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Abstract 25 

This study focuses on developing bio-based thermal energy storage microcapsules (MCs) 26 

by spray drying. New MCs were successfully prepared using ethyl laurate as the core 27 

material (phase change material; PCM), and gelatin as the outer shell. Various physical 28 

cross-linkers for the outer shell and spray-drying temperatures were tested to improve 29 

the stability of MCs and retention of the PCM. It was found that physical cross-linking 30 

by tannic acid under acidic to neutral pH conditions was the most effective in 31 

strengthening the outer shell and that a spray-drying temperature of 120 °C was optimal 32 

for obtaining well-dried MCs with minimal PCM loss. Higher core/shell ratios resulted 33 

in higher encapsulation efficiency, indicating that more PCM could be effectively 34 

encapsulated. These MCs showed the improved PCM content and thermal stability, 35 

reaching 70.1% PCM content at a core/shell ratio of 5. Heat storage tests for MCs showed 36 

significant suppression of temperature change between -5 °C and 3 °C. 37 

Keywords: Bio-based thermal energy storage microcapsule; Gelatin; PCM; Spray drying; 38 

Tannic acid 39 
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Introduction 42 

As the world's population grows and the economy and technology develop, the energy 43 

demand has been increasing. Most of the energy in the world is derived from fossil fuels, 44 

but their amount is limited. In addition, CO2 emission has been a burden on the 45 

environment [1]. Therefore, renewable energy sources, such as solar energy, have been 46 

currently attracting attention. However, as solar energy can only be obtained during the 47 

daytime, renewable energy often cannot be supplied continuously and stably [2]. To solve 48 

these problems, thermal energy storage technology has attracted attention [3, 4]. 49 

Latent-heat-based thermal energy storage systems are those utilizing phase change 50 

materials (PCMs) as the key materials [5]. However, using PCM alone has some 51 

drawbacks, such as PCM leaking during melting [6]. To overcome these disadvantages, 52 

thermal energy storage microcapsules (MCs) are frequently used [1, 7]. The 53 

microencapsulation of PCM facilitates a wide range of applications and is expected for 54 

use in many fields, such as building materials and clothing [8]. MCs can be produced by 55 

three main methods, ie., physical, chemical, and physicochemical methods [9, 10]: 56 

Physical methods include spray drying [11] and solvent separation [12], chemical 57 

methods include interfacial polymerization [13] and in situ polymerization [14], and 58 

physicochemical methods include coacervation [15]. 59 

Currently, paraffin is often used as the PCM, and polymers such as melamine and 60 

urea resins are used for the outer shell as the major materials for MCs. Although paraffin 61 

has higher heat storage density, it is not biodegradable in the natural environment due 62 

to its stability. In addition, it is produced from petroleum resources. Similarly, synthetic 63 

polymers as the shell material are not biodegradable and can cause microplastic 64 

problems when leaked into nature. Therefore, bio-based MCs have been investigated 65 

using materials derived from animal and plant resources [16-18]. However, reports on 66 
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the preparation of thermal storage MCs using only biodegradable materials are still 67 

limited [19-22]. Although complex coacervation has been often used for the preparation 68 

of MCs using gelatin-gum arabic, this process requires precise pH adjustment to form 69 

the complex coacervate and is not suitable for mass production. Moreover, one of its raw 70 

materials, gum arabic, is facing supply concerns, including price fluctuations [23]. On 71 

the other hand, it is also known that capsules can be prepared only from gelatin, which 72 

can be stably supplied, and there is potential for application to gelatin-based thermal 73 

storage MCs [24, 25]. 74 

If thermal energy storage MCs could be prepared using only edible materials such as 75 

gelatin, they could be used for food-related applications. Currently, however, there is 76 

little information on the preparation of edible thermal energy storage MCs. In addition, 77 

there are few reports on the preparation of edible MCs by spray drying, which is 78 

considered suitable for industrial scale-up. Hence, it is required to obtain detailed 79 

information on spray drying when only edible materials are used. In this study, gelatin 80 

and ethyl laurate, both of which are biodegradable and edible, were used to prepare the 81 

