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ABSTRACT 26 

The purpose of this study was to prepare alginate (ALG) microspheres with narrow size 27 

distribution using a combination of microchannel (MC) emulsification technique and external 28 

gelation method. ALG solution was dispersed as water-in-oil (W/O) emulsion droplets in iso-29 

octane containing 5 wt% Span 85 as the immiscible continuous phase via MC emulsification 30 

technique using hydrophobic MC array. The MC array used in this experiment is a grooved-31 

type MC consisting of 1,070 channels fabricated on a 25 mm x 28 mm silicon microchip. The 32 

monodisperse W/O emulsion droplets generated from the MCs were in the mean particle 33 

diameter (dav) range of 18 to 22 μm and coefficient of variation (CV) of 5 to 26% at the ALG 34 

concentrations of 0.5 to 3.0 wt% and flow rates of 0.05 to 0.4 mL/h. The dav of the emulsion 35 

droplets hardly changed below a dispersed phase threshold flow rate of 0.2 mL/h but 36 

gradually became smaller when the dispersed phase concentration was increased. The 37 

resulting emulsion droplets were then congealed to form rigid ALG gel particles by reacting 38 

them with calcium chloride (CaCl2) solution. Gelation of the ALG droplets by calcium ion 39 

(Ca
2+

) resulted in shrinkage of its dav, forming uniformly-sized ALG microspheres with an 40 

average diameter of 6.2 µm and a CV of below 10% at the ALG concentration of 3 wt%.  41 

 42 
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1. Introduction 51 

Hydrocolloid gel particles, for example, alginate (ALG) microspheres have found great 52 

potential in the application of encapsulation of materials such as drugs [1], proteins and 53 

enzymes [2,3], cells [4,5], DNA [6], probiotics [7], flavors [8] and nutrients [9], owing to 54 

their biocompatibility, inert nature, mild encapsulation temperature and high porosity which 55 

allows high diffusion rate of macromolecules.  56 

ALG are anionic polysaccharides isolated primarily from brown seaweed. They are 57 

linear, unbranched copolymers of β-D-mannuronic acid (M) and α-L-guluronic acid (G) units 58 

linked by 1→4 glycosidic bond with the M- and G- residues distributed as homopolymeric 59 

blocks of M, blocks of G or heteropolymeric blocks of alternating M and G residues [10]. 60 

ALG can form gels in the presence of divalent cations such as calcium due to the interchain 61 

binding between G blocks which give rise to a three-dimensional network calcium linked 62 

junctions known as “egg box model” [11].  63 

The production of ALG microspheres has traditionally been achieved by extruding an 64 

ALG solution from a needle into a divalent cationic solution to induce gelation [12, 13]. This 65 

relatively mild gelation process has enabled the retention of full biological activity of 66 

proteins, DNA and cells [2]. This method, unfortunately, lacks control over its particle size 67 

and size distribution. The resulting particles might simply be too large or polydisperse to be 68 

deemed efficacious for some practical applications. Reductions in particle size are of critical 69 

importance because the physical properties of the gel particles such as their mechanical 70 

strength, dispersion and mass transfer can be improved vastly while minimizing the rupture 71 

of beads due to gas formation and accumulation [5, 12]. Also, smaller and uniform 72 

microcapsules offer more consistent mechanical properties and the diffusion of oxygen and 73 

nutrients into all area of gel can be better facilitated [13].  74 
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Recent advances in the state-of-the-art technology of microfabrication have led to the 75 

development of an array of techniques such as membrane emulsification [14], microfluidic 76 

devices [15, 16] and microchannel emulsification [17, 18] capable of producing 77 

monodisperse colloidal particles. In recent years, several groups have attempted to produce 78 

monodisperse ALG microspheres using different microfluidic devices [5, 19] and electric 79 

field application [20]. Nevertheless, the sizes obtained were relatively large, in the range of 80 

50 μm to a few millimeters in size. Though Rondeau and Cooper-White successfully 81 

produced micro and nano sized ALG particles using an axisymmetric flow-focusing 82 

microfluidic device [21], the low concentration of ALG solutions used is a limiting factor in 83 

producing polymeric particles with enhanced structural and mechanical strength.  84 

Microchannel (MC) emulsification technique is one of the most promising methods to 85 

produce monodisperse colloidal droplets to date, having been exploited for the production of 86 

a multitude of monodisperse colloidal particles in the size range of 4-100 μm and minimum 87 

