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Abstract 20 

In the present study, we report a novel composition based on amylose (or starch) 21 

inclusion complex with an amphiphilic material as an effective encapsulation platform 22 

technology to incorporate guests of interest. Specifically, the encapsulation of β-carotene 23 

in amylose-surfactant and amylose/starch-ascorbyl palmitate (AscP) inclusion complexes 24 

was investigated. Surfactants of different hydrophilicity/lipophilicity were selected to 25 

cover a broad range of HLB values. The formation of the inclusion complexes was 26 

characterized by X-ray diffraction and differential scanning calorimetry. The ability of 27 

amylose-surfactant system to encapsulate β-carotene is dependent on the HLB value of the 28 

surfactants, instead of their ability to induce inclusion complexation. The incorporation of 29 

β-carotene hindered amylose-surfactant inclusion complex formation, whereas no 30 

significant effect was observed on structural and thermal properties of starch-AscP 31 

inclusion complex in the presence of β-carotene. The X-ray diffraction pattern of amylose-32 

AscP-β-carotene showed that β-carotene molecules did not crystallize into a separated 33 

phase and thus were suggested to be homogeneously immobilized within the 34 

polycrystalline amylose-AscP inclusion complexes. During a storage period of six weeks 35 

at 20 and 30 °C, the stability of β-carotene was improved by encapsulation in starch-AscP 36 

inclusion complexes compared with that in physical mixtures of the three components. 37 

 38 

Keywords: amylose, starch, inclusion complex, encapsulation, β-carotene, 39 

surfactant 40 

41 
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1. Introduction 42 

Amylose, the linear component of essentially all types of starches, is composed of 43 

glucose residues linked by α(1-4) glycosidic bonds. Amylose forms single-helical inclusion 44 

complexes with various hydrophobic ligands such as iodine (Bluhm & Zugenmaier, 1981), 45 

and fatty acids (Godet, Buleon, Tran, & Colonna, 1993). In the presence of such molecules, 46 

amylose can form a left-handed single helix, which has a hydrophilic outer surface and a 47 

hydrophobic helical channel that accommodates the guest molecules. The amylose helices 48 

can then arrange to form a crystalline structure known as the V-type. Amylose-guest 49 

inclusion complexes may be useful as a delivery composition for bioactive guest 50 

molecules. For instance, amylose complexed with conjugated linoleic acid (Lalush, Bar, 51 

Zakaria, Eichler, & Shimoni, 2004), genistein (Cohen, Orlova, Kovalev, Ungar, & 52 

Shimoni, 2008), fatty acid esters of vitamins (Kong & Ziegler, 2014b; Lay Ma, Floros, & 53 

Ziegler, 2011), and long chain unsaturated fatty acids (Lesmes, Barchechath, & Shimoni, 54 

2008; Lesmes, Cohen, Shener, & Shimoni, 2009) have been fabricated for controlled 55 

release purposes. The crystalline inclusion complex structure is expected to protect the 56 

active ingredients, such as essential fatty acids, lipophilic vitamins, and soy isoflavones, 57 

against the acidic environment of the stomach. Their bioavailability may be improved, 58 

because triggered release of bioactive guest compounds may be realized in the lower 59 

gastrointestinal tract after the amylose is digested by the action of endogenous enzymes or 60 

saccharolytic bacteria (Shimoni, Lesmes, & Ungar, 2010; Yang, Gu, & Zhang, 2009). 61 

However, the formation of inclusion complexes is limited by the size, shape and 62 

hydrophobicity of the guest molecules. It is not feasible to include some bioactive 63 
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compounds of interest in amylose complexes based on current knowledge and techniques. 64 

For example, carotenoids like β-carotene and lycopene are highly-conjugated long chain 65 

isoprenoid micronutrients and have very low solubility in a number of common solvents, 66 

e.g., water, dimethyl sulfoxide (DMSO), and ethanol (Craft & Soares, 1992). Their 67 

extremely low solubility limits their bioavailability and prohibits the direct formation of 68 

amylose guest inclusion complexes, since a finite water or DMSO solubility is generally 69 

required to transport the guest into the hydrophobic core of the amylose helix. A number 70 

of researchers reported the encapsulation and/or stabilization of β-carotene using starches 71 

by various techniques, e.g., spray drying (Loksuwan, 2007), freeze drying (Spada, Marczak, 72 

