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Development of Functional Inclusion Complexes Using 

Cycloamylose and Their Physicochemical Characteristics  

 

Rho, Shin-Joung 

 

ABSTRACT 

 

Inclusion complex formation with cycloamylose (CA) can exert a profound 

effect on the solubility and stability of highly insoluble and unstable guest 

molecules, since CA can take a hydrophobic cavity geometry as in the case of 

cyclodextrin (CD). Even though advantages of CA over CD have been reported 

such as high solubility and diverse cavity size, researches on CA in food and 

pharmaceutical fields are limited, probably because of its novelty. Therefore, in 

this study, the complex formation capability of CA with various guest 

molecules was investigated mainly in terms of its physicochemical 

characteristics to solubilize and stabilize those molecules.  

CA with a range of DP from 23 to 45 was produced by treating amylose with 

Thermus acuaticus 4-α-glucanotransferase (TAαGTase). The inclusion complex 

formation capability of CA was investigated using model guest materials, such 

as iodine, sodium dodecyl sulfate (SDS), and lysolecithin (LL). It was revealed 

that those model guests were inserted in the cavity of CA as measured using 



ii 

isothermal titration calorimetry (ITC) and nuclear magnetic resonance (NMR). 

Various functional guest molecules, such as quercetin, polyphenol oxidase 

substrates (PPOS) and fat-soluble vitamins (FSV), were reacted with CA and 

two other commercially available complexation agents, cyclodextrin (CD) and 

maltodextrin (MD), respectively, using a freeze-drying (FD) method. The 

characterization of functional inclusion complexes was measured using various 

physicochemical analysis techniques. These results revealed that CA formed 

stable inclusion complexes with quercetin, PPOS, and FSV. The water solubility 

of quercetin and FSV significantly increased in the presence of CA. Especially, 

at high concentration, CA improved the solubility more than CD or MD. The 

oxidative stability of PPOS was significantly improved by complexation, 

decreasing the oxidative rate and the activity of polyphenol oxidase (PPO) that 

caused enzymatic browning. Also, the photo-stability of FSV was significantly 

improved by forming a complex with CA, showing a decrease in degradation 

constant (Kd) and an increase in half-life (t1/2), compared to those of pure FSV.  

In order to investigate inclusion complexation performance of CA 

molecules depending on their size, twenty-three different degrees of 

polymerization (DPs) of CA from 23 to 45 were fractionated using a repeated 

prep-HPLC. The inclusion complex formation capability of each CA molecule 

with SDS was analyzed using ITC and NMR. The thermodynamic data obtained 

using ITC revealed that all the binding processes were enthalpy-driven and the 
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binding stoichiometry (n) increased from about 2 to 3 as DP increased from 23 

to 45. The strong binding of the SDS molecule to CA26 was observed, which 

might be attributed to structural stability of CA26 bound with SDS by forming 

stable double hydrophobic cavities. The ROESY spectrum of the CA26-SDS 

complexes confirmed that the alkyl chain of the SDS molecule was inserted into 

the cavity of CA26. The solubility of β-carotene (BC) was also enhanced in the 

presence of CA26. The characterization of inclusion complexes between CA26 

and BC suggested that the stable inclusion complex was formed with the 

olefinic region of BC interacting with the hydrophobic cavity of CA26. The 

photo-stability and oxidative stability of BC were improved upon inclusion 

complexation with CA26, compared to that of pure BC. In conclusion, CA, as an 

efficient carrier molecule, formed stable inclusion complexes with various 

functional materials and greatly improved their solubility and stability, 

proposing a high potential of CA for various food and pharmaceutical 

industries.  