CV of less than 5% such as oil-in-water (O/W) emulsion [17, 18, 22], water-in-oil (W/O) 88 

emulsion [17, 23], solid lipid microspheres [24], gel microbeads [25] and giant vesicles [26] 89 

to name a few. Monodisperse emulsion droplets are generated from the MC by permeating a 90 

dispersed phase into a continuous phase through a surface-treated silicon MC with well-91 

defined geometries [17]. The driving force of the droplet generation is via the spontaneous 92 

transformation of droplets by interfacial tension [27]. This technique is highly energy 93 

efficient because energy loss due to viscous dissipation is very much lower than the 94 

conventional homogenization method which generally releases its energy as heat [28], thus 95 

making it a highly desirable method for the production of emulsions and encapsulation of 96 

highly sensitive compounds prone to destruction during processing.    97 

The aim of our study is to use MC emulsification technique to produce uniformly-sized 98 

W/O emulsion droplets with ALG solution as the aqueous phase and then using those 99 
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emulsion droplets to obtain ALG microspheres via external gelation method with CaCl2 100 

solution. The effects of ALG concentration and its flow rate on the size of the W/O emulsion 101 

droplets were also investigated. 102 

 103 

2. Materials and methods 104 

2.1 Materials 105 

Sodium ALG (viscosity of 80-120 mPa.s in 10 g/L at 20
o
C), sorbitan trioleate (Span 106 

85), polyoxyethylene sorbitan trioleate (Tween 85) and CaCl2 were purchased from Wako 107 

Pure Chemical Industries Ltd. (Osaka, Japan).  Iso-octane was obtained from Dojindo 108 

Laboratories (Kumamoto, Japan). Hexamethyldisilazane (LS-7150) was supplied by Shin-109 

Etsu Chemical Co. Ltd. (Tokyo, Japan) and was used for surface modification of the silicon 110 

MC plate and the glass plate. Milli-Q water was used for the preparation of all aqueous 111 

solutions.  112 

 113 

2.2 Formation of uniformly-sized ALG microspheres 114 

The preparation of ALG microspheres was based on the modified method of Wan et al. 115 

[29]. The formation of uniformly-sized ALG microspheres involved two separate steps: (1) 116 

preparation of W/O emulsion droplets by MC emulsification and (2) formation of ALG 117 

microspheres by external gelation.  118 

 119 

2.2.1 Preparation of W/O emulsion droplets by MC emulsification  120 

Uniformly-sized W/O emulsion droplets were obtained by MC emulsification 121 

technique as described previously by Kawakatsu et al. [30]. Fig. 1a shows the experimental 122 

setup, which consists of a grooved-type hydrophobized silicon plate (EP Tech. Co. Ltd., 123 

Hitachi, Japan, model CMS 6-1) tightly attached to an optically flat hydrophobized glass 124 
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plate in the MC module which was initially filled with the continuous phase, two syringe 125 

pumps (Model 11, Harvard Apparatus Inc., MA, USA) to supply the dispersed and 126 

continuous phases, a heating system set at 40
o
C to provide temperature controlled water 127 

circulation inside the module and a microscope video system to monitor and record the 128 

emulsification behavior. Fig. 1b depicts the grooved MC plate, consisting of 1,070 channels 129 

fabricated on a 25 mm x 28 mm silicon microchip, in which the channel width is 8 μm, 130 

terrace length is 40 μm, MC depth is 4 μm and well depth is 100 μm. Droplet generation 131 

occurred when the dispersed phase (ALG solution) was forced through the channels into the 132 

continuous phase and was distorted on the terrace, spontaneously transforming them into 133 

spherical droplets (Fig. 1c). The droplets formed were then swept away by the flow of the 134 

continuous phase which was set at 5 mL/h throughout the experiment. A glass plate was 135 

firmly attached to the MC plate to cover the top of the slits on the MC plate and to form 136 

channels between them. The glass and silicon MC plates were treated with a silane coupler 137 

reagent, hexamethyldisilazane to make their surfaces hydrophobic, so that they will be 138 

suitable for the preparation of W/O emulsion according to a modified method by Kawakatsu 139 

et al. [30]. Briefly, the glass and silicon MC plates were plasma oxidized and then soaked in 1 140 

M nitric acid overnight. After washing with water and allowing them to dry, both the glass 141 

and MC plates were dipped in hexamethyldisilazane (100% concentration for MC plate, 20% 142 

in hexane for glass plate) and left for 2 nights at room temperature. Finally, the unreacted 143 

materials were washed away.    144 

ALG solutions at varying concentrations (0.1 to 3.0 wt%) were prepared by dissolving 145 

ALG powder in Milli-Q water at 60
o
C for at least 2 hours. After storing the solutions at 4

o
C 146 

overnight to ensure complete hydration, the solutions were then maintained at 40
o
C (which is 147 

the emulsification temperature) before being used as the dispersed phase. The continuous 148 

phase consisted of Span 85 at a concentration of 5 wt% dissolved in iso-octane. In order to 149 
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improve the stability of the W/O emulsion and to prevent diffusion of the ALG droplets into 150 

the organic phase, iso-octane was pre-treated prior to use as follows: Span 85 in iso-octane 151 

was saturated with water by allowing it to come into contact with water at a volume ratio of 152 