MCs. In encapsulation, physical cross-linking treatment is often performed to strengthen 82 

the outer shell. Therefore, physical cross-linking conditions were optimized. The ratio of 83 

the PCM to shell (core/shell ratio) was also evaluated to produce the edible MCs with 84 

higher heat storage capacity. 85 

 86 

Materials and Methods 87 

Materials 88 

The major reagents (ethyl laurate, gelatin, tannic acid, glutaraldehyde, sodium 89 

tripolyphosphate, gallic acid, citric acid, sodium hydroxide, and hydrochloric acid) used 90 

for the preparation of MCs were purchased from FUJIFILM Wako Pure Chemicals 91 
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(Osaka, Japan). Transglutaminase (ACTIVA-TI) was purchased from Ajinomoto (Tokyo, 92 

Japan). 93 

 94 

Effect of type of physical cross-linking agent and spray-drying temperature on MC 95 

formation 96 

MCs containing ethyl laurate as the PCM were prepared by spray-drying an emulsion 97 

as follows: Ethyl laurate (equal mass to gelatin) was mixed with a 5 mass% gelatin 98 

solution in distilled water (about 200 mL, 40 °C). Emulsions were prepared by stirring 99 

the mixture at 16,000 rpm for 3 min using a homogenizer (T25 digital with an S25N-18G 100 

shaft, IKA Japan, Osaka). Then, a predetermined amount (1–10 mass% of gelatin) of the 101 

physical cross-linking agent was added to the resulting emulsion and stirred for a fixed 102 

time (1–24 h), where tannic acid, glutaraldehyde, transglutaminase tripolyphosphate, 103 

citric acid, or their mixtures were used as the physical cross-linking agents. As necessary, 104 

pH of the resulting mixture was adjusted with 0.2 mol/L hydrochloric acid or 0.2 mol/L 105 

sodium hydroxide solution. Note that, when pH is <7, tannic acid and gelatin form a 106 

strong structure via hydrogen bonding [26]. Because the interaction via hydrogen 107 

bonding is not strictly "cross-linking", it is treated as “physical cross-linking” in this 108 

study. 109 

The suspension was dried by a spray dryer (LB-8, Okawara Kakoki, Kanagawa, 110 

Japan). The inlet temperature of the dryer was 80–180 °C, and the flow rate of the 111 

solution was 20 mL/min, with an atomizer speed of 30,000 rpm. The final MCs were 112 

obtained as a powder. Note that the LB-8 is a large spray dryer for lab-scale use (3 kg/h 113 

water evaporation), and at least 10 L of solution would be required to properly calculate 114 

the powder yield. However, in this study, the amount of solution was about 200 mL, 115 

which was considerably small for calculating the yield. Therefore, the powder yield was 116 
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not calculated in this study. 117 

 118 

Effects of core/shell ratio and physical cross-linking conditions by tannic acid on 119 

the properties of MCs 120 

MCs with the outer shell physically cross-linked by tannic acid were prepared under 121 

various conditions. The amount of added ethyl laurate (PCM) was 1–5 times the mass of 122 

gelatin, and the amount of added tannic acid was 5–20 mass% of the gelatin mass. The 123 

pH was adjusted to 4.0–9.0 by 0.2 mol/L hydrochloric acid or 0.2 mol/L sodium hydroxide 124 

solution during the physical cross-linking treatment. The resulting suspension was 125 

spray-dried to produce MCs. 126 

 127 

Evaluation of the thermal storage properties of MCs by differential scanning 128 

calorimetry 129 

Differential scanning calorimetry (DSC) analysis was performed to measure the thermal 130 

storage behavior of the MCs using a DSC-60plus differential scanning calorimeter 131 

(Shimadzu, Kyoto, Japan) with the following conditions: Holding at 35 °C; temperature 132 

drop to -35 °C at -10 °C min-1; holding at -35 °C for 1 min; temperature increase from -133 

