 2 cm-1. 

 

6.2.6 Mechanical strength of hydrogel particles 

The mechanical strength of two kinds of gel microcapsules containing either the Iragrol alone 

or both the Irgarol and fibers were compared. Type 3 microcapsules were chosen for the fiber-

free sample, while Type 5 microcapsules were chosen for the fiber-containing sample. these 

hydrogel particles were sandwiched individually between two glass plates and the forces were 

added on the top slide glass (Fig. 6.15). The height deformation of the prepared gel layer was 

captured using a digital camera and measured with ImageJ. (NIH, MD, USA). 

 

 

Fig. 6.15 A photograph from the side showing the particles' deformation measurement. 
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6.3 Results and discussion 

6.3.1 Ca-alginate microcapsules containing drugs 

6.3.1.1 Generation of droplets loaded with drugs 

The disperse phase was prepared according to the Table. 6.2. Two Na-alginate solutions 

containing the drug Irgarol at different concentrations were used. And the drug was 

homogeneously dispersed in the Na-alginate solution by the mechanical homogenizer. 

At the device's upstream cross-junction, the creation of Na-alginate droplets carrying black 

drug crystals was presented. Figure 6.16 depicts a normal procedure of droplet production 

containing the drugs in a dripping regime. Droplets of uniformed sizes were created sequentially, 

with a production frequency of ~8 drops/s. The average diameter of these droplets was 

determined using the formation rate of the droplets and the total flow rate of disperse phase. 

The diameter of the droplets loaded with the Iragrol crystal was about 188 m. Satellite droplets 

with small sizes (average diameter: ~49 m) were sometimes generated as a result of the very 

viscous disperse phase (approximately 1500 mPa·s; Fig. 6.16, t = 48 ms). After passing through 

the next junction, the droplets reacted with the reactant emulsion (Fig. 6.16, time = 109 ms). 

 

Fig. 6.16 Images of the production procedure of a droplet carrying the Irgarol. Flow rates of the 

Na-alginate solution (Qd), corn oil (Qc), and water-in-oil emulsion (Qe) are 0.1, 2.0, and 20.0 

mL/h, respectively. 
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This was consistent with the earlier investigation in Chapter 2, Section 3, in which droplets 

with an average diameter of 190 m and a CV of 2.2% were prepared using the equal Qc (2.0 

mL/h) and Qd (0.1 mL/h). This uniformity in experimental data shows that the existence of the 

drug had no significant effect on the process of droplet production or droplet size. When used 

properly, the microfluidic system did not encounter gel blockage throughout the experiments. 

 

6.3.1.2 Prepared Ca-alginate microcapsules loaded with drug 

The Qd, Qc, and Qe were set at 0.1, 2.0, and 20.0 ml/h respectively for the following 

experiments. Reactant W/O emulsion with the optimal mass proportion of aqueous solution (W 

= 0.26) was used. The produced hydrogel particles were dispersed in pure water for observation 

and measurement. Figure 6.17a depicts images of the produced microgel beads while the 

Irgarol was added in the Na-alginate solution (Disperse #1). The microspheres had a very 

spherical morphology, and drug crystals were contained in the hydrogels, as seen by these 

photos. These particles had an average roundness of 0.97. The particles had an average diameter 

of 160 m and a CV value of 3.5% (Fig. 6.17b). Figure 6.18 shows a micrograph of the 

obtained hydrogel particles when 0.05 g drug Irgarol was added in 20 g Na-alginate solution 

(Disperse #2). Compared with Fig. 6.17, the drug amount in each hydrogel particle was 

decreased suggesting that the drug amount in each particle can be decreased by simply reducing 

its total amount in the Na-alginate solution. 

 

 

Fig. 6.17 Produced Ca-alginate (Disperse #1) in pure water. (a) Images of hydrogel microbeads 

in water. (b) The size distribution of hydrogels. 
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Fig. 6.18 Produced Ca-alginate (Disperse #2) in pure water. 

 

The hydrogel particles were stored at normal temperature (~ 23 ℃) for 24 h. Then they were 

examined by the SEM. The images are shown in Fig. 6.19. As shown in the SEM picture of the 

dehydrated gel beads the resulting microcapsules retained a spherical morphology and the 

surfaces of the microspheres were smooth. However, the surfaces of certain microgel beads 

were deformed that is due to the existence of encapsulated drug crystals. 

 

Fig. 6.19 SEM images of gel microcapsules containing drug Irgarol inside. 

The cross-sectional SEM images indicated the densely packed polymer network of obtained 

gel microcapsules in which Irgarol crystals were embedded (Fig. 6.20). In prior works (Chapter 

2, Section 3), monodispersed highly spherical microgel beads with an average diameter of 160 

m (CV: 2.4%) were formed at the same Qc, Qd, and Qe (2.0 mL/h, 0.1 mL/h, and 20.0 mL/h, 

respectively). Thus, drug encapsulation had no significant effect on the size, size distribution, 

shrinkage proportion, or shape of the produced microgel particles. 
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Fig. 6.20. SEM images of the cross-section of the Ca-alginate hydrogel particles. 

Moreover, the ATR-FTIR spectra of the produced Ca-alginate microcapsules filled with drugs 

were examined (Fig. 6.21). 

 

Fig. 6.21 ATR-FTIR spectra of Na-alginate crystals, synthesized Ca-alginate particles, Ca-

alginate particles containing Irgarol, and Irgarol powder. 

For the spectra of Ca-alginate particles, compared with the Na-alginate powder, the 

asymmetric stretching peak of –COO- at 1590 cm-1 is gradually replaced by a new absorption 

peak at 1624 cm-1, which is caused by the interaction of Ca2+ with the –COO- groups of Na-

alginate 32. Further, the spectrum of the Ca-alginate beads with Irgarol shows more absorption 
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peaks than the Ca-alginate beads without Irgarol in the wavenumber ranging from 1552 cm-1 to 

1198 cm-1, suggesting the presence of Irgarol. The absorption peaks at 2925 cm-1 and 2854 cm-

1 of the hydrogel samples were caused by the residual corn oil 33. 

 

6.3.2 Release of encapsulated drug 

6.3.2.1 Measurement of encapsulated drug samples 

The rate of release of the encapsulated Irgarol from four kinds of microcapsules was studied. 

For simplicity, deionized water was used as the outer aqueous environment during the 

measurement; however, in the industrial field, the produced gel microcapsules will be 

distributed in wet coating paints for usage in air, aquatic, and freshwater environments. Four 

samples with three distinct encapsulated drug mass me were prepared by mixing two kinds of 

dispersion phase (Disperse #1 and #2) and two distinct collection durations (30 and 60 min) 

(Table 6.5). For each sample, three parallel tests were carried out to generate an average 

value and standard deviation. Figure 6.22 shows the findings of time-lapse measurements of 

the release amount of encapsulated drug. 