9:1 (iso-octane:water) for 30 min, after which they were separated by centrifugation at 1200 x 153 

g for 15 min using a table centrifuge (KN-70, Kubota, Tokyo, Japan). The iso-octane 154 

supernatant part was used as the continuous phase [26]. 155 

The MC plate used for producing W/O emulsion in this experiment was cleaned using 156 

an ultrasonic bath (VS-100III, As One Co., Osaka, Japan) at a frequency of 45 kHz based on 157 

the following sequences: MC plate was cleaned in Milli-Q water for the first 20 min followed 158 

by Milli-Q water containing a non-ionic detergent for another 20 min, Milli-Q water 159 

containing ethanol (1:1 v/v proportion) for the next 20 min and another round of cleaning 160 

with Milli-Q water for the final 20 min. The MC plate was then left to dry in an oven at 60
o
C 161 

before use.  162 

 163 

2.2.2 Formation of alginate microspheres by external gelation 164 

Prior to the external gelation process, the W/O emulsion (~3.6 x 10
4
 droplets/mL) was 165 

diluted with iso-octane solution to a final Span 85 concentration of 2.3 wt% (~1.7 x 10
4
 166 

droplets/mL). Estimation of the number of droplets in the emulsion was based on the 167 

calculations made according to the amount of solubilized water in the continuous phase 168 

measured using the E-684 Karl Fisher Coulometer (Metrohm, Herisau, Switzerland). A 169 

solution containing 0.12 g Tween 85 in 0.54 g iso-octane was added to 5 g of the diluted 170 

emulsion and mixed gently with a stirrer for 5 min. Subsequently, 1.3 mL of 10 % aq. CaCl2 171 

solution was added into the emulsion to start the gelation process. After gentle mixing for 20 172 

min, the resulting ALG microspheres were rinsed three times with Milli-Q water by 173 
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successive centrifugation cycles (300 rpm, 10 min) and stored in Milli-Q water at room 174 

temperature.  175 

 176 

2.3 Determination of particle diameter 177 

The particle diameter of the emulsion droplets and microspheres were determined by 178 

measuring the diameter of the captured images of over 200 particles using an image 179 

processing software (Winroof, Mitani Co., Fukui, Japan). The coefficient of variation (CV) 180 

was calculated based on the following equation:  181 

CV = (σ / dav) x 100 182 

where σ is the standard deviation and dav is the mean particle diameter. 183 

 184 

2.4 Microscopy observation 185 

The morphologies of some selected emulsions and ALG microspheres were observed 186 

using a light microscope (Leica DM IRM; Leica Microsystems Wetzlar GmbH, Germany). A 187 

drop of the sample was placed on a microscope slide and covered with a cover slip. 188 

Photomicrography images of the samples were captured using digital image processing 189 

software (Canopus Co. Ltd., Japan). 190 

 191 

2.5 Determination of viscosity 192 

The viscosities of both the dispersed phase and continuous phase containing 5 wt% Span 85 193 

were measured using a vibrational viscometer (SV-10, A&D Company Ltd. Tokyo, Japan) at 194 

25
o
C. Vibrational viscometer measures viscosity by detecting the electromagnetic electric 195 

current necessary to resonate the two sensor plates (immersed in the fluid sample whose 196 

viscosity is to be determined) at a constant frequency and amplitude. The driving electric 197 

current will be detected as the magnitude of viscosity produced between the sensor plates and 198 
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the fluid sample. The viscosity measured was then calculated to obtain the absolute viscosity 199 

based on the following formula:  200 

Absolute viscosity = viscosity measured / density 201 

The absolute viscosity value was referred simply as viscosity throughout the manuscript. 202 

Each measurement was repeated five times and the calculated mean values were used. 203 

 204 

2.6 Determination of interfacial tension  205 

The interfacial tension between an ALG solution (0 to 3 wt%) and the continuous phase 206 

was determined by using the pendant drop method. The profile of the drop of ALG solution 207 

suspended in 5 wt% Span 85 was measured using a full automatic interfacial tensiometer 208 

(PD-W, Kyowa Interface Science Co., Ltd., Saitama, Japan). Each measurement was repeated 209 

at least 20 times and the calculated mean values were used. 210 

 211 

2.7 Determination of contact angle 212 

The static contact angle in this study was defined as the angle of the ALG solution 213 

droplet to the MC plate surface in the continuous phase. These contact angles were measured 214 

by analyzing the images captured of the ALG solution droplets after the shape of the ALG 215 

solution droplets became stable on the MC plate surface. Each measurement was repeated at 216 

least five times and the calculated mean values were used. 217 

 218 

3. Results and discussion 219 

3.1 Preparation of W/O emulsion droplets by MC emulsification  220 

W/O emulsion droplets were used as precursors for the formation of uniformly-sized 221 