Tessaro, & Noreña, 2012), solvent evaporation (Kim, Seo, & Lim, 2013) and high-pressure 73 

homogenization (Liang, Shoemaker, Yang, Zhong, & Huang, 2013), however few 74 

concerning amylose-guest inclusion complexes. Kim and Huber ( 2016) formulated starch-75 

β-carotene composites by drop-wise addition of ethanol solution containing β-carotene 76 

(0.005 – 0.02%, w/v) into starch aqueous pastes (1 – 5%, w/v). Ethanol induced the 77 

formation of V-type amylose crystallization by stabilizing the helices by hydrogen bonds, 78 

instead of being incorporated into the helical cavity. As aforementioned, low solubility of 79 

β-carotene in ethanol limited the β-carotene content that the starch could encapsulate, for 80 

instance, below 0.5% (w/w) of starch by Kim & Huber (2016).  81 

Amphiphilic materials, including surfactants, may improve the solubility of β-82 

carotene in DMSO and water, and thus the accessibility of the amylose hydrophobic helical 83 

core to β-carotene. Even if β-carotene cannot be incorporated into the amylose helix, the 84 
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amylose-surfactant inclusion complex may still emulsify and stabilize β-carotene 85 

molecules within amylose inclusion complex polycrystals.  86 

Therefore, in the present study, we prepared amylose inclusion complexes with 87 

various amphiphilic molecules, including various surfactants and ascorbyl palmitate 88 

(AscP), and evaluated the formation of amylose-amphiphile-β-carotene complexes as a 89 

novel method to encapsulate and stabilize β-carotene. A series of surfactants (emulsifiers) 90 

were chosen according to their hydrophilic – lipophilic balance (HLB) values. AscP is 91 

ascorbic acid (vitamin C) esterified to palmitic acid, which has been used as a source of 92 

vitamin C and an antioxidant food additive. AscP can be considered as an emulsifier, with 93 

a HLB value of 8.4 (Gao & Lei, 2007). The formation of amylose-AscP inclusion complex 94 

has been well demonstrated (Kong & Ziegler, 2014b; Lay Ma et al., 2011). In addition to 95 

exploring the feasibility of forming ternary complexes, we studied the amylose-AscP-β-96 

carotene ternary system in detail, including the effect on stability of β-carotene at different 97 

storage temperatures. 98 

2. Materials and methods 99 

2.1. Materials 100 

High-amylose corn starch (Gelose 80) was kindly provided by Penford Food 101 

Ingredients Company (Centennial, CO). Potato amylose (Average DP 900, essentially free 102 

from amylopectin), ascorbyl palmitate (AscP), β-carotene, a series of surfactants (Table 1) 103 

were purchased from Sigma-Aldrich, Inc. (St. Louis, MO). Sodium hydroxide and hexane 104 

were purchased from EMD Chemicals Inc (Gibbstown, NJ). Ethanol (200 proof) and 105 
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dimethyl sulfoxide (DMSO) were obtained from VWR International (Radnor, PA). 106 

Deionized water was used throughout the experiment. 107 

2.2. Lipid-free starch preparation 108 

Lipid-free Gelose 80 starch was prepared by removing native fatty acids that may 109 

be complexed during the experiment (Morrison & Coventry, 1985). Starch (175 g) was 110 

suspended and heated in 2000 mL of 85% (v/v) methanol aqueous solution under stirring 111 

and refluxed for 2 h. After recovery by filtration, the starch was extracted once again 112 

following the same procedure. Two additional extractions were then carried out under the 113 

same conditions but using 2000 mL of 75% (v/v) n-propanol/water instead of methanol. 114 

The extracted starch was allowed to dry under room condition and was further dried at 115 

40 °C in an oven for 24 hours. 116 

2.3. Formation of amylose and starch inclusion complexes 117 

The DMSO method was used with slight modifications (Lay Ma et al., 2011). In 118 

detail, 500 mg amylose or starch was dissolved in 10 mL of 95% (v/v) DMSO aqueous 119 

solution in a boiling water bath with constant stirring for at least one hour. Then 1 mL of 120 

surfactant or AscP (50 mg) solution in 95% DMSO preheated at 90 oC was mixed with the 121 

amylose/starch solution at 90 °C. To prepare ternary inclusion complexes, β-carotene (50 122 

mg in 1 mL of 95% DMSO) was added together with surfactant/AscP at 90 oC. The mixed 123 

solution was held for 15 minutes at 90 ºC, and then 25 mL of distilled water preheated at 124 