 

 

Fig. 6.22 Release mechanism of encapsulated drug Irgarol. (a) The concentration of released 

drug Irgarol from four kinds of microcapsules changes with time. (b) Images of gel 

microcapsules containing drug Irgarol in deionized water at (A) t = 0 h and (B) t = 72 h. 
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The released amount of encapsulated drug Irgarol in the tested solutions grew progressively 

over time. After 31 h, the concentration of encapsulated drug Irgarol in the solution using Type 

2 microcapsules plateaued at about 1.3 mg/L. After 41 h, the concentration of encapsulated drug 

Irgarol in the solutions containing Type 1 and Type 4 gel microcapsules reached a plateau of 

about 3.2 mg/L. Finally, after 50 h, the concentration of encapsulated drug Irgarol in the tested 

solution using Type 3 microcapsules plateaued at about 6.0 mg/L. There was no significant 

deformation or deterioration of the gel beads throughout this experiment. 

 

6.3.2.2 Noyes-Whitney equation 

The Noyes-Whitney equation was used to fit a curve to the UV-Vis measurement findings to 

study the release speed and quantity of loaded drug in hydrogel microcapsules that liberated 

from the microcapsules 34: 

𝑑𝑚

𝑑𝑡
= 𝐴

𝐷

𝑑
(𝐶𝑠 − 𝐶𝑏) 

(6-5) 

where dm/dt is the solute dissolution rate (kg·s-1), m is the mass of dissolved material (kg), t is 

the time (s), A is the surface area of the solute particle (m2), D is the diffusion coefficient (m·s-

1), which is related, in part, to the viscosity of the solvent, d is the thickness of the concentration 

gradient (m), Cs is the particle surface (saturation) concentration (kg) and Cb is the concentration 

in the bulk solvent/solution (kg). As a result, the simplified version of the Noyes-Whitney 

equation can be written as: 

𝑑𝐶

𝑑𝑡
= 𝑘(𝐶𝑠 − 𝐶) 

(6-6) 

where the dissolution rate is proportional to the difference of dissolved drug concentration C at 

time t from the solubility level Cs and k are the dissolution rate constant. The Noyes-Whitney 

equation is illustrated in Fig. 6.23. 

The Noyes-Whitney equation gives a wealth of useful information on the dissolving process. 

When the differential type of Noyes-Whitney equation was solved, it will become: 

𝑑𝐶

𝑑𝑡
= 𝑘(𝐶𝑠 − 𝐶) 

(6-7) 

𝑑𝐶

(𝐶𝑠 − 𝐶)
= 𝑘 ∙ 𝑑𝑡 

(6-8) 

−𝑙𝑛(𝐶𝑠 − 𝐶) = 𝑘𝑡 (6-9) 
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As a result, if the initial condition is 𝐶(0) = 0, the solution of this equation will be: 

𝐶 = 𝐶𝑠(1 − 𝑒−𝑘𝑡) (6-10) 

In the measurements, the released amount mr was utilized to indicate the total quantity of 

medication efficiently released from the gel particles, which is equal to: 

𝑚𝑟 = 𝑉·𝐶𝑠,    (6-11) 

where V denotes the total volume of the tested solution (0.05 L).  

 

 

Fig. 6.23 Factors of Noyes-Whitney equation to describe the release speed 34. 

 

6.3.2.3 Analysis of UV-Vis measurement 

Table 6.6 displays the analysis of the curve fitting in Fig. 6.19. The time constant k of the 

release function of Type 1 hydrogel particles was 14.23. The quantity of drug released (mr) by 

Type 1 hydrogel particles was 0.164 mg. Because the encapsulated quantity me was 0.250 mg, 

following filtering, 65.6% of the encapsulated drug left in the hydrogel particles. The k value 

for Type 2 hydrogel particles was 14.37, and the mr value was 0.072 mg, while the me value was 

0.125 mg. That means, after filtering, 57.6% of the drug was left in the hydrogel beads. The k 

value for Type 3 hydrogel particles was 15.39, the mr value was 0.303 mg, and the me value was 

0.500 mg, suggesting that 60.6% of the drug was kept prior to measurement. Finally, the time 

constant k of Type 4 hydrogel particles' release function was 15.31, the mr value was 0.157 mg, 

and the me value was 0.250 mg. As a result, prior to measurement, 62.8% of the drug was 

retained in the microcapsule. 
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Table 6.6. Parameter study of drug release from hydrogel microparticles 

 Type 1 Type 2 Type 3 Type 4 

Function 𝐶 = 𝐶𝑠(1 − 𝑒−𝑥/𝑘) 

Cs 3.29 1.24 6.06 3.14 

k 14.23 14.37 15.39 15.31 

Released amount (mr) 0.164 mg 0.072 mg 0.303 mg 0.157 mg 

Encapsulated amount (me) 0.250 mg 0.125 mg 0.500 mg 0.250 mg 

Encapsulation efficiency (EE) 65.6% 57.6% 60.6% 62.8% 

 

The average value of the time constants k of the four fitting curves in the gel microcapsules 

only containing drugs inside (Types 1 to 4) was 14.83±0.53. The tiny fluctuation in the quantity 

of drug released at certain periods, as well as the small departure in the k value, demonstrated 

that the encapsulated drug's release rate was steady. Furthermore, using the Noyes-Whitney 

equation and the stable k value, the released quantity of the encapsulated drug may be readily 

predicted and regulated. During the measurement, the quantity of drugs effectively released 

from the hydrogel particles was lower than the quantity of encapsulated drugs in all four samples. 

The average drug encapsulation efficiency value was 61.7±2.9%. The drug quantity was 

presumably reduced due to dissolving and the loss of gel particles during the filtering process. 

Figure 6.22b shows the microcapsules containing drugs inside in deionized water at 0 and 

72 h. The drug crystals were initially spotted within the gel particles (0 h, Fig. 6.22b-A). 

Whereas, after 72 h, the majority of the drug crystals in the microcapsules had vanished (Fig. 

6.22b-B), indicating that the drug had dissolved in the outer water environment. 

For the realistic formulation of the coating matrix, the aqueous phase in both microcapsule 

suspension and wet coating paints should be eliminated as much as feasible during the practical 

manufacture of antifouling coating paints to minimize unwanted difficulties (such as 

heterogeneous distribution and agglomeration) 25. The drug release rate from microcapsules to 

the outer dry coating layer is expected to be much slower than that of microparticles directly 

contacting with an aqueous environment in the study. A number of parameters, such as the 

thickness of the coating matrix, the diffusivity within the coating, and the fraction of aqueous 

phase in the coating matrix, would further influence the release of antifouling compounds from 

the coating layer to the outer aquatic environment 25. The regulated release of biocides from a 
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coating prepared with the alginate microcapsules in this work would be accomplished by taking 

into account the penetration through both the microcapsule barrier and the dry coating matrix. 

 

6.3.3 Comparison of encapsulated and non-encapsulated drugs 

The drug's release rates with and without encapsulation were examined (Fig. 6.24). Two non-

encapsulated drug samples were prepared with varying amounts of the drug. For each sample, 

three parallel tests were carried out to generate an average value and standard deviation. The 

drug concentration of the tested solution containing non-encapsulated drug sample 2 attained a 

plateau at about 3.2 mg/L after 7 h. After 25 h, the drug concentration in the tested solution 

containing non-encapsulated drug sample 1 plateaued at about 6.0 mg/L. 

 

 

Fig. 6.24 Concentration of the dissolved non-encapsulated drug compared with the released 

drug from the obtained microcapsules changing with time. 