 

Key words: cycloamylose, inclusion complex, 4-α-glucanotransferase, 

polyphenol oxidase substrates, fat-soluble vitamins 
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1. INTRODUCTION 

 

Cycloamylose (CA) is a cyclic α-1,4-glucan molecule having a broad degree of 

polymerization (DP) distribution that ranges from nine to a few hundred 

(Takaha et al., 1996b). The definitive evidence for the existence of CA with a DP 

from 9 to 13 was first reported by French et al. (1965). This early CA study did 

not attract much attention. Researchers became again interested in CA with the 

development of CA preparation method (Takaha et al., 1996b, 1999). Treatment 

of amylose with cyclodextrin glucanotransferase produces common 

cyclodextrin (CD) containing 6–8 glucose residues and small amounts of higher 

homologs. However, disproportionating enzymes such as 4-α-

glucanotransferase yield CA from amylose, which have much higher degrees of 

glucose polymerization (Kitamura et al., 1999; Machida et al., 2000; Shimada et 

al., 1996; Ueda, 2002).  

The most notable feature of common CD (α-, β-, and γ-CD) is their ability to 

form solid inclusion complexes (host–guest complexes) with a wide range of 

solid, liquid, and gaseous compounds in their annular cavities of 5–8 Å (Del 

Valle, 2004; Szente & Szejtli, 2004). Even though, CD has been widely studied 

and applied in the pharmaceutical, food, cosmetic, and agricultural industries 

(Szejtli, 1998),  it has some drawbacks that limit its usages, including low water 

solubility and its toxicological behavior (Miyazawa et al., 1995). In contrast, the 



 2

present knowledge of CA suggests that it has high water solubility and no 

significant toxicity known, as nutritionally, it can be regarded as starch. 

Therefore, CA can be a highly promising material to overcome disadvantages of 

CD. 

CA can also form inclusion complexes with various materials and has several 

advantages compared to small CD. First, CA can have a variety of cavity 

geometries; second, CA is highly soluble in cold water; and third, CA prepared 

with disproportionating enzymes is quite heterogenous with respect to their 

number of glucose residues. Whereas small CD is composed of molecules of the 

same size with degrees of polymerization (DP) of 6, 7, and 8 for α-, β-, and γ-CD, 

respectively, CA comprise 17 to several hundred glucose residues that can be 

formed simultaneously. Therefore, it is anticipated that CA can accommodate a 

variety of guest molecules in their cavities and may have different binding 

capacities compared to small CD (Shimada et al., 1996; Kitamura et al., 1999; 

Machida et al., 2000; Tomono et al., 2002; Ueda, 2002).  

Despite the great potential of CA, it is difficult to commercialize and utilize in 

various industries, since studies on the mass and economic production of CA 

are not relatively sufficient compared to CD. In order to maximally–utilize 

forementioned advantages of CA, a substantial quantity and quality of research 

data have to be accumulated as in the case of CD. The required research on CA 

include the thermodynamic mechanism and performance of inclusion 
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complexation with various guest materials as well as their physicochemical 

characteristics. 

Many of functional materials (e.g. phenolic compounds, vitamins, carotenoids, 

and lipid) have problems of insolubility and instability, which may be 

responsible for its limited bioavailability and hampered applications (Spencer 

and Purdy, 1997; Jullian et al., 2007; Queiroz et al., 2008). CA is capable of 

accommodating a variety of hydrophobic molecules in their cavities to form 

stable inclusion complexes. The physicochemical properties of the guest 

molecules, such as water solubility, chemical stability, and bioavailability, can 

thereby be modified. If utilizing a CA as a carrier, it is possible to change 

physicochemical properties of various functional materials in a positive way.  

 

Therefore, the goals of this research were to develop functional inclusion 

complexes using cycloamylose (CA) and to elucidate their physicochemical 

characteristics. 

 

Specific objectives are as follows.   

 

1. Enzymatic Production of CA and confirmation of its inclusion complex 

capability with model core materials. 

2. Development of functional inclusion complexes using CA with various 
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functional food and pharmaceutical materials and investigation of their 

inclusion complexation performance using various physicochemical analysis 

techniques. 