35 °C to 35 °C at 10 °C min-1. The measurements were performed in triplicate. Area of 134 

the melting peak of PCM was measured, and the enthalpy of melting (Δ𝐻୫; J g-MC-1) 135 

was then calculated by dividing the area by the sample mass. 136 

 137 

Evaluation of the thermal stability of MCs by thermogravimetric analysis 138 

Thermogravimetric analysis (TGA) was performed to evaluate thermal stability of the 139 

MCs. An STA6000 thermogravimeter (Perkin Elmer, Waltham, MA, USA) was used for 140 

the analysis. MC sample was weighed into crucibles and heated at a constant rate of 141 
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10 °C min-1 from 50 °C to 600 °C while nitrogen gas (flow rate 18 mL min-1) was supplied 142 

to the device. 143 

 144 

Measurement for the particle size distribution of MCs 145 

Particle size of the MCs was measured using a laser diffraction particle size analyzer 146 

(SALD-2000, Shimadzu). The sample was prepared by dispersing a small amount of MCs 147 

in warm water. 148 

 149 

Measurement of the surface morphology 150 

The surface morphology of the MCs was analyzed using an analytical scanning electron 151 

microscope (SEM, SU-6600, Hitachi High-Tech, Tokyo, Japan) under a low vacuum. 152 

 153 

Evaluation of thermal storage capacity against temperature change 154 

Cylindrical epoxy resin rods (9 mm 𝜙  × 35 mm, about 2.4 g) enclosing a K-type 155 

thermocouple were prepared to evaluate thermal storage capacity. The resin rod was 156 

placed in a 50-mL plastic centrifuge tube (27 mm I.D. × 120 mm), and the tube was filled 157 

with the powdery MCs to cover the rod. The tube was then placed in an environmental 158 

test chamber (SH-242, ESPEC, Osaka, Japan), and the ambient temperature of the tube 159 

was changed. The temperature program was as follows: holding at an initial temperature 160 

of 10 °C, holding at -25 °C for 1 h, holding at 10 °C for 1 h, and holding at -25 °C for 1 h. 161 

Temperature change of the resin rod was recorded by a data logger (GL240, Graphtec, 162 

Kanagawa, Japan). 163 

 164 

Results and discussion 165 

Effects of various physical cross-linking agents on the properties of MCs 166 
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Figure 1 shows typical DSC curves of MCs prepared with and without physical cross-167 

linking agents. Melting and crystallization (solidification) peaks of PCM (ethyl laurate) 168 

were observed for each sample. Although an endothermic peak associated with the 169 

melting of PCM was observed at about -2 °C (𝑇୫,୮ୣୟ୩) in all cases, the solidification 170 

behavior differed greatly depending on the sample. In all thermograms, a large 171 

difference in crystallization and melting peak temperatures was observed due to great 172 

supercooling. This difference would be ascribed to the fast temperature decrease rate of 173 

-10°C min-1, which is considered to be larger than the intrinsic difference. In the case of 174 

bulk PCM (PCM only), an exothermic peak was observed at about -10 °C (𝑇ୡ,୮ୣୟ୩) when 175 

decreasing the temperature. On the other hand, encapsulation lowered the peak 176 

temperature, 𝑇ୡ,୮ୣୟ୩ , below -10 °C, and in some cases, multiple solidification peaks 177 

appeared. This reason would be that the isolation of PCM by microencapsulation 178 

suppressed nucleation during solidification [27]. The mechanisms are as follows: In the 179 

case of bulk PCM, if nucleation occurs at even one location, the entire PCM begins to 180 

solidify. However, in the case of MC, the PCM is isolated by the outer shell of the capsule. 181 