 

Table 6.7 shows the analysis of the parameters of the curve fitting in Fig. 6.24. The k value 

of their release function was 5.73 for non-encapsulated drug sample 1, and the actual quantity 

of the released drug was 0.309 mg. The k value of their release function for non-encapsulated 

drug sample 2 was 6.54, and the actual quantity of medication released was 0.157 mg. 
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Table 6.7 Parameter analysis of the release of the encapsulated and non-encapsulated samples. 

 Type 3 Non-encapsulated 

drug sample1 

Type 4 Non-encapsulated 

drug sample 2 

Function 𝐶 = 𝐶𝑠(1 − 𝑒−𝑥/𝑘) 

Cs 6.06 6.17 3.14 3.14 

k 15.39 5.73 15.31 6.54 

Released amount (mr) 0.303 mg 0.309 mg 0.157 mg 0.157 mg 

Encapsulated amount (me) 0.500 mg 0.500 mg 0.250 mg 0.250 mg 

Encapsulation efficiency 60.6% 61.8% 62.8% 62.8% 

 

There are two significant discrepancies in the data of non-encapsulated and encapsulated 

samples of the same saturation concentration (Type 3 and Type 4). First, the non-encapsulated 

drug sample released the drug quicker than the encapsulated one. After encapsulation, the 

average k value rose from 6.14 to 14.83. Because of its relatively wide pore size, Ca-alginate 

hydrogel materials are not a good substitute for the controlled release of small-molecular-weight 

chemicals 35. As a consequence, persistent release from the microcapsules in the above 

experiments was most likely due to the partial coating of the crosslinking polymer structure on 

the drug particles, resulting in retarted disintegration. Second, the variation of the non-

encapsulated drug's released quantity at each specific moment was greater than that of the 

encapsulated drug. This smaller release variation is thought to be due in part to the hydrophilic 

coats of hydrogel microbeads, which created a homogeneous touching surface of the 

hydrophobic Irgarol particles with the outer deionized water environment. 

 

6.3.4 Microcapsules containing both cellulose fibers and drug 

The antifouling drug-loaded hydrogel microcapsules are designed to be blended with wet 

coating paints. To prevent hydrogel microcapsules from breaking during the production process, 

cellulose fibers were mixed into the hydrogel beads to increase their mechanical robustness. 

 

6.3.4.1 Droplet generated inside the microchannel 

The cellulose fiber which is water-insoluble inside the hydrogel particles was encapsulated 
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to support the cross-linking structure especially when the particles are dried. The drug and fiber 

were homogeneously dispersed in the Na-alginate solution through the mechanical 

homogenizer at 30000 rpm for 5 minutes. The contents of the disperse phase are shown in Table 

6.2. The photographs of disperse phase, obtained hydrogel beads are shown in Fig. 6.25. 

 Fig. 6.26 illustrates a normal procedure of generation of a droplet carrying both drug and 

fiber inside when the Qc and Qd were set at 2.0 and 0.1 ml/h respectively. Droplets of uniformed 

sizes were generated in the dripping mechanism at a generation frequency comparable to that 

of droplets laden with simply the Irgarol crystals (8 drops/s). The droplet generation 

frequency revealed that the created droplets filled with both the drug and cellulose fibers had a 

diameter of 188 m. Following the primary droplet, satellite droplets with a diameter of 39 m 

were sometimes formed (Fig. 6.25, t = 36 ms). The droplet flowed to the second junction and 

reacted the reactant W/O emulsion (Fig. 6.25, t = 117 ms).  

 

 

Fig. 6.25 The disperse phase in (a) a syringe and (b) a disposable cup. (c) The produced hydrogel 

particles in pure water.  
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Fig. 6.26 Images of generation of a droplet carrying drug and fiber. The Qd and Qc were 0.1 and 

2.0 mL/h respectively. 

 

6.3.4.2 Generated hydrogels carrying both drugs and fibers 

The Qd, Qc, and Qe were set at 0.1, 2.0, and 20.0 mL/h respectively for the following 

experiments. The reactant W/O emulsion was prepared at the best proportion of aqueous 

solution (W = 0.26). The produced hydrogel particles were dispersed in pure water for 

observation and measurement. The obtained hydrogels had a black color under the microscope 

due to the encapsulated fiber (Fig. 6.27a). Besides, the obtained gel particles were highly 

spherical (average roundness ~0.93). The average diameter of gel particles was around 163 m 

with a CV of 3.9% (Fig. 6.27b). 

The SEM image of the dried aerogel particles, which contain both Irgarol crystals and fiber, 

indicates that the microparticles could keep their spherical morphology after the water phase 

totally evaporated. However, when compared to the surface of the dried gel beads that had just 

encapsulated drugs inside, the surfaces of the particles were creased and had a fiber-like 

formation (Fig. 6.28). 
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Compared with hydrogel particles made without fibers, the shapes of the microcapsules 

containing fibers had more deformation, their average roundness decreasing from 0.97 to 0.93, 

but the average diameter and CV value of obtained particles increased, increasing from 160 m 

to 163 m and from 3.5% to 3.9%, respectively. The presence of cellulose fibers caused these 

differences because the concentration of alginate molecules in a single droplet was reduced, 

resulting in inadequate gelation. These droplets with poor crosslinking have the potential to 

create hydrogel microparticles with bigger sizes and distorted morphologies (Fig. 6.28). 

 

 

Fig. 6.27 Prepared hydrogel particles containing drugs and fibers. (a) Images of the hydrogel 

microparticles in deionized water were observed at different magnifications: (A) 10 × and (B) 

40 ×. (b) Size distribution of the obtained hydrogel microbeads. 

 

 

Fig. 6.28 SEM images of hydrogel particles with drug and fiber inside. 
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6.3.4.3 UV-Vis measurement 

Figure 6.29 shows the released amount of encapsulated drugs at each moment assessed by 

UV-Vis spectroscopy in three paralleled tests. The released drug amount from the gel 

microcapsules containing both the Irgarol crystals and fibers steadily increased over time, 

reaching a plateau at about 6.0 mg/L (t = 50 h). Table 6.8 shows the analysis of the curve fitting 

in Fig. 6.29. The k value of the release function of the gel microcapsules containing both the 

Irgarol crystals and cellulose fibers was 15.34, the mr value was 0.309 mg, and the me value was 

0.500 mg, indicating that almost 61.0% of the drug left in the capsules before measurement. 

The k value of the fitting curve (15.34) and encapsulation efficiencies (61.0%) of the hydrogel 

particles containing both drug crystals and fiber and the hydrogel particles loaded with drug 

only (Type 3) were similar, indicating that the encapsulation of the cellulose fiber had no effect 

on the release speed and efficiency. 

 

 

Fig. 6.29 The release of encapsulated drug from hydrogel microspheres with or without 

cellulose fibers changing with time. 
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Table 6.8 The drug release parameters of microcapsules carrying cellulose fibers. 

 With Fiber (Type 5) 

Function 𝐶 = 𝐶𝑠(1 − 𝑒−𝑥/𝑘) 

Cs 6.17 

k 15.34 

Released amount (mr) 0.309 mg 

Encapsulated amount (me) 0.500 mg 

Encapsulation efficiency (EE) 61.0% 

 

6.3.4.4 Mechanical property of gel particles containing fiber 

The cellulose fibers can largely enhance the mechanical properties of the gel microparticles. 