90 oC was rapidly added to the solution with vigorous stirring. The sample solution was 125 

incubated for 15 min at 90 oC, after which the heater was turned off and samples were 126 
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allowed to cool for at least 24 hours. Inclusion complexes from the suspensions were 127 

recovered by centrifugation (3500 rpm, 20 min). The wet precipitated pellet was washed 128 

using 50% (v/v) ethanol/water mixture (X3) and finally with 100% ethanol. The resulting 129 

pellet was transferred into an aluminum dish with a small amount of 100% ethanol, and 130 

allowed to dry at room temperature in a desiccator. Dried samples were pulverized into 131 

fine powders for further analysis. 132 

2.4. Wide angle X-ray diffraction (XRD) 133 

Wide angle X-ray diffraction patterns were obtained with a Rigaku MiniFlex II 134 

desktop X-ray diffractometer (Rigaku Americas Corporation, TX). Samples were exposed 135 

to Cu K radiation (0.154 nm) and continuously scanned between 2θ = 4 and 30 º at a 136 

scanning rate of 1 º/min with a step size of 0.02 º. A current of 15 mA and voltage of 30 137 

kV were used. 138 

2.5. Differential scanning calorimeter (DSC)  139 

DSC thermograms were recorded from 20 to 180 °C at a heating rate of 10 °C /min 140 

using a Thermal Advantage Q100 DSC (TA Instruments, New Castle, DE). Approximately 141 

5 – 6 mg of dried sample was accurately weighed into a high volume (60 μL) stainless steel 142 

pan (Perkin-Elmer Instruments, Norwalk, CT) and deionized water was added to obtain a 143 

10% (w/v) dispersion. Pans were hermetically sealed and allowed to equilibrate overnight 144 

prior to analysis. The DSC was calibrated using an indium standard. An empty stainless 145 

steel pan was used as the reference. Data was analyzed using the TA Universal Analysis 146 

software (Universal Analysis 2000 v.4.2E, TA Instruments-Waters LLC, New Castle, DE). 147 
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2.6. Qualitative analysis of β-carotene encapsulated with amylose inclusion 148 

complexes 149 

The total β-carotene content encapsulated with the amylose inclusion complexes 150 

was determined by solvent extraction followed by spectrophotometric measurement. About 151 

10 – 11 mg of the inclusion complex powder was dispersed in 15 mL of 1N NaOH. One 152 

drop of Triton X-100 was added to facilitate the dissolution of β-carotene. β-Carotene was 153 

extracted by approximately 50 mL of hexane for four times using a separating funnel. The 154 

volume of the hexane phase was further made up to 250 mL. The absorbance of solutions 155 

of β-carotene in hexane was determined at 450 nm using a Helios-α spectrophotometer 156 

(Thermo Scientific, Waltham, MA). Standard absorbance curves of β-carotene in hexane 157 

and in 1N NaOH at 450 nm were used to quantify the β-carotene content in each phase of 158 

the separation.  159 

2.7. β-carotene stability during storage 160 

The samples of starch-AscP-β-carotene physical mixture (PM) and starch-AscP-β-161 

carotene inclusion complex (IC) were stored at 20 and 30 oC, and were subjected to total 162 

β-carotene analysis over a period of six weeks. The percentage retention of BC was 163 

determined and plotted against storage time on a semi-log plot. The rate constant (k) and 164 

half-life time (t1/2) for the retention of β-carotene were calculated using the regression 165 

analysis of ln (β-carotene retention) against storage time when plotted on a natural 166 

logarithmic scale (Eq. 1 & 2) (Cai & Corke, 2000). 167 

ln(% 𝑟𝑒𝑡𝑒𝑛𝑡𝑖𝑜𝑛 𝑜𝑓 𝛽 − 𝑐𝑎𝑟𝑜𝑡𝑒𝑛𝑒) = 𝑎 − 𝑘𝑡    (Eq. 1) 168 
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𝑡1/2 = (𝑎 − ln 50) 𝑘⁄ = (𝑎 − 3.91) 𝑘⁄      (Eq. 2) 169 

where a is a constant, k is rate constant, and t is storage time. 170 

3. Results and discussion 171 

3.1. Amylose-surfactant-β-carotene inclusion complexation 172 

A number of surfactants are known to form inclusion complexes with amylose. 173 

Takagi and Isemura (1960) found that amylose precipitation by sodium dodecyl sulfate 174 