If nucleation does not occur within the individual capsule, the PCM inside the capsule 182 

will not solidify. Therefore, the solidification temperature would decrease by 183 

microencapsulation. Furthermore, focusing on the number of peaks, a small peak of 184 

crystallization was observed around -22 °C in the case, for example, without physical 185 

cross-linking, in addition to that around -12 °C. Since PCM is a pure substance (ethyl 186 

laurate), the observation of these two peaks for the MC form suggests the existence of at 187 

least two types of MCs; one that is prone to nucleation and the other that is less prone 188 

to it. 189 

The phase change enthalpies of solidification (crystallization) and melting of bulk 190 

PCM were 149.4 J g-1 and 153.3 J g-1, respectively. The measurement error due to 191 
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supercooling was small and both enthalpies were almost the same. Therefore, in the 192 

following study, we mainly evaluated the thermal storage capacity by the enthalpy of 193 

melting, Δ𝐻୫ . Table 1 shows the peak temperature for crystallization (𝑇ୡ,୮ୣୟ୩), peak 194 

temperature for melting (𝑇୫,୮ୣୟ୩), and thermal storage capacity (enthalpy of melting and 195 

PCM content in MC) for the MCs obtained using various physical cross-linkers. PCM 196 

content is defined as follows: 197 

where Δ𝐻୫,୑େ and Δ𝐻୫,୔େ୑ are the enthalpies of melting for PCM in MC and bulk PCM, 198 

respectively, obtained by the DSC measurement. PCM content is the mass fraction of 199 

PCM in the encapsulated MC. 200 

When capsules were prepared without physical cross-linking treatment at PCM:shell 201 

(gelatin) = 1:1 (mass/mass), the PCM content was small (about 13%). On the other hand, 202 

when tannic acid, transglutaminase, tripolyphosphoric acid, or their mixture was used 203 

as a cross-linking agent, the PCM content was greatly improved over the uncross-linked 204 

case. In particular, when tannic acid was used alone, the PCM content was about 30%. 205 

This result would indicate the moderate physical cross-linking of the outer shell is better 206 

for reinforcement of the outer shell. When cross-linking was performed by 207 

glutaraldehyde, transglutaminase, citric acid, or gallic acid alone, however, the PCM 208 

content was much lower than the case without physical cross-linking. This could be due 209 

to various factors: For example, treatment with glutaraldehyde could cause much 210 

stronger covalent cross-linking and aggregation of gelatin. If aggregation becomes 211 

extreme, there is insufficient gelatin to maintain the structure of outer shell, probably 212 

resulting in tearing of the outer shell. It was reported that citric acid and gallic acid form 213 

PCM content ሺmass%ሻ ൌ
ΔＨ

୫,୑େ

ΔＨ
୫,୔େ୑

ൈ 100 (1) 
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hydrogen bonds with proteins [28, 29]. However, the number of hydroxyl groups in these 214 

molecules is smaller than in the case of tannic acid. Therefore, insufficient physical cross-215 

linking between gelatin molecules was formed and consequently softened the outer shell. 216 

These effects would decrease the PCM content. 217 

 218 

Effect of spray-drying temperature on the heat storage capacity of MCs 219 

When the MCs were prepared at the mass ratio of ethyl laurate/gelatin/tannic 220 

acid=1/1/0.1, the PCM content should theoretically be 48%. However, as shown in Table 221 

1, the actual PCM content was about 30%. This lower PCM content probably resulted 222 

from the evaporation of ethyl laurate during spray drying. However, there was no clear 223 

information on how much PCM evaporates during spray drying. Therefore, we evaluated 224 

the effect of spray-drying temperature on the PCM content. 225 

The effect was examined in the inlet temperature range of 80–180 °C (Fig. 2). At the 226 

drying temperatures above 100 °C, the PCM content gradually decreased with increasing 227 

temperature. The fact that the PCM content decreased at higher temperatures is a clear 228 

indication of the PCM evaporation during spray drying. The vapor pressure of ethyl 229 

laurate is 1.33 kPa at 146 °C [30], making it a rather evaporative ester. Hence, the loss 230 

due to evaporation would be more pronounced during the drying. On the other hand, the 231 