Figure 6.30 depicts the proportion of deformation of two types of hydrogel layers under various 

external stresses. The following equation was used to express the distortion ratio of the layer of 

gel particles between the two glass slides: 

𝐷 =
𝛥𝑇

𝑇0
× 100 

(6-12) 

Where D is the deformation percentage, ΔT is the deformation amount, and T0 is the original 

thickness of the prepared hydrogel layer. Three parallel experiments were performed for each 

sample to produce an average value and standard deviation. 

The mean distortion ratio of the pure hydrogel layers and hydrogel layer containing fibers 

was 0.93% and 21.21%, respectively, when 0.74 N of force was added. The distortion of 

hydrogel layers grew when the force was raised to 1.52 N. The layer of microcapsules 

containing cellulose fibers had a mean distortion ratio of 18.52%, whereas the layer of pure gel 

particles had a distortion ratio of 37.27%. The deformation of measured hydrogel layers reached 

a peak when the force was raised to 11.76 N and 16.66 N that means hydrogel layers were 

overloaded. The layer of gel capsules containing cellulose fibers had a maximum deformation 

percentage of around 50%, whereas the layer of pure gel microbeads had a maximum 

deformation percentage of about 71%. The majority of the water phase in the hydrogel layers is 

supposed to be squeezed out under this condition.  

By including cellulose fibers, the mechanical performance of the hydrogel microspheres 

might be increased. The increased mechanical strength has the ability to disperse the hydrogel 
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microparticles into a paint coating matrix, ensuring that the microspheres remain an unbroken 

structure with a sustained-release capability. 

 

 

Fig. 6.30 Distortion ratio of the layer of pure gel particles and gel particles containing cellulose 

fibers 

 

6.3.5 Antifouling functionality of encapsulated drug 

Irgarol is well-known for its ability to limit photosynthesis in a wide variety of marine and 

aquatic plant species. The antifouling activity of the encapsulated medicine was proven in our 

investigation utilizing water grass (Bacopa monnieri) (Fig. 6.31). The tested grass samples were 

viable initially, with green leaves. Nevertheless, after 4 days of cultivation in a beaker containing 

Type 3 microcapsules, the majority of the leaves of the grass withered. Furthermore, the water 

in the beaker became dark and had a terrible odor, suggesting that the grass sample had 

practically died out. In contrast, the water grass in the reservoir containing Type 4 microcapsules 

was still alive with green leaves, even though the water in the glass reservoir had become muddy. 

There were no unusual smells detected. After 6 days of cultivation, the majority of the water 

grass in the beakers containing the antifouling drug wilted, and the water within the beaker got 

darker and smelled strongly of rottenness. 

The antifouling agent impeded the photosynthesis of water grass, causing the samples to 

wither and decay. As a result, the encapsulated drug could be released from the gel 
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microcapsules over time and display antifouling properties. Furthermore, according to Table 

6.7, the mr value of Type 3 and Type 4 microcapsules was 0.303 mg and 0.157 mg, respectively. 

As a result of the greater drug concentration, the water grass with Type 3 microcapsules wilted 

quicker than the water grass with Type 4 microcapsules. 

 

 

Fig. 6. 31 Images of cultured grass (Bacopa monnieri) from (a) top and (b) side views. 
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6.4 Conclusion 

 

Section 6.1. Introduction  

This section describes the background, previous researches, and objectives of this thesis. 

 

Section 6.2. Materials and methods 

This section describes the peripheral equipment, our microfluidic device, and the materials 

that used in our experiments. 

 

Section 6.3. Results and discussion 

In this section, a microfluidic approach was developed for the preparation of hydrophilic gel 

microcapsules of an antifouling chemicals. Hydrogel beads encapsulated with Irgarol had an 

average diameter of 160 m, had a CV of 3.8%, a roundness of 0.97, and an encapsulation 

efficiency of 61.7±2.9%. Irgarol was used to encapsulate the beads. The use of UV-Vis 

spectroscopy revealed that a steady and regulated release was achieved by encapsulation. It has 

been shown that the incorporation of cellulose fiber with a biocide improves the mechanical 

properties of monodisperse microbeads with an average diameter of 163 m, CV of 3.7%, and 

roundness of 0.93. In the last experiment, water grass was used to illustrate the antifouling effect 

of the medication released from the gel microcapsules (B. monnieri).  
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Chapter 7 
Conclusion and outlook 

 

7.1 Conclusion 

Chapter 1 Introduction 

This chapter briefly introduces the definition and background of hydrogel materials. The 

conventional and previous microfluidic methods for preparing hydrogel particles are compared 

and discussed. Then the objectives of this thesis and layout from chapter 2 to chapter 6 are 

described.  

 

Chapter 2 Microfluidic emulsion-based synthesis of calcium-alginate hydrogel particles 

A novel microfluidic external emulsion-based gelation using CaCl2 emulsion as the reactant 

is reported for preparing highly spherical Ca-alginate hydrogel particles. The quartz glass 

microfluidic chip consists of two cross-junctions connected serially was used. The primary 

conclusions are summarized as follows: 

• Roundness 

1). The concentration of surfactant (SY-Glyster) in the CaCl2 emulsion phase influenced the 

roundness of obtained hydrogel beads. The best concentration of surfactant in this condition 

was 0.1wt%. 

2). The fraction of the aqueous phase in the reactant CaCl2 emulsion is important. The best 

fraction of the aqueous phase was 0.26. 

3). The flow rate of continuous phase (corn oil) effects. A high flow rate of the continuous 

phase (≥ 1.5 mL/h) will result in hydrogels with bullet shape. 

• Sizes 

By controlling the relationship between the flow rate of disperse phase and continuous phase, 

the sizes of obtained hydrogel beads could be adjusted. 

It is concluded that the homogeneous spatial distribution of CaCl2 emulsions around 

precursor Na-alginate droplets is essential to obtain highly spherical hydrogels. By optimizing 
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the parameters above, monodisperse hydrogels with a diameter of 147–176 µm and roundness 

of 0.90–0.96 could be produced. 

 

Chapter 3 Functional Janus calcium-alginate hydrogel 

 

 

 

 

 

 

 

Unpublished contents 

 

 

 

 

 

 

 

 

Chapter 4 Surface coating on calcium-alginate hydrogel particles 

Based on Chapter 2, the microfluidic external emulsion-based gelation was used for the 

production of highly spherical Ca-alginate hydrogels with corresponding surface coatings. The 

primary conclusions are summarized as follows: 

1). Highly spherical Ca-alginate hydrogels that had whole Fe3O4 nanoparticles coating with 

an average diameter of 160 µm, a CV value of 3.8%, and a roundness around 0.90 were prepared. 

The manipulation of obtained particles under the exterior magnetic field was also demonstrated. 

2). Ca-alginate hydrogel beads that had whole fluorescent polystyrene microspheres coating 

with an average diameter of 165 µm, a CV value of 3.4%, and a roundness around 0.95 were 

generated. It is confirmed that the obtained hydrogels had a clear fluorescence under the 

fluorescent microscopy. 
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3). The Ca-alginate microgels that had both fluorescent and magnetic coating with an average 

diameter of 156 µm, a CV value of 2.5%, and roundness around 0.97 were synthesized. 

The prepared hydrogels with different coatings might have great potential in applications like 

drug delivery and release, high-resolution imaging, sorting, and separation. 