(SDS) was caused by the formation of amylose-SDS inclusion complexes (Takagi & 175 

Isemura, 1960). Yamamoto et al. studied binding isotherms of SDS and other sodium alkyl 176 

sulfates to amylose and found that eight carbon atoms on the alkyl group of surfactant were 177 

required for complexation (Yamamoto, Sano, Harada, & Yasunaga, 1983). Egermayer & 178 

Piculell (2003) obtained cryo-transmission electron microscopy images of dilute aqueous 179 

mixtures of amylose and SDS (Egermayer & Piculell, 2003). Two types of structures were 180 

found: loose fibrous networks and unilamellar vesicles, both of which were proposed to 181 

consist of amylose-SDS inclusion complexes. In addition to SDS, amylose formed 182 

inclusion complexes with many other surfactants, including monoglycerides (e.g., 183 

monolaurin, monopalmitin, and monostearin) (Eliasson, 1994; F Tufvesson & Eliasson, 184 

2000), cetyltrimethylammonium bromide (CTAB) (Eliasson, 1988; Kong & Ziegler, 185 

2014a), and lysophosphatidylcholines (LPC) (Ahmadi-Abhari, Woortman, Oudhuis, 186 

Hamer, & Loos, 2014; Biliaderis, Page, Slade, & Sirett, 1985). A calorimetric method was 187 

developed for the determination of amylose content of starches based on the formation of 188 

amylose-LPC inclusion complexes (Sievert & Holm, 1993), which was later determined to 189 
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be overestimating the amylose content due to the presence of “intermediate” materials, e.g., 190 

lightly branched amylose or atypical amylopectin with long branches (Creek, Benesi, Runt, 191 

& Ziegler, 2007). 192 

In this study, the ability of the surfactants to form amylose inclusion complexes 193 

was evaluated by complimentary techniques, i.e., XRD and DSC. Inclusion complexes, 194 

once formed, showed a diffuse V-type XRD pattern with characteristic peaks at 2θ = 7°, 195 

13°, and 20°, and their dissociation was observed as an endotherm on the DSC thermogram 196 

during heating (Fig. 1). All surfactants studied with the exception of Triton X-100 have 197 

long linear alkyl chains that can potentially be incorporated within the amylose 198 

hydrophobic core (Table 1). Some surfactants, including Brij 93, Triton X-100, Tween 60, 199 

Brij 58, and Igepal CO-890, possess linear polyethylene oxide chains of various lengths. 200 

Polyethylene oxide has been shown to form inclusion complex with α-cyclodextrin 201 

(Harada, Li, & Kamachi, 1993), but its inclusion complexation ability with amylose is 202 

unknown. The absence of an endotherm during heating of the amylose-Triton X-100 203 

sample suggested that Triton X-100 was not able to be molecularly encapsulated due to its 204 

branched alkyl substitute, and the linear polyethylene oxide chain was not likely to be 205 

included, either. Using the “vine-twining polymerization” method to form amylose-206 

polymer guest inclusion complex, Kaneko et al. showed that amylose selectively wrapped 207 

polytetrahydrofuran from a mixture of two resemblant polyethers of polyethylene oxide [-208 

O(CH2)2-]n, i.e., poly(oxetane) [-O(CH2)3-]n and polytetrahydrofuran [-O(CH2)4-]n, and 209 

attributed this selective inclusion complexation phenomenon to the higher hydrophobicity 210 

of polytetrahydrofuran (Kaneko, Beppu, & Kadokawa, 2007). Therefore, the linear 211 
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polyethylene oxide chains in the surfactants might be too hydrophilic to get wrapped by 212 

amylose helices. The broad and low endotherm on the scan of amylose-Span 20 inclusion 213 

complex was probably because that the relatively short alkyl chain (n=12) could not 214 

efficiently stabilize the V-type helices, as suggested in the case of fatty acids (Godet, Tran, 215 