ALG microspheres. Kawakatsu et al. first proposed the production of monodipserse W/O 222 

emulsions using hydrophobic grooved MC arrays, which consisted of highly uniform micro-223 
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grooves with a slit-like terrace and a deeply etched well [17]. Fig. 2 shows the successful MC 224 

emulsification of uniformly-sized W/O emulsion droplets with 3 wt% ALG solution as the 225 

dispersed phase (flow rate of 0.05 mL/h) and 5 wt% Span 85 in iso-octane as the continuous 226 

phase (flow rate of 5 mL/h). It has been suggested that a low hydrophilic-lipophilic-balance 227 

(HLB) value of the surfactant was necessary to produce stable W/O emulsions by MC [23].  228 

The surfactant used in our experiment, Span 85, has an HLB value of 1.8 and was found to be 229 

capable of forming stable W/O emulsions. During droplet generations, the dispersed phase 230 

passed through the channels and began to expand in a disk-like shape at the terrace which 231 

continued to expand in the well and subsequently detached from the well. The domineering 232 

force of the spontaneous transformation of the to-be-dispersed phase can be explained by the 233 

interfacial tension effects on the terrace and in the well due to the instability and nonlinearity 234 

flow of the to-be dispersed and continuous phases [31]. Microscopic observation of the 235 

sample withdrawn from the dispersions before the addition of CaCl2 revealed a morphology 236 

that is uniformly-sized, discrete and spherical. The surfaces of the MC plate and glass plate 237 

which were initially hydrophilic (due to the presence of silanol groups on their surface) were 238 

modified by hexamethyldisilazane to make them hydrophobic. After silanization, the static 239 

contact angles of the ALG solutions on the surface of the modified MC plate were measured 240 

to be approximately 145
o
-150

o
 across the various ALG concentration studied (from 0.1 wt% 241 

to 3 wt%), indicating that the difference in the ALG concentrations did not have a remarkable 242 

effect on the contact angles (Table 1). Sugiura et al. and Kawakatsu et al. reported that when 243 

the contact angles were greater than 120
o
, W/O emulsions were successfully generated from 244 

the MCs and these contact angles were found to be dependent on the composition of the oil 245 

phase (i.e. the continuous phase of W/O emulsion), the type of surfactant and silane coupler 246 

reagent used for the modification of the MC surface [23, 30]. Furthermore, these large 247 

contact angles were also an indication of the preferential wetting of the channel surface by 248 
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the continuous phase, which is another important prerequisite for the successful generation of 249 

uniformly sized droplets [17, 30]. 250 

 251 

3.2 Effect of ALG concentration in dispersed phase  252 

Other factors have also been identified to affect droplet formation, such as channel 253 

geometry, composition of the to-be-dispersed phase and continuous phase and types of 254 

surfactants/emulsifiers [32-34]. The viscosity ratio of dispersed phase to continuous phase 255 

has also been indicated to be another determining factor influencing the formation time and 256 

size of emulsion droplets [30, 35]. In our experiment, the effect of dispersed phase 257 

concentration on the dav and CV of the W/O emulsion was investigated (Fig. 3a). The 258 

viscosity of the ALG solution, as expected, increased with higher ALG concentration while 259 

the interfacial tension at the interface of the ALG solution (concentration of 0.1 wt% to 3.0 260 

wt%) and continuous phase remained almost unchanged (Table 1). The flow rates of the 261 

dispersed and continuous phases were controlled at 0.05 mL/h and 5 mL/h respectively. 262 

When the ALG concentration was increased, the dav and the CV of the emulsion droplets 263 

decreased from ca. 22 m to 18 m and 26% to 5% respectively (Fig. 3a). These results 264 

correlated well with its particle size distribution which became narrower as the ALG 265 

concentration was increased, indicating the formation of a more regular W/O emulsion 266 

droplets (Fig. 3b). Kawakatsu et al. [30] demonstrated a decrease in the dav when the ratio of 267 

the viscosity of the dispersed phase to the continuous phase increased. As the viscosity of the 268 

dispersed phase increased, the rate in which the dispersed phase was transferred to the terrace 269 

became slower, causing the amount of the dispersed phase supplied into the well and 270 

subsequently the channel exit to decrease [30, 35], hence explained the smaller dav obtained 271 

in our experiment. Kobayashi et al. reported that a decrease in the droplet diameter of SDS 272 

stabilized O/W emulsion droplets produced via the oblong MCs was influenced by the 273 
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increase in the dispersed phase (silicone oil) viscosity at below the threshold level of 100 274 

mPa. On the other hand, they attributed the increase in the droplet diameter above the 275 

threshold level to the reduction in the dynamic interfacial tension [36].  276 

A study by Sugiura et al. revealed that a low to-be-dispersed phase viscosity during MC 277 

emulsification will lead to an increase in the production rate of droplets from each channel 278 