 

Chapter 5 Mass production of calcium-alginate hydrogel particles 

 

 

 

 

 

 

Unpublished contents 

  

 

 

 

 

 

 

 

 

 

Chapter 6 Microencapsulation of hydrophobic antifouling biocide 

As a practical application of highly spherical Ca-alginate hydrogel beads in Chapter 2, the 

environment-friendly hydrophilic encapsulation of a hydrophobic antifouling biocide in 

hydrogels by applying a microfluidic emulsion-based external gelation was demonstrated. The 

primary conclusions are summarized as follows: 

1). Irgarol-encapsulated monodisperse hydrogel beads with an average diameter of 160 µm, 

CV of 3.8%, the roundness of 0.97 were prepared, and the encapsulation efficiency of 61.7 ± 

2.9%. 
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2). Cellulose fiber incorporated with the biocide enhanced the mechanical strength of the 

monodisperse microcapsules having an average diameter of 163 µm, CV of 3.7%, and 

roundness of 0.93. 

3). The encapsulated antifouling biocide (Irgarol 1071) had a stable and controlled release in 

an aqueous environment both with or without cellulose fiber inside the hydrogel microcapsule. 

4). The antifouling effect of the drug released from the hydrogel beads was demonstrated 

with water grass (B. monnieri). 
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7.2 Outlook 

■   Size and morphology of alginate hydrogel 

 

(1) Nano-sized calcium chloride (CaCl2) emulsion  

The CaCl2 emulsion prepared using a mechanical homogenizer in this thesis had an average 

diameter of around 2 µm. The size of the reactant emulsion can be further decreased if the 

homogenizer with a much higher rotating speed is used. In addition, nano-sized CaCl2 emulsion 

can be prepared by the piezoelectric chip according to the previous research 1. The piezoelectric 

chip could be integrated with the microchannels in the same microfluidic module. In this 

situation, no surfactant is needed in the experiment.  

Homogeneous spatial distribution of CaCl2 emulsions around precursor Na-alginate droplets 

is essential to obtain highly spherical hydrogels. As a result, the nano-sized CaCl2 emulsion 

provides a possible method to synthesize highly spherical alginate-based hydrogels with much 

smaller sizes. For example, highly spherical hydrogel particles with a diameter around 20 µm 

that near the cell sizes may have great potentials in the biology or biomedical field. 

 

(2) Alginate hydrogels with controllable shapes 

Different shapes of alginate-based hydrogels like hemispherical shape or blood cells shape 

could also be synthesized based on this in-situ external gelation method. These hydrogel 

particles with specific shapes have great potentials in the applications like drug delivery or cells 

encapsulation. For instance, hydrogel particles with blood cell shape can stay in the blood vessel 

5 times longer than the normal spherical hydrogel particles. That means the drug can acquire 

more release time inside the human blood vessel if these particles are used as the carrier 2.  

The primary difficulty will be the choice of aqueous materials combined with alginate. The 

proper materials should be phase-separated with an alginate aqueous solution. In the meanwhile, 

it should have suitable viscosity that can form droplets together with the alginate phase. 

 

(3) Core-shell shape alginate microcapsules 



                                                                                   Conclusion and outlook 
 

7-6 
 

By properly designing the microchannel, Ca-alginate microcapsules with controllable shell 

thickness could be fabricated from core-shell alginate droplets via the microfluidic external 

emulsion-based gelation presented in this thesis. Efficient production of monodispersed alginate 

microcapsule with an aqueous liquid core has great potentials in a miniaturized 3D culture of 

cells which could promote their proliferation and aggregation 3. 

 

(4) Mass production 

As described in Chapter 5, a novel microfluidic module was designed to prepare highly 

spherical Ca-alginate hydrogel particles and achieve a maximum production rate of 373 s-1. The 

paralleled microchannels were from 16 to 128. However, the number of microchannels could 

be further increased (e.g. 256 or 512) to largely improve the production efficiency. Besides, the 

geometry of microchannels could be also adjusted for the mass production of alginate 

microparticles with specific shapes, such as Janus hydrogels or core-shell hydrogels. 

 

(5) Improvement of controllable release ability 

The modification of Ca-alginate hydrogel beads like the surface coating (e.g. chitosan or 

pectin) and integration with other chemicals (e.g. cyclodextrin) will be helpful to achieve a 

better-controlled release ability. By properly designing the microfluidic geometry and utilizing 

the external emulsion-based gelation, different kinds of alginate-based microcapsules could be 

prepared to satisfy the specific requirements. 

 

■   Other hydrogels synthesized by external emulsion-based gelation 

This microfluidic external emulsion-based gelation is also possible to be used for producing 

other kinds of hydrogel microparticles instead of Ca-alginate. The key point is to prepare a fine 

water-in-oil reactant emulsion containing homogeneous small droplets. The example of 

hydrogel materials are as follows: 

 

(1) Phytic acid(PA)-alginate hydrogel  

The alginate aqueous solution could form alginate hydrogel when it contacts with PA aqueous 

solution 4. Based on this, the PA-alginate microparticles could be prepared using the 

microfluidic device used in this thesis. The PA-alginate hydrogel has better mechanical 
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properties and a more stable cross-linking structure than the Ca-alginate hydrogel. To the best 

of our knowledge, the generation of PA-alginate hydrogel microbeads has not been reported yet. 

(2) Condensed-protein materials 

According to the previous research, an aqueous protein solution could form water-rich but 

water-segregated, gelled liquid materials when it contacts with anionic and cationic surfactants 

that contain a hydrophobic alkyl chain and polyethylene glycol (PEG) 5. This microfluidic 

device and gelation strategy could be utilized to prepare these gelled-like protein microparticles 

by reaction between aqueous protein droplets and surfactants containing water-in-oil emulsion. 

 

■   More applications of alginate hydrogels 

 

(1) Controlled release of alginate microcapsules 

(A) Formulation of antifouling coating paints 

 In Chapter 6, Ca-alginate microcapsules containing hydrophobic antifouling biocides were 

prepared. This application could be further researched by mixing the Ca-alginate microcapsules 

into water-based and/or solvent-based paints with the alginate capsules and to evaluate the 

release rates of the biocide from the coated surfaces. 

 

(B) Release in a different environment 

In Chapter 6, the release mechanism of alginate microcapsules in pure water was 

investigated. However, for practical use, the investigation of the release mechanism of alginate 

microcapsules in a more complicated environment is important. For example, the different pH 

values would largely affect the size and shape of alginate hydrogels and further influence the 

release of carried drugs. Also, the release of encapsulated drugs in seawater or the human body 

will be different from their release in pure water. 

 

(2) Biological research 

In Chapters 3 and 5, mammal cells was simply encapsulated in the alginate hydrogel beads. 

Further investigation of cell culturing in alginate beads is meaningful. Other biological 

researches such as tissue engineering and the comparison of hydrogels prepared by other 

methods and the highly spherical alginate hydrogels in cells researches are also interesting 
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topics that could demonstrate the superiorities of the Ca-alginate beads prepared in this thesis.  
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Appendix 

 

A.1 Microfabrication 

A.1.1 Quartz glass chip 
(1) Fabrication 

Microgrooves and through-holes were fabricated on a quartz glass chip (15 mm × 15 mm, 2 

mm thick) using mounted wheels of three different diameters 0.2 mm, 0.4 mm, and 1 mm 

(AAR72, AAR07, and AAR29, FSK, Japan, Fig. A.1) through computer numerical control 

(CNC) machining (LB2000 EXII, OKUMA, Japan, Fig. A.2). The fabricated microgrooves 

were sealed by fusion bonding with another planer quartz glass piece of the same size. The 

parameters of the microfabrication process of CNC machining are shown in Table A.1.  