Colonna, Buleon, & Pezolet, 1995). On the contrary, Igepal CO-890 with a shorter alkyl 216 

chain (n=9) could form inclusion complex with amylose, which showed two endotherms 217 

with peak temperatures at 90 and 110 °C. The two endotherms correspond to the “type I” 218 

and “type IIa” structures of amylose inclusion complexes suggested by previous 219 

researchers (Biliaderis & Galloway, 1989; Karkalas, Ma, Morrison, & Pethrick, 1995; 220 

Fredrik Tufvesson, Wahlgren, & Eliasson, 2003). The crystalline and lamella structures of 221 

the so-called “type I” and “type II” amylose inclusion complexes are still under discussion. 222 

But the Igepal CO-890 with a long linear polyethylene oxide chain seems not likely to stack 223 

in a similar way as glycerol monostearate in the “type IIa” inclusion complex shown by 224 

(Goderis, Putseys, Gommes, Bosmans, & Delcour, 2014). An endotherm was not seen in 225 

the thermogram of amylose-Span 65 complex, which indicated that although Span 65 has 226 

long linear alkyl chains, the bulky head group along with the other two alkyl chains would 227 

impede molecular wrapping (Table 1). Amylose complexed with Span 40 and Brij 58 228 

showed single endotherms at 99 and 102 oC, respectively.  229 
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 230 

Fig. 1. DSC thermograms of amylose inclusion complex with surfactants (a) Span 65, (b) 231 

Brij 93, (c) Span 40, (d) Span 20, (e) Triton X-100, (f) Tween 60, (g) Brij 58, and (h) Igepal 232 

CO-890. 233 

When β-carotene of the same weight as the surfactant was added into the amylose-234 

surfactant system, the formation of inclusion complex was generally hindered, which can 235 

be seen from representative DSC thermograms of amylose-surfactant-β-carotene inclusion 236 

complexes (Fig. 2). For example, amylose-Brij 58-β-carotene inclusion complex produced 237 

an endotherm at the same temperature as that without β-carotene (Fig. 1f), but with a 238 

reduced enthalpy. The amylose-Igepal CO-890-β-carotene sample showed only one 239 

endotherm at 90 °C, with a lower enthalpy, compared to two endotherms without adding 240 

β-carotene (Fig. 1e). An endotherm can hardly be observed from heating thermograms of 241 

amylose-Span 20-β-carotene and amylose-Span 40-β-carotene inclusion complexes. 242 
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Apparently, β-carotene interfered with the inclusion complexation between amylose and 243 

surfactant molecules.  244 

 245 

Fig. 2. DSC thermograms of amylose inclusion complex with the same weight of β-246 

carotene and surfactants (a) Span 65, (b) Brij 93, (c) Span 40, (d) Span 20, (e) Triton X-247 

100, (f) Tween 60, (g) Brij 58, and (h) Igepal CO-890. 248 

While most studies report on binary mixtures of amylose with a single guest, few 249 

reports of ternary inclusion complex systems can be found in the literature. One of these is 250 

a ternary model system composed of starch, surfactants (monoglycerides) and flavor 251 

compounds, including menthone, limonene, decanal, and 1-naphthol (Rutschmann & 252 

Solms, 1990a, 1990b). In these works, the inclusion of surfactant strongly inhibited the 253 

inclusion of flavor compound, whereas flavor compound binding had little effect on the 254 

binding of surfactant. Therefore, it was concluded the amylose helical cavity showed 255 



14 

 

greater affinity for surfactants than the flavor compounds, probably due to their “slim” and 256 

hydrophobic alkyl chain. In another study on the starch-lipid-flavor three-component 257 

system, the presence of native lipids were found to enhance complexation of starch with 258 

low-solubility flavor compounds, i.e., limonene and cymene, by forming ternary co-259 

inclusion complexes (Tapanapunnitikul, Chaiseri, Peterson, & Thompson, 2007). A third 260 

system reported was a three component complex formed by starch (amylose), protein 261 