3. Fractionation of CA by different DPs and investigation of their inclusion 

complex performance with model core material and functional material. 
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2. BACKGROUND AND LITERATURE REVIEW  

 

2.1. Cycloamylose 

Cycloamylose (CA), also called large-ring cyclodextrin (LR-CD), is a cyclic 

molecule consisting of α-1,4-glucans. It has a broad degree of polymerization 

(DP) distribution that ranges from nine to a few hundred (Takaha et al., 1996b). 

French et al. (1965) reported the first definitive evidence for the existence of CA 

with a DP from 9 to 13. However, this early CA study did not reveal anything 

that attracted attention, because of the difficulties in their purification and the 

preparation of reasonable yields. In the end of the 20th century, several 

researchers published on CA, including enzymes for preparation, 

physicochemical properties, molecular structures, and inclusion complex 

formation capabilities, that attracted a good deal of attention (Endo et al., 1999; 

Gessler et al., 1999; Nimz et al., 2001; Ueda et al., 2006). 

The most notable feature of common CD (α-, β-, and γ-CD ) is their ability to 

form solid inclusion complexes (host-guest complexes) with a wide range of 

solid, liquid, and gaseous compounds in their annular cavity of 5-8 Å (Del Valle, 

2004;  Szente & Szejtli, 2004). CA also can form inclusion complexes with 

various materials and has unique characteristics compared to small CD. First, 

CA can have flexible cavity geometries, second, they are highly soluble in cold 

water, and third, CA prepared with disproportionating enzyme are quite 
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heterogenous with respect to their number of glucose resides. While small CD 

are composed of molecules of the same size with degrees of polymerization 

(DP) of 6, 7, and 8 for α-, β-, and γ-CD, respectively, CA comprise 17 to several 

hundred glucose residues that can be formed simultaneously. Therefore, it is 

anticipated that CA can accommodate a variety of guest molecules in their 

cavities and may have different binding capacities compared to small CD 

(Shimada et al., 1996; Kitamura et al., 1999; Machida et al., 2000; Tomono et al., 

2002; Ueda, 2002). 

 

2.2. Enzymatic production of cycloamylose 

CA can be produced by disproportionating enzyme and has been attracting 

attention despite of existing difficulties in its synthesis, isolation, and 

purification. Treatment of amylose with cyclodextrin glucanotransferase 

(CDase) produces common cyclodextrin (CD) containing 6–8 glucose residues 

and disproportionating enzymes having high level of homology, such as 4-α-

glucanotransferase, amylomaltase, and potato D-enzyme, yield CA molecules 

that have much higher degrees of glucose polymerization from amylose 

(Shimada et al., 1996; Kitamura et al., 1999; Machida et al., 2000; Ueda, 2002). 

The 4-α-glucanotransferase (4αGTase, EC 2.4.1.25) is a member of the α-

amylase super-family and catalyzed the transfer of α-glucan chains from the 

non-reducing end of one α-1,4-glucan molecule to the non-reducing end of 
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another, as shown in the following equation (Takaha et al., 1993; Takaha and 

Smith, 1999): (α-1,4-glucan)m + (α-1,4-glucan)n ↔ (α-1,4-glucan)m-x + (α-1,4-

glucan)m+x,  

where m stands for the degree of polymerization (DP) of a donor α-1,4-glucan 

molecule, n represents the DP of an acceptor α-1,4-glucan molecule, and x is the 

length of a glucanosyl segment transferred from the donor to the acceptor. This 

inter-molecular glucan tranfer reaction is readily reversible, and is often called 

‘diproportionation’. Also, the enzyme can catalyze intramolecular glucan 

transfer reaction, which creates cyclic glucans, as follows (CA) (Takaha et al., 

1996b, 1998; Bhuiyan et al., 2003): (α-1,4-glucan)n ↔ (α-1,4-glucan)n-x + (α-1,4-

glucan)x. 