[35]. However, this was apparently not the case in our study as droplet formation from the 279 

channels proved to be difficult at low dispersed phase viscosity (i.e. ALG concentration of 280 

0.1 wt%). At the start of the emulsification process, the dispersed phase appeared to have 281 

flowed through the channels and reached the channel exits. However, very few droplets were 282 

generated as almost no channels were functioning except for a few channels (Fig. 4a). These 283 

active channels too soon stopped working shortly after the droplets were formed. Emulsion 284 

droplets could only be generated again from the MCs when more force was applied to the 285 

dispersed phase flow. Once this force was removed, droplets generation from the channels 286 

stopped instantly, concurrently with the withdrawal of the dispersed phase back into the 287 

narrow channels.  288 

A close look at these channels showed some small aggregates consisting of tiny 289 

droplets accumulating at the channel cleavage and blocking the outflow of the dispersed 290 

phase from the channel exits. These aggregates could also be seen to form a layer on the 291 

surface of some of the freshly formed droplets under low ALG emulsification condition (Fig. 292 

3c). However, when sodium chloride (~0.5 wt%) enriched ALG solution was used as the 293 

dispersed phase, no aggregates were observed and emulsion droplets could be formed easily 294 

even without exerting extra pressure to the dispersed phase. Similar observations were also 295 

noted by Kobayashi et al. who studied the effect of osmotic pressure of the pure and salted 296 

water dispersed phase on the formation behavior of W/O emulsion through an asymmetric 297 

straight-through MC array [37]. They reported the formation of highly uniform aqueous 298 
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droplets at an osmotic pressure of 0.42 MPa and above but at a low osmotic pressure (i.e. 299 

0.085 MPa and below), droplets formed were polydisperse and were marked by the presence 300 

of a rough thin layer surrounding the droplets, in correlation to our observation as mentioned 301 

earlier. They suggested this to a phenomenon known as “spontaneous emulsification (SE)”, 302 

which occurred at the interface between two liquids under a favorable condition. 303 

 In order to confirm this phenomenon, the following experiment was carried out to 304 

mimic the behavior of the emulsion droplets in the continuous phase. A small drop of the 305 

dispersed phase (0.1 wt% ALG concentration) measuring about 1 mm in diameter was 306 

carefully dispensed from a syringe needle and allowed to hang in the continuous phase while 307 

making sure that the drop did not detach from the tip of the needle during the course of the 308 

experiment. Changes to the interface of the drops were observed over time (Fig. 4b(i)). At the 309 

start of the experiment, the surface of the drop was clearly smooth (0 min). As time evolved, 310 

a whitish layer (which appeared to be aggregates of small droplets) surrounding the bottom 311 

portion of the drop started to become visible (15 min). This whitish layer continued to grow 312 

over time until it completely covered the whole drop (30 min) and finally formed a rough 313 

contour of aggregates around the drop (45 min). The growth of the observed whitish layer is 314 

evidently consistent with the behavior of SE. Uricanu et al. in their study on SE behavior at 315 

the water-oil interfaces with pure or salted water or gelatin solutions as the aqueous phase 316 

and Span 80 in dodecane as the oil phase, discovered the formation of sparse small droplets 317 

that increased in number and size over time until the concentration gradients between the oil 318 

phase and water-oil interface reached equilibrium [38]. SE can only occur at above a 319 

surfactant threshold concentration [38] and in our study, the Span 85 at a concentration of 5 320 

wt% was more than sufficient to induce SE especially at low ALG concentration. 321 

Nevertheless, at higher ALG concentration, for example 2.0 wt%, while keeping the 322 

concentration of surfactant constant, the process of SE was somewhat delayed or inhibited as 323 
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the drop surface appeared to be smooth throughout the duration of the experiment (Fig. 324 

4b(ii)), a result which was similar to the observation during MC emulsification.  325 