(whey protein) and free fatty acids (FFA) after a heating and cooling process (Zhang & 262 

Hamaker, 2003, 2004). The researchers presented evidence of three-way interaction among 263 

starch, protein and fatty acids that altered starch paste viscosity profiles and resulted in the 264 

formation of a soluble high molecular weight nano-complex. It is unlikely that protein 265 

formed inclusion complexes with amylose/starch, yet amylose/starch-FFA inclusions 266 

complexes might provide a starch-protein linkage mechanism in ternary structure 267 

formation. The characteristics of these nano-complexes were their solubility, ability to 268 

carry valuable lipid based components (conjugated linolenic acid, docosahexanoic acid, 269 

eicosapentanoic acid, etc.), and slow rate of digestion in a beverage based food system. 270 

Tian et al., (2009) showed that the addition of β-CD retarded retrogradation of rice starch, 271 

supposedly by amylose-lipid-β-CD complex formation. 272 

In order to determine the β-carotene content that can be encapsulated by different 273 

amylose-surfactant formulations, β-carotene was extracted by hexane after dissolving the 274 

inclusion complex in alkali solutions. After extraction, some β-carotene remained in the 275 

aqueous phase, because surfactants can increase its solubility. Therefore, β-carotene 276 

content in both the hexane and aqueous solutions were determined to yield the total amount 277 
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in the complex (Fig. 3). There is a significant positive relationship between HLB value and 278 

β-carotene content in aqueous phase (β = 0.086, r = 0.90, 𝑝 <  0.01 ). Surfactant of 279 

higher HLB value is more water soluble, and thus emulsified more β-carotene in the 280 

aqueous phase. Yet no trend was observable in hexane extracted β-carotene content as a 281 

function of HLB value (𝑝 >  0.05). The sum of β-carotene content that can be immobilized 282 

in amylose-surfactant inclusion complex decreased as the HLB value became too low or 283 

too high. For instance, while the Span 65 (HLB value = 2) may perform well in dissolving 284 

β-carotene, its low solubility limits the amount of β-carotene it brings to the vicinity of 285 

amylose molecules. Surfactants of high HLB values, e.g., Brij 58 (HLB value = 16) and 286 

Igepal CO-890 (HLB value = 17), are too hydrophilic to dissolve same amount of β-287 

carotene. It is also noticed that the formation of inclusion complex is not a determinant 288 

factor for the quantity of β-carotene that can be encapsulated. Triton X-100 (HLB value = 289 

13) was among the surfactants to well encapsulate β-carotene, although it was unable to be 290 

included in amylose inclusion complex. Surfactants of intermediate HLB values are better 291 

candidates to encapsulate β-carotene molecules in the amylose-surfactant systems. 292 
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 293 

Fig. 3. β-Carotene content in amylose-surfactant-β-carotene ternary systems plotted versus 294 

the HLB values of the surfactants. The plot shows β-carotene contents extracted into the 295 

aqueous phase and hexane phase upon extraction, while the total height of the columns 296 

indicate total β-carotene content. The curve shows the fitted quadratic model of total β-297 

carotene content versus HLB value (𝛽1 = 1.38, 𝛽2 = −0.07, r = 0.89, 𝑝 <  0.05). 298 

3.2.Amylose-AscP-β-carotene inclusion complexation 299 

With a palmitoyl chain esterified to a hydrophilic head group, AscP resembles the 300 

general structure of surfactants and can be used as a surfactant/emulsifier. Amylose/starch-301 

AscP inclusion complex has been well studied in previous research of our laboratory (Kong 302 

& Ziegler, 2014b; Lay Ma et al., 2011). Hence, β-carotene encapsulation by the 303 

amylose/starch-AscP inclusion complex was examined. As in our previous reports, the 304 
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amylose-AscP inclusion complex showed an X-ray diffraction pattern corresponding to the 305 

V6 structure (Fig. 4). Characteristic Bragg angles at 2θ = 7°, 13°, and 20° indicated a 306 

hexagonal unit cell structure with approximate dimensions: a = b = 13.65 Å, c = 8.05 Å 307 