These enzyme activities are widely distributed in bacteria, Archea, yeasts, 

plants (potato tubers, carrot roots, and tomato fruits), and mammals. The 

production of CA from amylose or amylopectin has been intensively reported 

last two decades using a variety of enzymes from different sources as presented 

in Table 2.1. including 4αGTase (EC 2.4.1.25) from various sources, 

disproportionating enzyme (D-Enzyme, EC 2.4.1.25) from potato, amylomaltase 

(EC 2.4.1.25) from the Thermophilic bacterium, Thermus aquaticus and E. coli, 

branching enzyme (EC 2.4.1.18) from Bacillus stearothermophilus and Bacillus 

careus, and glycogen debranching enzyme (EC 2.4.1.25/3.2.1.33) from yeast.  

Recently, food industries are continually trying to produce the commercial 
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scale of αGTase and its product. Kim et al. (2013) developed a patent technology 

for the purification method of 4αGTase to remedy the disadvantage of 

conventional His-tagging, as, generally, His-tagged enzymes are not allowed for 

the food purpose. Tafazoli et al. (2010) reported that in a 13 weeks subchronic 

toxicity study in rats, oral administration of αGTase did not produce 

compound-related clinical signs or toxicity, supporting the safety of αGTase in 

food production purpose. AVEBE Corp. of The Netherlands gave out a food 

ingredient under the trade name of EteniaTM produced using 4αGTase from 

Thermus thermophilus (Maarel & Leemhuis, 2013). As seen above, various efforts 

for the food application of 4αGTase and its products including CA is actively 

taking place. 

 

Table 2.1. Enzymatic production of CA (Larsen, 2002; Zheng et al., 2002) 
Hydrolyzing

enzymes

Species
Transferring

Enzyme
(Removal of

low MW)

Amylose Potato tuber Potato D-enzyme Glucoamylase DP17-Several
hundred

Takaha et al., 1996

Amylose Bacillus stearothermophilus Branching enzyme Glucoamylase DP18-36 Takata et al., 1996b

Amylopectin Bacillus stearothermophilus Branching enzyme Glucoamylase DP49 Takata et al., 1996a

Amylose Thermococcus litoralis 4-α-glucanotransferase Glucoamylase  - Jeon et al., 1997

Amylopectin Potato D-enzyme Glucoamylase DP17-33 Takaha et al., 1998

Amylose Thermus aquaticus 4-α-glucanotransferase Glucoamylase DP22 or more Terada et al., 1999

Amylose Pyrococcus kodakaraensis 4-α-glucanotransferase Glucoamylase DP16-55 Tachibana et al., 2000

Amylose Thermus aquaticus 4-α-glucanotransferase Glucoamylase DP22 or more Przylas et al., 2000

Amylose Alkalophilic bacillus Sp CGTase Glucoamylase
DP9 - more
than 60 Terada et al., 2001

Amylose
Amylopectin,
Debranched starch
(short chain amylose)

Amylose Aquifex aeolicus 4-α-glucanotransferase Glucoamylase DP16-50 Bhuiyan et al., 2003

Reference

Yanase et al., 2002

Substrate
Enzyme(s)

DP of CA

Saccharomyces cerevisiae
Glycogen Debranching
Enzyme Glucoamylase DP11-50
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2.3. Physicochemical properties of CA 

Some of the physicochemical properties (solubility, specific rotation, and acid 

hydrolysis rate) of CD and CA have been reported (Table 2.2). The aqueous 

solubilities of CA except for CD9, CD10, CD14, and CD26 were greater than 

those of regular CD (α-, β-, and γ-CD). The low aqueous solubility of CD9, 

CD10, CD14, and CD26 was related to their structural flexibility and 

crystallinity (Ueda., 2004; Nimz et al., 2001). CD and CA did not show any 

surface activity. There was not a marked difference in the specific rotation 

among CA. The acid-catalyzed hydrolysis rates of CA are faster than those of 

regular CD and CD9. There were no marked differences in the acid-catalyzed 

hydrolysis rates among CA, but the stability of the marcrocyclic ring decreased 

with increasing number of glycosyl units, probably owing to increased 

flexibility and a higher number of decomposition points (α-D-1→4 linkages). 