The presence of other components (e.g. salt or gelatin) in the aqueous phase has been 326 

shown to suppress SE though not likely to arrest the process completely [38]. The presence of 327 

sufficiently high ALG concentration in the aqueous phase in our study was believed to have 328 

exerted the same effect of protecting the interface against SE. The mechanisms that is 329 

responsible for SE is still not very well understood. It has been reported that electrolyte such 330 

as potassium chloride, when added to the dispersed phase act as a stabilizer for W/O 331 

emulsion droplets [39]. The presence of additives like salt will create an osmotic pressure in 332 

the water phase, forcing the surfactant to compete with the salt and interfering in the mass 333 

transport of water molecules across the water-oil interface [38]. Therefore, in enriched 334 

aqueous phase (with salt or gelatin), a higher surfactant concentration would be needed to 335 

induce SE [38]. Also, as a result of preferential hydration of salt, a decrease in the interaction 336 

between water molecules and the hydrophilic group of surfactant molecules at the interface of 337 

the water-oil could have also strongly suppressed SE [40].  338 

Though the presence of salt in one way will aid in the inhibition of SE, their presence 339 

will also result in an ALG gel structure which is physically unstable and weak such as when 340 

the anti-gelling cation of sodium and magnesium ions or chelating agents are used [7]. 341 

Considering all these factors, the most strategic resolution would be to produce the emulsion 342 

using a higher ALG concentration to avoid the incorporation of salt in the aqueous phase. 343 

Moreover, ALG particles made from high viscosity ALG solutions will impart the gel 344 

structure which is mechanically and physically more superior due to an increase in the 345 

polymer chain density and entanglement [4, 13].  346 

 347 

3.3 Effect of flow rate of dispersed phase 348 
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In order to investigate the effect of flow rate of the dispersed phase on the dav and its 349 

CV, the flow rate of the ALG solution was varied from 0.05 mL/h to 0.4 mL/h with the 350 

continuous phase flow rate fixed at 5 mL/h and ALG concentration kept constant at 3 wt%. 351 

We did not study the effect of the continuous phase flow rate as it has been reported 352 

previously that its influence was minimal [41]. Figs. 5a and 5b show changes in the dav, CV 353 

and particle size distribution of the O/W emulsion droplets as a function of the dispersed 354 

phase flow rate. At a dispersed phase flow rate of 0.2 mL/h and below, the dav of the W/O 355 

emulsion droplets was measured to be consistently the same at 18 μm but at a flow rate above 356 

0.2 mL/h, a slight increase in the dav was observed (Fig. 5a). During droplet formation, the 357 

formation of larger dav at a higher dispersed phase flow rate could be attributed to the increase 358 

in the volume of the dispersed phase that flowed into the well as the dispersed phase flow rate 359 

was increase. Nevertheless, the CV remained almost constant and the change in dav was in 360 

fact not as pronounced as the one encountered when the ALG concentration was increased. 361 

Kobayashi et al. revealed that when soy bean oil or silicone oil was used as the dispersed 362 

phase and 1.0 wt% SDS was used as the continuous phase, the size of the droplet diameter of 363 

O/W emulsions was independent of the dispersed phase flow rate at below a threshold level 364 

but above this critical level, the increase in the droplet size was highly dependent on the 365 

dispersed phase velocity inside the channel [42]. Sugiura et al. noted that the increase in the 366 

dav as attributed to an increase in the dispersed phase flow rate was especially more obvious 367 

when the viscosity of the continuous phase was higher (e.g. in tetradecane or hexadecane) but 368 

to a lesser extent when a lower viscosity continuous phase was used (e.g. octane or decane) 369 

due to the longer duration taken to form droplets at the former [23].  370 

Fig. 5c shows the droplet productivity at different flow rates of the dispersed phase 371 

based on the calculation of the dav. The rate of increment in droplet productivity was 372 

especially more conspicuous at the flow rates of 0.2 mL/h and below because the dav obtained 373 
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remained relatively unchanged even with an increase in the flow rates of the dispersed phase. 374 

In fact, droplet productivity at these flow rates can be expressed by the following simple 375 

linear equation:  376 

f = 3.2x10
8
Qd 377 

where f is the droplet productivity (number of droplets/h) and Qd is the flow rate of alginate 378 

solution (mL/h). In contrast, above these flow rates, the rate of increment in their droplet 379 

productivity was less pronounced due to the formation of droplets with larger volume marked 380 

by higher flow rates. 381 

 382 

3.4 Formation of ALG microspheres by external gelation 383 

Prior to external gelation, Tween 85 was added to the W/O emulsion followed 384 

subsequently by the addition of CaCl2 to induce gelation. At the ALG concentration of 3 385 

wt%, shrinkage of the ALG gel particles by approximately 96% (volume basis) from the 386 

initial W/O dav of 18.1 μm prior to gelation (Fig. 6a(i)) to ca. 6.2 μm of ALG microspheres 387 

after gelation (Fig. 6a(iv)) was observed. The ALG microspheres obtained appeared to be 388 

highly spherical and uniform in size with no visible imperfections or irregularities at a CV of 389 

below 10%. The decrease in particle size was supported by the particle size distribution 390 

which showed a shift of its size distribution from the upper size range to the lower size range 391 