(Brisson, Chanzy, & Winter, 1991). The presence of β-carotene did not affect the formation 308 

of V6-type inclusion complex. However, whether β-carotene molecules were situated in 309 

the amylose helical channels as AscP could not be solved from the X-ray diffraction 310 

patterns. As a reference, amylose without a guest molecule did not result in V-pattern, but 311 

rather showed a largely amorphous pattern. Compared with X-ray diffraction patterns of 312 

pure AscP and pure β-carotene (Fig. S1 in Supplementary Materials), one can speculate 313 

that β-carotene molecules did not crystallize into a separate phase that could be 314 

distinguishable by X-ray diffraction. Instead, the β-carotene molecules were 315 

homogeneously emulsified and distributed within amylose inclusion complex 316 

polycrystalline phases (Fig. S2 in Supplementary Materials). This agrees well with the 317 

suggestion of Kim & Huber (2016) that β-carotene was associated with the “ordered starch 318 

structures”, i.e., V-type starch inclusion complex, and this association contributed more to 319 

the stability of β-carotene than its non-specific binding (physically entrapped)  within 320 

amorphous starch. β-Carotene and many other bioactive lipids are crystalline in their pure 321 

form, which would lead to inefficiency in encapsulation/emulsification (McClements, 322 

Decker, & Weiss, 2007), and low bioavailability (van het Hof, West, Weststrate, & 323 

Hautvast, 2000). The encapsulation technique in this study provides an effective way to 324 

disperse and encapsulate β-carotene molecules. This encapsulation configuration is likely 325 

to facilitate the micellization and accessibility of β-carotene during digestion. X-ray 326 
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diffraction patterns of starch-AscP and starch-AscP-β-carotene inclusion complexes 327 

showed the same diffraction positions as in the amylose inclusion complexes (Fig. 4). It 328 

suggested that there is no difference in the V6 crystalline structure between amylose and 329 

starch, at least for the amylose portion of the high amylose starch. Hence, starch-AscP-β-330 

carotene inclusion complex was used in the stability study. 331 

 332 

Fig. 4. X-ray diffraction patterns of (a) amylose control, and (b) amylose-AscP, (c) 333 

amylose-AscP-β-carotene, (d) Gelose 80 starch-AscP, and (e) Gelose 80-starch-AscP-β-334 

carotene inclusion complexes. 335 

A single endotherm with peak temperature at about 102 oC on the thermograms of 336 

amylose-AscP and amylose-AscP-β-carotene samples evidenced the formation of inclusion 337 

complex with amylose (Fig. 5). In the absence of guest molecules, precipitated amylose 338 

samples showed no apparent endotherm. Different from the amylose-surfactant systems, 339 

no difference in the enthalpy and melting temperature was observed for amylose-AscP and 340 

amylose-AscP-β-carotene inclusion complexes. This again indicated that β-carotene was 341 
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included into the amylose-AscP system without significantly altering the crystalline 342 

structure of the inclusion complex. Along with XRD patterns (Fig. 4) and microscopic 343 

observations (Fig. S2 in Supplementary Materials), we hypothesize that the β-carotene 344 

molecules were homogeneously emulsified and distributed within the polycrystalline and 345 

the amorphous region of the amylose-AscP inclusion complexes by the emulsification 346 

effect of AscP. 347 

 348 

Fig. 5. DSC thermograms of (a) amylose-AscP and (b) amylose-AscP-β-carotene inclusion 349 

complex. 350 

3.3.β-Carotene stability during storage 351 

The stability study was carried out using a three-component system consisting of 352 

starch, AscP and β-carotene. Lipid-free high amylose starch was prepared and used so as 353 

to eliminate the interference of native lipids in inclusion complex formation. β-Carotene 354 

content in the control sample (physical mixture of starch-AscP-β-carotene) has an initial 355 
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value of 9.16% (w/w) as compared to 10% (w/w) in the starch-AscP-β-carotene inclusion 356 

complex. The starch-AscP-β-carotene physical mixture and inclusion complex were stored 357 

at 20 oC and 30 oC for six weeks. Stability of β-carotene was evaluated from semi-log plot 358 

of % retention of β-Carotene versus storage time in weeks (Fig. 6). A substantial decrease 359 

in β-carotene content was observed for both control and complex, but to different extents. 360 