PCM content was somewhat lower for drying at 80 °C. This suggests that the drying was 232 

insufficient, softening the outer shell. Even though the highest PCM content was 233 

achieved by drying at 100 °C, part of the resulting MCs was still incompletely dried.  234 

Here, the formation of the outer shell and the evaporation of PCM are both faster at 235 

higher temperatures, and there is a tradeoff with respect to temperature. In other words, 236 

the higher the temperature, the stronger the outer shell becomes, but the PCM also 237 

evaporates more easily during drying. This study suggests that the optimal spray-drying 238 



11 
 

temperature is 120 °C for reliable drying. Based on these findings, subsequent studies 239 

were conducted using MCs dried at 120 °C.  240 

 241 

Effect of pH on the properties of MCs 242 

Figure 3 shows the effect of pH on the properties of MCs. For the MC without physical 243 

cross-linking, the PCM content was only 6.8%. The enthalpy of melting, Δ𝐻୫,୑େ, was 244 

about 10 J g-MC-1, which was much lower than that of bulk PCM (Δ𝐻୫,୔େ୑ ൌ 153 J g-245 

PCM-1). This may be because MC exists as an O/W emulsion with a fragile oil-water 246 

interface (outer shell). The outer shell would be destroyed during spray drying, resulting 247 

in the evaporation of most PCM. 248 

When physical cross-linking with tannic acid was applied at the pH range of 4–7, the 249 

PCM content was over 30%, indicating that the physical cross-linking process positively 250 

contributed to PCM retention. This also indicates that about 2/3 (70% ± 5%) of the added 251 

PCM was encapsulated. The encapsulation efficiency reflecting this degree of 252 

encapsulation is defined hereafter to further discuss encapsulation behaviors by the 253 

following equation: 254 

Encapsulation efficiency ሺ%ሻ ൌ
Amount of encapsulated PCM ሺgሻ

Amount of added PCM ሺgሻ
ൈ 100 255 

When MCs were prepared at pH 8 or pH 9, on the other hand, the PCM content 256 

steeply dropped (PCM content was 25% and 23% at pH 8.0 and 9.0, respectively). 257 

Furthermore, the encapsulation efficiency was also lower (around 50%). In general, it is 258 

well known that the pyrogallol group of tannic acid is oxidized at pH 8 or higher, forming 259 

a Schiff base or occurring Michael addition with proteins to form covalently cross-linked 260 

structures [26]. In such covalent cross-linking, gelatin molecules more tightly bind each 261 

other and form gelatin aggregate, resulting in the collapse of MCs. 262 
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The particle size distribution of physically cross-linked MCs at various pH is shown 263 

in Fig. 4, and SEM images of MCs are shown in Fig. 5. For the MCs without physical 264 

cross-linking, a single broad peak was observed around 1.6 µm in diameter. Whereas 265 

physical cross-linking by tannic acid increased the particle size and changed the 266 

properties of the outer shell. This change would suppress PCM evaporation during spray 267 

drying and improve the PCM content, resulting in larger particle size. In addition, the 268 

particle size changed depending on pH. The bimodal distribution was observed from pH 269 

4 to 8, whereas at pH 9, there was only one peak. In the pH range showing a bimodal 270 

distribution, there were two peaks, 2.4 to 2.9 µm (peak 1) and 8.3 to 12 µm (peak 2). Peak 271 