 

 
Fig. A.1 (a) Mounted wheels with diameters of 0.2 mm, 0.4 mm, and 1 mm. (b) Mounted wheel 

with a diameter of 0.4 mm. 

 
Fig. A.2 The computer numerical control machining (LB2000 EXII, OKUMA, Japan). 
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Table A.1 The fabrication data of CNC machining. 

Type (mm) Wheel type (mm) Rotation speed (rpm) Feed speed (mm/min) 

Hole (diameter 0.5) Diameter 1.0 20000 1 

Channel (depth 0.4 

and width 0.4) 
Diameter 0.4 40000 10 

Channel (depth 0.4 

and width 0.2) 
Diameter 0.2 40000 10 

Channel (depth 0.2 

and width 0.2) 
Diameter 0.2 40000 10 

 

(2) Surface modification 

The microfluidic chip underwent surface modification that changed the glass surface from 

hydrophilic to hydrophobic for generating W/O droplets. First, a 2 M aqueous solution of 

sodium hydroxide (NaOH) was infused into the dried microchannel for washing. After rinsing 

the residual NaOH solution away with pure water, the channel was flushed with toluene. Next, 

a 1 wt% octadecyl trichlorosilane (ODS, Shin-Etsu Chemical, Japan) in toluene was used as a 

surface-modifying agent and infused through the five inlets of the microfluidic chip at a flow 

rate of 2 μl/min for 1.5 hours. Then, pure toluene was infused again for removing the residual 

ODS inside channels. Finally, the channels were washed with acetone and ethanol repeatedly. 

 

A.1.2 Polydimethylsiloxane (PDMS) chip 
Up to now, manifold manufacturing technologies have been utilized to fabricate 

micro/nanostructures, such as wet etching, dry etching, laser beam machining, mechanical 

machining, and soft lithography. However, these technologies have their specific advantages in 

processing different materials (e.g. glass, silicon wafer, and polymers) 

  In this thesis, soft lithography technology was used to fabricate the PDMS chip 1. Soft 

lithography is a family of techniques for fabricating or replicating structures using “elastomeric 

stamps, molds, and conformable photomasks”. Soft lithography is generally used to construct 

features measured on the micrometer to nanometer scale. 
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(1) Fabrication of SU-8 mold 

The schematic illustration of the SU-8 mold fabrication is shown in Fig. A.3. 

 

 

Fig. A.3. Schematic illustration of SU-8 mold fabrication. 

 

(a) Substrate cleaning 

  Wash the silicon wafer with acetone, ethanol, and pure water sequentially in the ultrasonic 

machine (2510, Branson, Kanagawa, Japan) for 5 minutes. After that, dry the wafer on the hot 

plate. 

 

(b) Photoresist coating 

  The negative photoresist SU8-3050 (Nippon Chemical Industrial, Tokyo, Japan) was 

homogeneously coated on the silicon wafer by spin coater (1H-D7, Mikasa, Hiroshima, Japan). 

The parameters of spin coating are shown in Table A.2. For a better adhesion between the photo-

mask and silicon wafer during the exposure process, the photoresist around the wafer edge 

should be removed. 

 

 (c) Pre-baking 
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  To evaporate the extra solution, the silicon wafer is put on the hot baker at 65 ℃ for around 5 

mins and 95 ℃ for around 40 mins. After that, the silicon wafer should be cooled down to room 

temperature before the UV exposure. 

 

(d) Exposure 

  The silicon wafer coated with SU-8 photoresist and the film mask (thickness: 0.175 mm; 

resolution: 0.001 mm; Unno Giken, Tokyo, Japan) taped on a glass plate are fixed on the mask 

aligner (MA-10, Misaka, Hiroshima, Japan) for the UV exposure with total energy around 150 

mJ. 

 

(e) Post-exposure baking 

  The silicon wafer should be put on the hot baker at 65 ℃ for around 1 min and 95 ℃ for 

around 15 mins after UV exposure. 

 

(f) Development 

  For the pattern development, the silicon wafer is soaked in the SU-8 developer (Nippon 

Chemical Industrial, Tokyo, Japan) and waved on the mechanical shaker (Wave-SI slim, Taitec, 

Saitama, Japan) for 40 mins. The isopropyl alcohol is used to clean the extra SU-8 developer 

on the wafer. 

 

(g) Hardening baking 

  Finally, the wafer is put on the hot baker at 150 ℃ for around 10 mins for hardening. 

 

Table A.2 Parameters of the spin coating 

 Rotation speed Time 

First 500 rpm 10 s 

Second 1400 rpm 30 s 

 

 

(2) Fabrication of PDMS microchannel 

The schematic illustration of the PDMS microchannels fabrication is shown in Fig. A.4. 
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Fig. A.4 The schematic illustration of the PDMS microchannels fabrication. 

 

(a) Surface modification 

  For the hydrophobic modification of the prepared SU-8 mold surface. The silicon wafer is put 

in a glass petri dish, and 0.5 mL of chlorotrimethylsilane (Shin-Etsu Chemical, Tokyo, Japan) 

is dropped around the wafer. The silicon wafer is put at room temperature for 10 mins and on 

the hot plate at 120 ℃ for 5 mins. 

 

(b) PDMS casting 

  The PDMS base liquid (SILPOT 184 Silicon Elastomer Base, DuPont Toray Specialty 

Materials K.K., Tokyo, Japan) and hardening agent (SILPOT 184 Silicon Elastomer Curing 

agent, DuPont Toray Specialty Materials K.K.) are mixed at the ratio of 10:1 w/w. The mixture 

is put inside the vacuum desiccator (MVD-100, AS-ONE, Osaka, Japan) to remove the bubbles. 

After that, the PDMS mixture is poured onto the SU-8 mold and put on the hot plate at 80 ℃ 

for 1 hour for hardening. 
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(c) Manually pealing 

  The hard PDMS layer can be manually peeled from the SU-8 mold. The useless part 

(containing no micro-patterns) could be easily cut out. 

 

(d) Oxygen plasma bonding 

  The oxygen plasma treatment is used to achieve an irreversible bonding between the PDMS 

chip and stainless-steel module (SUS304). The PDMS chip and stainless-steel module are firstly 

treated by the oxygen plasma using the plasma equipment (BP-1, Samco Inc., Kyoto, Japan). 

After that, the PDMS chip is attached to the stainless-steel module and heated on the hot plate 

at 110 ℃ for 12 hours. The condition of plasma treatment is shown in Table A.3. 