The linearity in regression on the natural logarithmic scale indicates that the degradation 361 

of β-carotene follows first order kinetics in all treatments. The rate constants and half-life 362 

times of these samples were calculated and reported in Table 2. The β-carotene content in 363 

the physical mixture control and inclusion complex samples stored at 20 oC were decreased 364 

to 1.33% (w/w) and 2.65% (w/w) at week six, which corresponded to 14.51% and 26.49% 365 

retention of β-carotene, respectively. The T1/2 for β-carotene content for control and 366 

complex at 20 oC were 2.53 and 3.71 weeks, respectively. Both the control and inclusion 367 

complex samples experienced greater β-carotene loss during storage at 30 oC. The retention 368 

of β-carotene was 3.27% and 10.09% in the control and inclusion complex with the T1/2 369 

calculated to be 1.37 and 1.98 weeks, respectively. The inclusion complex formation 370 

significantly improved the stability of β-carotene during storage, with a more pronounced 371 

effect at a higher temperature (30 oC). There have been other encapsulation techniques that 372 

can potentially increase the stability of β-carotene during storage. For instance, β-carotene 373 

encapsulated by spray-drying showed 70 – 90% loss after 8 weeks storage at 45 oC, in 374 

formulations with hydrolyzed starches of different dextrose equivalence (Wagner & 375 

Warthesen, 1995). In another report, after 12 weeks of storage at 4 oC, the retention of β-376 

carotene in nano-dispersions emulsified by Tween 20 ranged from 25% to 56% depending 377 
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on particle size and surfactant concentration (Tan & Nakajima, 2005). Higher degradation 378 

of β-carotene could be attributed to the high surface area of nanodispersions to contact 379 

aqueous environment and, to less extent, high shear stress and free radical formation during 380 

high-pressure homogenization. In another study, the retention of β-carotene in a nano-381 

emulsion system stabilized by β-lactoglobulin was 44% and 57% after 15 days of storage 382 

at 20 and 5 oC (Qian, Decker, Xiao, & McClements, 2012). Solid lipid nanoparticles were 383 

used to encapsulate β-carotene and significant difference in β-carotene retention after 21 384 

days of storage at 20 oC was found by using different surfactants, for example, lecithin (5 385 

– 10% retention), Tween 80 (79% retention) and Tween 60 (84% retention) (Helgason et 386 

al., 2009). In the starch-AscP-β-carotene formulation of this study, though not molecularly 387 

protected by starch molecules, the well dispersed β-carotene phase within starch-AscP 388 

crystalline spaces is less likely to be exposed to oxidative stress than the β-carotene 389 

physically mixed with starch-AscP matrix. Furthermore, AscP, as a potent antioxidant, 390 

provides extra protection for β-carotene against oxidative stress. Therefore, the amylose-391 

AscP inclusion complex provides a novel and effective way to encapsulate bioactives, e.g., 392 

β-carotene, and retard their degradation during storage. 393 
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 394 

Fig. 6. Stability of β-carotene, represented by regression of ln (% retention of β-carotene) 395 

versus storage time, in starch-AscP-β-carotene physical mixture and inclusion complex 396 

during storage at 20 °C and 30 °C for 6 weeks.  397 
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4. Conclusion 398 

Encapsulation of β-carotene in amylose-surfactant and amylose/starch-AscP 399 

inclusion complexes was investigated in this study. Though the presence of β-carotene 400 

somewhat retarded efficient inclusion complexation between amylose and surfactants,  the 401 

crystalline pattern and thermal properties of amylose-AscP inclusion complex were not 402 

altered by the addition of β-carotene. The effective encapsulation depends on the 403 

emulsifying effect of the surfactants to dissolve β-carotene and bring β-carotene molecules 404 

to the amylose crystalline phase. The ability to induce inclusion complexation seems not 405 

to be an important factor. Ascorbyl palmitate (AscP) was found to be an effective additive 406 

for encapsulating β-carotene in the system, however, it was unlikely that β-carotene 407 

molecules were included into amylose helices. The absence of β-carotene crystallization 408 

suggested that β-carotene molecules were entrapped among nano-sized crystals of 409 

amylose-AscP inclusion complexes. The stability of β-carotene during storage was 410 

improved by being encapsulated in starch-AscP inclusion complex compared with that in 411 

physical mixtures of the three components. 412 
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