2 became smaller and peak 1 became larger as pH increased. At pH 9, a single peak was 272 

observed near 2.9 µm. In the SEM images in Fig. 5, it was observed that the particle size 273 

tended to be larger than that observed in laser diffraction (Fig. 4), especially at higher 274 

pH. This suggests that the particles could aggregate during spray drying. 275 

The reason for these trends would be that the physical cross-linking mechanism of 276 

tannic acid depends on pH [26]. Physical cross-linking by hydrogen bonding under acidic 277 

to neutral conditions optimally preserved the outer shell structure of the MCs and 278 

suppressed the evaporation of PCM during spray drying. On the other hand, under basic 279 

conditions, covalent cross-linking occurred. As above mentioned, the strong covalent 280 

bonding affected the formation of gelatin aggregate, resulting in leakage of PCM during 281 

spray drying. In addition, the specific surface area of the interface (outer shell) at higher 282 

pH was larger due to the small particle size, resulting in thinning of the outer shell. This 283 

would also weaken the capsule and lower the encapsulation efficiency.  284 

Based on the above results, it is best to perform physical cross-linking of the gelatin 285 

outer shell with tannic acid under acidic to neutral conditions (pH 4–7). Furthermore, 286 

operation without pH adjustment (pH 5.6) is the simplest and most realistic. Therefore, 287 
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the following studies were conducted without pH adjustment. 288 

 289 

Optimization for core/shell ratio of MCs 290 

To fabricate microcapsules with higher heat storage capacity, it is necessary to increase 291 

the PCM content. Therefore, MCs were prepared by changing the mass ratio of PCM to 292 

gelatin (core/shell ratio). Figures 6 and 7 respectively show the properties of MCs 293 

prepared with various core/shell ratios (PCM/shell=1–5, mass/mass) and SEM images of 294 

the MCs. The peak melting temperature, 𝑇୫,୮ୣୟ୩, of PCM was around -1 °C, independent 295 

of the core/shell ratio and almost the same as that of bulk PCM. The peak solidification 296 

temperature, 𝑇ୡ,୮ୣୟ୩, increased and became -10 °C, almost nearly to that of bulk PCM, 297 

when the core/shell ratio was more than 2. This indicates that the properties of PCM in 298 

MCs would approach that of bulk PCM with an increasing core-shell ratio. 299 

The PCM content and encapsulation efficiency increased with increasing core/shell 300 

ratio, indicating that encapsulation is possible even at a higher core/shell ratio. The 301 

reason for the higher values of encapsulation efficiency may be as follows: when the ratio 302 

is high, the emulsion droplets in suspension before spray drying are larger, and the 303 

specific surface area relative to the volume of the emulsion is small. As a result, the PCM 304 

slowly evaporates and PCM content increases. Indeed, when the core/shell ratio=5, the 305 

PCM content exceeded 70% and the melting enthalpy, Δ𝐻୫, increased up to 107.4 J g-306 

MC-1. The SEM images also suggest that as the core/shell ratio increased, the MC surface 307 

convexity decreased, and the size of MC particles also increased. The encapsulation 308 

efficiency reached 86% at the core/shell ratio=5, suggesting that most of the PCM was 309 

incorporated into the capsule. Thus, by increasing the core/shell ratio, MCs with higher 310 

heat storage capacity can be efficiently fabricated. In addition, the MC structure was 311 

retained even at large core/shell ratios, proposing that the flexibility of the outer shell 312 



14 
 

could play an important role.  313 

 314 

Thermal stability of MCs 315 

Figure 8 shows curves for thermogravimetric analysis (TGA; gas = nitrogen) of MCs at 316 

various core/shell ratios. The curve of PCM (bulk ethyl laurate; black curve) suggests 317 

that ethyl laurate evaporates completely below 200 °C. On the other hand, thermal 318 

decomposition of gelatin proceeded gradually below 270 °C and decomposed abruptly 319 

between 270–400 °C. Here, below 300 °C, it is presumed that the water bound to the 320 

gelatin molecule evaporated mainly. 321 

Next, we discuss each MC. In the case of MC with the core/shell ratio=1, the PCM 322 

content was about 36 mass% (Fig. 6). If the PCM completely evaporated from MC without 323 

any interference of the outer shell, the relative mass in TGA should finally reach 64% 324 

(i.e., 100%–36%=64%). However, the curve shows that the mass loss curve flexed at just 325 

under 90% (about 150 °C; blue arrow 1 in Fig. 8), and then decreased gradually. This 326 

means that some PCM was still encapsulated within the MC and gradually evaporated. 327 