 

Table A.3 The condition of plasma treatment 

 Oxygen flow rate Power Chamber pressure Time 

Value 20 ccm 20 W 1000 mTorr 30 s 
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A.2 Cell culturing and encapsulation 

A.2.1 Cell preparation 
A hypotriploid human cell line, HEK 293, which derived from Riken BRC (Ibaraki, Japan), 

were used in Chapter 3 and 5 (Fig. A.5). The thawed primary cells were maintained in 

Dulbecco’s Modified Eagle Medium (DMEM, Wako Pure Chemical Industries, Japan) 

supplemented with 10% (v/v) fetal bovine serum (10270, Gibco, Thermo Fisher Scientific, 

USA.) and 1% penicillin-streptomycin solution (X100, Wako Pure Chemical Industries, Japan), 

using disposable cell culture flask (Nunc EasYFlask, 75 cm2, Thermo Fisher Scientific, USA.) 

coated with 0.1% (w/v) gelatin solution (Wako Pure Chemical Industries, Japan). Then the cells 

were stored in a CO2 incubator (E-22, AS ONE, Osaka, Japan) at 37℃ under a 5% CO2 

atmosphere. 

 

 
Fig. A.5 Microphotographs of human cell line: HEK 293 at different magnification. 

 

A.2.2 Cell encapsulation 
Before encapsulation, the living cells were stained by calcein-AM (excitation/emission 

wavelength: 490/515 nm, Dojindo, Japan) for fluorescence imaging (Fig. A.6). Firstly, 5 µL of 

the calcein-AM solution was uniformly dissolved in 5 mL of phosphate-buffered saline (PBS) 

as the staining mixture. Then the cells were detached from the culturing flask using by adding 

0.25% (w/v) trypsin-ethylenediaminetetraacetic acid (trypsin-EDTA). The cells were 

homogeneously distributed in 0.70 ml of PBS plus 0.35 ml of prepared staining mixture and 

further stored in CO2 incubator at 37℃ under a 5% CO2 atmosphere for 15 mins (Around 2.5 × 
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106 cells/mL in Chapter 3 and 5.0 × 106 cells/mL in Chapter 5). 

 Afterward, about 1 mL of above cells suspension was added to Na-alginate solution with 150 

mM sodium chloride (NaCl) to make the final concentration of Na-alginate at 3wt% and 

concentration of cells at 2.5 × 105 cells/mL in Chapter 3 and 5.0 × 105 cells/mL in Chapter 5 

respectively. For the filtration of gel beads, hexadecane and deionized water were added in turn 

to wash out the CaCl2 emulsion. The obtained Ca-alginate particles encapsulating cells were 

collected in a petri dish with PBS solution for observation. 

 

 
Fig. A.6 The staining mechanism of the calcein-AM agent. 
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A.3 Flow simulation 

A.3.1 Software and computer 
The flow simulation was achieved by the flow simulation software (ANSYS Fluent R19.0, 

ANSYS Inc. USA). The used computer has the following hardware: Inter®Core(TM) i7-9700 

CPU @3.00 GHz 3.00 GHz; RAM (8.0 GB); OS Microsoft Windows 10 Professional 64 bit. 

 

A.3.2 Simulation parameter 
The physical parameters of used liquids are shown in Table A.4. The simulation parameters 

of the software are shown in Table A.5. The boundary condition for the inlet and outlet channel 

was set at constant velocity and free outlet, respectively. 

 

Table A.4 Physical properties of used samples 

   
Material 

Density 

[kg/m3] 

Viscosity 

[mPa·s] 

Interfacial 

tension [N/m] 

Contact 

angle [°] 

Disperse 

phase 

Na-alginate 

(3wt%) 
1002 1500 

0.032 140 Continuous 

phase 

Corn oil 
851 57 

 

 

Table A.5 Analysis condition using ANSYS 

Time step size 3.3 × 10-5 to 1.0 × 10-4 

Number of time step 5000 

Inlet boundary condition Constant velocity 

Wall boundary condition No-slip 

Outlet boundary condition Free outlet 

 

mailto:CPU@3.00
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A.4 Peripheral equipment 

A.4.1 Experimental setup 
The schematic illustration of the experimental setup is shown in Fig. A.7. Gastight glass 

syringe was filled with the liquids and mounted on syringe pumps. The glass microfluidic chip 

was assembled in a stainless supporting holder and linked to syringes through 

polytetrafluoroethylene (PTFE) tubes and connectors. An optical microscope and a high-speed 

video camera were combined for flow observation. 

 
Fig. A.7 Schematic illustration of an experimental setup 

 

A.4.2 Peripheral equipment of microchannel 
(1) Connectors and tubes 

The polytetrafluoroethylene (PTFE) connectors and tubes (FLON Industry, Tokyo, Japan) 

which are pervasively used in the high-performance liquid chromatography (HPLC) process 

were used to connect the syringes and stainless supporting holder. For the supporting holder 

used in Chapters 2,3,4, the connector with a screw size of No. 10-32UNF was used for linking 

the supporting holder. Whereas for the supporting holder used in Chapter 5, the connector with 

a screw size of 1/4-28UNF was used. The connectors with Luer-lock adaptor (screw size: No. 

High speed camera

Optical microscope

Microfluidic device

Syringe pump
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1/4-28UNF) were used for linking the syringes (Fig. A.8).  

The input PTFE tubes had two sizes: one with an inner diameter of 0.5 mm and outer diameter 

of 1.59 mm (F-8008-002, Chapter 2,3,4), the other with an inner diameter of 2.0 mm and an 

outer diameter of 3.0 mm (F-8006-009, Chapter 5) and the output PTFE tubes with an inner 

diameter of 0.8 mm and outer diameter of 1.59 mm (F-8008-003). 

 

 
Fig. A.8 HPLC connectors for linking the (a) holder and (b) syringes. 

(2) Supporting holder 

The assembled microfluidic device consists of a glass chip, supporting holder and PTFE 

connectors and tubes are shown in Fig. A.9. The stainless supporting holder is comprised of 

SUS304. Screws (sizes: NO. 10-32UNF) fitting the HPLC connectors were fabricated on the 

side of the holder and connected with the vertical holes (Ф1) which were fabricated from the 

top side. A backup ring comprised of PTFE (2.5 mm outer diameter, 1.0 mm inner diameter, 1.0 

mm thickness) was used to adjust the alignment between the through-holes of the supporting 

holder and microfluidic chip. The chip and holder were connected tightly under the pressure 

added by the screw. 

 
Fig. A.9 Assembled microfluidic device. (a) A microfluidic device used in Chapters 2,3,4. (b) 

A microfluidic device used in Chapter 5. 
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A.4.3 Fluid infusion system 

(1) Glass syringe 

Gastight glass syringe (1000 series, Hamilton Company, NV, USA) are shown in Fig. A.10. 

Two glass syringe types with a total volume of 1 mL and 10 mL with Luer-lock adaptor were 

used here. A syringe of 1 mL volume type to infuse the disperse phase and a 10 mL volume type 

was used to infuse the continuous phase and reactant emulsion phase. 

 

 
Fig. A.10 Gastight glass syringe of total volume 1 mL (bottom) and 10 mL (top). 

(2) Plastic syringe 

The plastic syringe (SS-20ESZ and SS-50ESZ, Terumo, Tokyo, Japan) are shown in Fig. 

A.11. Two plastic syringe types with a total volume of 20 mL and 50 mL were used. A syringe 

of 20 mL type was used to wash and modify the surface condition of the microchannels and a 

50 mL type to infuse the reactant CaCl2 emulsion phase in Chapter 5. 