(Fig. 6b).    392 

The addition of the right blend of a lipophilic surfactant (i.e Span 85) and a hydrophilic 393 

surfactant (i.e Tween 85) has been reported to improve droplet dispersity [43], hence 394 

facilitate the formation of a more stable emulsion. In addition, the incorporation of sufficient 395 

quantities of the surfactants are essential to ensure that the particles formed are discrete and 396 

spherical in shape and not distorted or fused together in large aggregates [44]. Also, the 397 

hydrophile-lipophile balance (HLB) of the surfactant mixture has been found to affect the 398 
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size distribution, shape and drug release profile of the ALG microspheres [29]. Fig. 6a shows 399 

the microscopy images of the W/O emulsion before external gelation and ALG microspheres 400 

after external gelation. The ALG microspheres were subjected to different concentration 401 

ratios of the surfactants in order to optimize the best condition for the formation of discrete 402 

and uniformly-sized ALG microspheres. Both Tween 85 and Span 85 are non-ionic 403 

surfactants with HLB values of 11.0 and 1.8 respectively. In the absence of Tween 85 404 

(concentration ratio of Tween 85 to Span 85 of 0), microspheres obtained were highly 405 

aggregated (Fig. 6a(ii)). However when Tween 85 was incorporated into the system at a 406 

concentration ratio of 0.5, the aggregation appeared to be less pronounced (Fig. 6a(iii)). 407 

Nevertheless, in both cases, it was difficult to disperse the aggregated droplets by water bath 408 

sonication. At a higher Tween 85 to Span 85 concentration ratio of 1.0 (equivalent to higher 409 

HLB value), the microspheres obtained were dispersed as discrete spherical particles (Fig. 410 

6a(iv)). In the event of some slight flocculations, we were able to separate these flocs into 411 

discrete particles by subjecting the particles to sonication while maintaining its uniformity. 412 

Wan et al. suggested that surfactant mixture with a higher HLB value (equivalent to a higher 413 

proportion of the hydrophilic surfactant) has a greater affinity for CaCl2 [44], and hence 414 

would be able to form rigid microspheres completely before they could be distorted by the 415 

turbulence resulting from introducing CaCl2 solution into the system. Therefore, the right 416 

proportion of the two surfactants is critical in order to obtain ALG particles with the desired 417 

attributes. Other factors indicated to have pronounced influences on the size and morphology 418 

of the ALG microspheres were stirring speed, rate of CaCl2 addition, concentration and 419 

composition of encapsulating material [43].  420 

CaCl2 acts as a cross-linking agent, whereby the positively charged Ca
2+

 ions form 421 

electrostatic bridges between the negatively charged polysaccharides [45]. These divalent 422 

cations participated in the intermolecular binding between the relatively stiff G-blocks on 423 
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different ALG molecules by forming junction zones which resulted in a three dimensional 424 

network gel. The binding zone between G-blocks is commonly known as the “egg-box 425 

model” [11]. CaCl2 would initially react with sodium alginate on the surface of the particles, 426 

enveloping the liquid particles with a thin layer of calcium alginate. The gradual diffusion of 427 

CaCl2 into the core of the particles would eventually congeal the liquid core into rigid 428 

microparticles [43].  429 

It is also well established that calcium–alginate gels shrink during gel formation due to 430 

water loss [46]. The kinetics of shrinkage may not solely lie with the gelation process as 431 

described above but may also be attributed to the process prior to gelation ie. during the MC 432 

emulsification process. Rondeau and Cooper-White attributed the size reduction of the ALG 433 

droplets during their transport downstream along the microfluidic channel to loss of water 434 

due to diffusion out of the polymeric droplets as a result of its partial miscibility with the 435 

continuous phase (which consists of anhydrous dimethyl carbonate) [21]. Presumably, the 436 

same phenomena occurred in our system, the diffusion of water at the interface of the two 437 

phases ie. the ALG and the Span 85-containing iso-octane phases are expected to proceed till 438 

both phases are in equilibrium with respect to each other. There is a possibility that the 439 

solvent exchange process could have taken place simultaneously with the gelation process 440 

unless the above mentioned equilibrium process is reached before the cross-linking process. 441 

Otherwise, the diffusion of the ALG phase would only stopped when it reached a stage in 442 

which the gel particles became condensed and finally hardened. Therefore, the relative 443 

solvency of the two liquids plays an important role in determining the rate of diffusion. This 444 

competing kinetics would have been one of the determining factors affecting its particle size. 445 

In addition, an increase in the Ca
2+

 content has also been widely known to cause greater 446 

shrinkage due to enhanced crosslinking density [13]. The degree of shrinkage has also been 447 

reported to be affected by the initial ALG concentration in the solution with a higher 448 
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concentration contributing to a much smaller and slower volume loss [21]. For example, we 449 

noticed that the W/O emulsion droplets produced at 0.1 wt% ALG concentration completely 450 

disappeared (based on our unaided eye observation) after leaving them overnight. In contrast, 451 

the presence of emulsion droplets was still evident after overnight when the concentration of 452 