This evaporation would reflect the strong interference by the outer shell. On the other 328 

hand, when the core/shell ratio was 2 to 5, part of the PCM evaporated as well as the 329 

bulk PCM (area within the dotted oval indicated by red arrow 2). 330 

Once a certain amount of PCM evaporated, the mass loss slowed down, resulting in 331 

the appearance of a bending point (orange arrow 3) as did in blue arrow 1. This may be 332 

because the evaporation of PCM made the outer shell slightly denser, resulting in slower 333 

evaporation of PCM (orange oval indicated by arrow 4). This gradual mass loss continued 334 

in the temperature range below 240 °C. However, the effect of PCM retention by the 335 

outer shell was not comparable to the case with the core/shell ratio=1. This may be due 336 

to the relatively insufficient denseness of the outer shell. Although the denseness of the 337 
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outer shell was still retained to some extent when the core/shell ratio was 2 or 3, no effect 338 

of PCM retention was observed when the core/shell ratio was 4 or higher, and it is 339 

considered that the denseness of the outer shell was almost completely lost. 340 

A drastic mass loss occurred again at 240–270 °C (orange oval indicated by arrow 5). 341 

This phenomenon was observed at all core/shell ratios with a similar trend and the same 342 

temperature range, indicating a common phenomenon due to the thermal decomposition 343 

of gelatin, the outer shell material. Above 270 °C, the mass loss became slower again for 344 

all cases, indicating that the hard-to-degrade components of the outer shell (e.g., highly 345 

cross-linked gelatin) may have slowly decomposed (orange oval indicated by arrow 6). 346 

 347 

Heat storage capacity of MCs 348 

Figure 9 shows the heat storage capacity of MCs to suppress the change in ambient 349 

temperature at various core/shell ratios. Although the temperature change was 350 

suppressed for all core/shell ratios, there were differences between the suppression 351 

behaviors. The larger the core/shell ratio, the more remarkably the temperature change 352 

was suppressed during cooling (0–60 min). In the case of core/shell ratio = 5, the 353 

temperature change became smaller from around 18 min, and the suppression effect 354 

continued until around 25 min. Although the suppression effect was also observed in the 355 

case of core/shell ratio = 3 or 4, the temperature change was slightly larger. In the case 356 

of core/shell ratio = 2 or 1, sufficient suppression effect was not observed and the 357 

temperature slowly changed. This trend was also observed during the temperature 358 

increase (60–120 min). These results indicate that the temperature change can be 359 

suppressed using MCs with a core/shell ratio = 3 or higher. 360 

As shown above, the change in temperature was suppressed. This effect was 361 

especially pronounced between -5 °C and 3 °C. This temperature range was the same as 362 
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the melting temperature range of PCM. Although the solidification peak temperature in 363 

DSC measurements was much lower than the melting peak temperature (Fig. 1), the 364 

effective temperature range in this test was almost the same during solidification and 365 

melting. This would be due to the slower temperature change during this test than the 366 

DSC measurement, allowing sufficient time for nucleation of PCM and heat transfer. 367 

 368 

Conclusion 369 

A new bio-based edible microcapsule was developed using ethyl laurate as the PCM and 370 

gelatin as the outer shell. The PCM content could be increased using tannic acid as a 371 

physical cross-linking agent. Physical cross-linking by hydrogen bond under acidic to 372 

neutral conditions was favorable for strengthening the outer shell, making it suitable for 373 

MC preparation. When the core/shell ratio was increased to 5, MCs with a PCM content 374 

of 70.1% could be achieved. These microcapsules are expected as biodegradable thermal 375 

storage MCs for uses around -5 to 3 °C. As shown, we have succeeded in producing a 376 

thermal energy storage MC consisting only of edible materials. Since there is no problem 377 

even if the MC is in direct contact with food, temperature of the food can be controlled 378 

more precisely. In addition, this MC can be used as a food ingredient itself, contributing 379 

to the creation of novel food products. 380 
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Figure legends 487 