 

 
Fig. A.11 Plastic syringe of total volume 20 mL (top) and 50 mL (bottom). 



                                                                                                     Appendix 
 

A-13 
 

(3) Syringe pump 

Syringe pumps (KDS 200 and KDS LEGATO 200, KD Scientific Inc., PA, USA) were used 

to infuse the fluid. The specifications are shown in Table A.6. 

Table A.6 The specifications of syringe pumps 

 KDS 200 KDS LEGATO 200 

Pump type Push Push 

Syringes 10 µl ~ 140 ml 0.5 µl ~ 140 ml 

Dimensions 28×23×15 cm 27.94×25.4×8.89 cm 

Weight 4 kg 4.9 kg 

Power 176 N (18 kgf) 332 N (34 kgf) 

Max. step rate 1600 (0.5 step)/sec 26 µsec/µstep 

Min. step rate 1 (0.0625 step)/120 secs 27.5 sec/µstep 

Accuracy ±1 % ±0.35 % 

Reproducibility ±0.1 % ±0.05 % 

Max. flow rate 8700 ml/h (140 ml syringe) 13258 ml/h (140 ml syringe) 

Min. flow rate 0.001 µl/h (10 µl syringe) 0.0003 µl/h (0.5 µl syringe) 

A.4.4 Observation system 
(1) Optical microscope 

An upright optical microscope (BX-51, Olympus, Fig. A.12) was used for observation. The 

light source was a halogen lamp (U-LH100-3, Olympus). 

 

(2) High-speed camera 

A high-speed video camera (Fastcam Mini AX50, Photron) was mounted on the optical 

microscope for flow observation. Software ImageJ was used to calculate the size and roundness 

of precursor droplets and hydrogels. Below is the calculation process: 

While taking the pictures of droplets and hydrogels, the resolution of the high-speed camera 

was set as 640×640, the pixel size is 20 µm×20 µm. So, the actual length L (µm) of each pixel 

is according to the equation: 
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𝐿𝐿 = 20/(0.5 × a) (2-1) 

0.5 is the ratio of adapter between the high-speed camera and microscope, a is the ratio of 

microscope lens.  

 

 
Fig. A.12 Optical microscope (BX-51, Olympus) 

 

A.4.5 Other equipment 
(1) Mechanical homogenizer 

The reactant CaCl2 emulsion was prepared by a homogenizer (T10 basic ULTRA-TURRAX, 

IKA, Germany, Fig. A.13) at 30000 rpm for 3 minutes. 
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Fig. A.13 Mechanical homogenizer (T10 basic ULTRA-TURRAX, IKA, Germany) 

 

 (2) Laser scattering particle size distribution analyzer 

A laser scattering particle size distribution analyzer (Partica LA-960, HORIBA, Japan, Fig. 

A.14) was used to analyze the sizes of CaCl2 emulsion droplets. 

 

 
Fig. A.14 Laser scattering particle size distribution analyzer (Partica LA-960, HORIBA, Japan) 
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(3) Filtration system 

A glass mesh holder (Glass Type KG-25, ADVANTEC, Japan, Fig. A.15) was assembled with 

a nylon mesh (42 μm×42 µm, Tokyo Screen, Japan) to separate hydrogels from CaCl2 emulsion. 

Pure water was added to flush out the CaCl2 emulsion in the glass holder. Hexane was 

subsequently added to wash out the residual corn oil. Then pure water was used to wash the 

hexane away. Finally, the hydrogels were dispersed in water in a petri dish for observation. 

 
Fig. A.15 Glass mesh holder (Glass Type KG-25, ADVANTEC, Japan) 

(4) Viscometer 

The viscosities of the liquids were measured at 293 K by using a rotational viscometer (BL-

type, Toki Sangyo, Tokyo, Japan, Fig. A.16). 

 
Fig. A.16 Rotational viscometer (BL-type, Toki Sangyo, Tokyo, Japan) 
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(5) Contact angle meter 

The surface tension between two immiscible liquids was measured by a contact angle meter 

(B100, Asumi Giken, Tokyo, Japan, Fig. A. 17). 

 
Fig. A. 17 Contact angle meter (B100, Asumi Giken, Tokyo, Japan) 

 

(5) Scanning electron microscope 

Scanning electron microscope (SEM, JSM-6610LA, JEOL, Japan, Fig. A.18) at 東京工業大

学-技術部-すずかけ台分析部門 was used to observe the fabricated microchannel and dried 

hydrogel particles. 

 
Fig. A.18 Scanning electron microscope (SEM, JSM-6610LA, JEOL, Japan) 
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(7) Plasma kit 

The bonding between the PDMS chip and stainless module was achieved by the basic plasma 

kit (BP-1, Samco Inc., Kyoto, Japan, Fig. A.19) 

 
Fig. A.19 Basic plasma kit (BP-1, Samco Inc., Kyoto, Japan) 

(6) UV-Vis spectroscopy 

Sustained release of encapsulated drug Irgarol was measured by UV-Vis spectroscopy. The 

UV-Vis spectroscopy setup (Fig. A.20) consists of a light source (DT-Mini-2, Ocean Optics, 

UK), a spectrometer (USB2000+, Ocean Optics, UK), a cuvette holder, and a glass cuvette 

(Z27667-7, Aldrich Chemical, Germany). 

 
Fig. A.20 Assembled UV-Vis spectroscopy measurement equipment. 
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(8) Fourier transform infrared (FTIR) spectrophotometer 

The FTIR spectrophotometer (IRAffinity-1, Shimadzu, Tokyo, Japan, Fig. A.21) at 東京工

業大学-機械系分析室 was used to identify, analyze and define the synthesized materials in 

Chapter 6. 

 
Fig. A.21 FTIR spectrophotometer (IRAffinity-1, Shimadzu, Tokyo, Japan) 

 

(9) Oil bath 

The oil bath (OB-200A, AS ONE, Osaka, Japan, Fig. A. 22) was used to warm up the bio-

reagents to room temperature.  

 

 
Fig. A. 22 Oil bath (OB-200A, AS ONE, Osaka, Japan) 
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(10) Centrifuge 

The centrifuge (CN-2060, AS ONE, Osaka, Japan, Fig. A. 23) was used to separate the cells 

from the culture medium in 15 mL centrifuge tubes. 

 
Fig. A. 23 Centrifuge (CN-2060, AS ONE, Osaka, Japan) 

 

(11) Autoclave 

The autoclave (NCC-1701B, AS ONE, Osaka, Japan, Fig. A. 24) was used to sterilize the 

equipment that used in cell culturing. 

 
Fig. A. 24 Autoclave (NCC-1701B, AS ONE, Osaka, Japan) 
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(12) Carbon dioxide (CO2) incubator 

The CO2 incubator (E-22, AS ONE, Osaka, Japan, Fig. A. 25) was used to culture the cells at 

37℃ under a 5% CO2 atmosphere. 

 

Fig. A. 25 CO2 incubator (E-22, AS ONE, Osaka, Japan). 

 

(13) Clean bench 

The cell culturing operation was done inside the clean bench (CT-600UVAD, AS ONE, Osaka, 

Japan, Fig. A. 26) to ensure a germ-free environment. 

 
Fig. A. 26 Clean bench (CT-600UVAD, AS ONE, Osaka, Japan). 
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A.5 Reference 
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