ALG used was greater.  453 

 454 

4. Conclusions 455 

Uniformly-sized ALG microspheres were successfully fabricated using the combined 456 

MC emulsification technique and external gelation method. The formation of uniformly-sized 457 

W/O emulsion by MC emulsification preceded the formation of ALG microspheres. 458 

Emulsion droplets formed were between 18 to 22 μm at ALG concentration of 0.5% to 3.0 459 

wt% and flow rate of 0.05 to 0.4 mL/h. Droplet generation appeared to be difficult at low 460 

ALG concentration (i.e. 0.1 wt%), probably as a result of the spontaneous emulsification (SE) 461 

phenomenon. Nevertheless, the smallest dav and lowest CV of the W/O emulsions were 462 

obtained when the dispersed phase viscosity was at its highest while the flow rate of the 463 

dispersed phase was at the lowest. The dav and CV of the ALG microspheres prepared at an 464 

ALG concentration of 3 wt% upon gelation was ca. 6.2 μm and below 10% respectively. 465 
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FIGURE CAPTIONS 614 

Fig. 1 (a) Microchannel emulsification experimental set-up. (b) Schematic diagram of the 615 

surface view and dimensions of CMS 6-1 silicon MC plate. (c) Schematic diagram of the 616 

flow in the MC module. 617 

Fig. 2 Microscopy image of droplet formation from the grooved microchannel plate at an 618 

alginate concentration of 3 wt%. The flow rates of the dispersed and continuous phases 619 

during MC emulsification were 0.05 and 5 mL/h, respectively. 620 

Fig. 3 Effects of alginate concentration in the dispersed phase on the produced water-in-oil 621 

emulsions: (a) mean droplet diameters (dav) and coefficient of variations (CV) and (b) droplet 622 

size distributions. The flow rates of the continuous and disperse phases during MC emulsion 623 

were 5 and 0.05 mL/h, respectively. 624 

Fig. 4 (a) Microscopy image of droplet formation from the grooved microchannel plate at an 625 

alginate concentration of 0.1 wt%. The magnified view shows aggregates forming small 626 

aqueous droplets surrounding the to-be-dispersed phase prior to detachment as a droplet from 627 

the channel. The flow rates of the dispersed and continuous phases during MC emulsification 628 

were 0.05 mL/h and 5 mL/h, respectively. (b) Time evolution of spontaneous emulsification 629 

for (i) 0.1 wt% (ii) 2.0 wt% alginate concentration/iso-octane system with 5 wt% Span 85.  630 

Fig. 5 Effects of dispersed phase flow rates on the produced water-in-oil emulsions: (a) mean 631 

particle diameters (dav) and coefficient of variations (CV), (b) particle size distributions and 632 

(c) droplet formation rate. Alginate concentration was prepared at 3 wt%. The flow rate of the 633 

continuous phase during MC emulsion was 5 mL/h.  634 

Fig. 6 (a) Effect of surfactant ratio (Tween 85: Span 85) on the microscopy images of 635 

alginate microspheres (i) original water-in-oil emulsion (before external gelation) (ii) 0:1 (iii) 636 
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0.5:1 (iv) 1:1 (b) Particle size distribution of (i) original water-in-oil emulsion (before 637 

external gelation) (ii) alginate microspheres after external gelation prepared at alginate 638 

concentration of 3 wt%, dispersed phase  flow rate of 0.05 mL/h and continuous phase flow 639 

rate of 5 mL/h. Alginate microspheres were dispersed in Milli-Q water except for the water-640 

in-oil emulsion droplets which were dispersed in 5 wt% Span 85 in iso-octane. 641 
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Table 1  

Viscosity of alginate solutions, interfacial tension and static contact angle of the experimental 

system used in this study  

Concentration 

(wt%) 
Viscosity, 

a
 

(mPa.s) 

Interfacial tension,  

(mN/m) 

Static contact angle,  

(
o
) 

 
Dispersed phase (Alginate solution) 

 
0 

0.1 

0.5 

1.0 

2.0 

3.0 

 
0.86 

3.49 

   14.2 

   47.1 

   239 

   658 

 

 
6.7 

6.5 

6.3 

5.6 

5.2 

4.0 

 

 
146.5 

149.6 

146.2 

145.3 

145.1 

148.4 

Continuous phase (Span 85 in iso-octane) 
 

5.0 
 

0.43 
- - 

 

a 
Referred to as absolute viscosity. Measured at 25

o
C by means of a vibrational viscometer.  
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