 488 

Fig. 1 Typical DSC curves of the prepared MCs with and without physical cross-linking 489 

agents. Left and right arrows respectively indicate the decrease and increase of 490 

temperature 491 

 492 

Fig. 2 Effect of spray-drying temperature on the PCM content of MCs. Mass ratio of ethyl 493 

laurate/gelatin/tannic acid was 1/1/0.1, and pH of the suspension was not adjusted 494 

 495 

Fig. 3 Effect of pH on the various properties of MCs. (A) PCM content; (B) Peak 496 

temperatures and enthalpy of melting. Mass ratio of ethyl laurate/gelatin/tannic acid was 497 

1/1/0.1 for the physically cross-linked MCs and was 1/1/0 for one without physical cross-498 

linking. Spray drying was performed at 120 °C 499 

 500 

Fig. 4 Particle size distribution of MCs obtained by physical cross-linking treatment at 501 

various pHs. Mass ratio of ethyl laurate/gelatin/tannic acid was 1/1/0.1, and spray drying was 502 

performed at 120 °C 503 

 504 

Fig. 5 SEM images for MCs obtained by physical cross-linking at various pHs. Mass ratio 505 

of ethyl laurate/gelatin/tannic acid was 1/1/0.1, and spray drying was performed at 120 °C 506 

 507 

Fig. 6 Effect of core/shell ratio on the properties of MCs. (A) PCM content and 508 

encapsulation efficiency; (B) Peak temperatures and enthalpy of melting. 509 

 510 

Fig. 7 SEM images of MCs with various core/shell ratios 511 

 512 

Fig. 8 TGA curves for MCs with various core/shell ratios. Numbers in the figure are 513 

referred to in the text 514 

 515 

Fig. 9 Evaluation of heat storage capacity for various MCs with various core/shell ratios 516 

to suppress temperature change against ambient temperature change 517 

  518 
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 519 

Table 1 Effect of various cross-linking agents on the properties of MCs 

Cross-linking agent 
Tc,peak

1 

(°C) 
Tm,peak

2
 

(°C) 

Enthalpy of 
melting 

(J g-MC-1)3
 

PCM 
content 

(mass%) 

Bulk PCM (ethyl laurate only) -9.8 -1.2 153.3±3.2 - 

Without cross-linking -18.6 -2.1 19.4±2.0 12.7 

Tannic acid (10 mass%, 1 h)4 -18.7 -1.6 45.6±2.2 29.8 

Tannic acid (10 mass%, 1 h) + 

transglutaminase (1 mass%, 24 h) 4 -22.3 -1.3 38.6±1.3 25.2 

Tannic acid (1 mass%, 1h) + 

tripolyphosphate (10 mass%, 1 h) 4 
-22.8 -1.7 33.0±1.8 21.6 

Glutaraldehyde (2.5 mass%, 1 h) 4 -25.7 -2.3 9.7±0.8 6.3 

Transglutaminase (1 mass%, 24 h) 4 -25.5 -2.0 13.0±1.2 8.5 

Citric acid (10 mass%, 1 h) 4 -22.9 -2.3 7.6±2.2 4.9 

Gallic acid (10 mass%, 1 h) 4 -25.7 -2.3 7.5±0.4 4.9 
1 Tc,peak: Peak temperature for crystallizing point; 2 Tm,peak: Peak temperature for melting point; 3 
Mean±SE; 4Amount of the cross-linking agent was the relative value against that of gelatin. 
The ratio of ethyl laurate to gelatin was 1/1. pH was not adjusted, and spray drying was 
performed at 180 °C



Fig. 1. Takatani et al.
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Fig. 2. Takatani et al.
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Fig. 3. Takatani et al.
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Fig. 4. Takatani et al.
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Fig. 6. Takatani et al.
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Fig. 8. Takatani et al.
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Fig. 9. Takatani et al.
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