Taira et al. (2006) reported that the half-life of macrocyclic ring opening (CD9-

CD39) paralleled 13C NMR chemical shifts of C1 and C4 with number of D-

glucose units (Fig. 2.1). This result suspected that there is a relationship between 

the stability and structure of CA. Six or Seven D-glucose units compose a 

relatively stable helix, so CA does have a stable structure periodically. However, 

since the glycoside linkage is readily attacked by acid, the half-life decreased as 

the number of glycoside linkages increased. It was considered that the changes 

of these half-lives indicate the relaxation of a distortion of the ring structure in 



 10

CA as glycoside linkage increases (Taira et al., 2006).  

The small CD, especially α- and β-CD, have limited use as nutrients because of 

their toxicological behavior (Miyazawa et al., 1995). In contrast, the present 

knowledge of the CA suggests that they are without any significant toxicity and 

that nutritionally they can be regarded as starch. Furthermore, the CA display 

very high solubility and low viscosity compared to the starch constituents, 

amylopectin, and amylose (Takaha et al., 1997). These features may be due to 

the cyclic structure of the CA, which would hinder the formation of stable 

intermolecular complexes. This effect has also been observed as an inability to 

retrograde and its ability to prevent the retrogradation of ordinary starches. 

These features suggest numerous uses of CA mixtures in industry as evidenced 

by the growing number of patents. 

 

 
Fig. 2.1. Dependence of half-life of ring opening and 13C NMR chemical shifts on 

number of D-glucose unit (Taira et al., 2006). 
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Table 2.2. Physicochemical properties of CD and CA (Ueda 2002; Taira et al., 

2006) 

Abbreviation
Number of

glucopyranose
units

Internal
cavity

diameter (Å)

Aqueous solubility
(g/100 mL)

Surface tension
(mN/m)

Specific
rotation [α]25D

Half-life of ring
opening (hr)

α-CD 6 4.7-5.2 14.5 72  +147.8 33

β-CD 7 6.6.4 1.85 73  +161.1 29

γ-CD 8 7.8.3 23.2 73  +175.9 15

CD9 9
10.3-11.2
(5.8-7.1) 8.19 73  +187.5 4.2

CD10 10
12.58-14.02
(6.45-8.63)

2.82 72  +204.9 3.2

CD11 11 >150 72  +200.8 3.4

CD12 12 >150 72  +197.3 3.7

CD13 13 >150 72  +198.1 3.7

CD14 14 2.3 73  +199.7 3.6

CD15 15 >120 73  +203.9 2.9

CD16 16 >120 73  +204.2 2.5

CD17 17 >120 72  +201.0 2.5

CD18 18 >100 73  +204.0 3

CD19 19 >100 73  +201.0 3.4

CD20 20 >100 73  +199.7 3.4

CD21 21 >100 73  +205.3 3.2

CD22 22 >100 73  +197.7 2.6

CD23 23 >100 73  +196.6 2.7

CD24 24 >100 73  +196.0 2.6

CD25 25 >100 73  +190.8 2.8

CD26 26 22.4 73  +201.4 2.9

CD27 27 >125 72  +189.4 2.8

CD28 28 >125 72  +191.2 2.6

CD29 29 >125 72  +190.2 2.5

CD30 30 >125 72  +189.1 2.3

CD31 31 >125 71  +189.0 2.4

CD32 32 >125 71  +192.7 2.4

CD33 33 >125 71  +192.1 2.2

CD34 34 >125 72  +189.6 2.2

CD35 35 >125 71  +193.7 2.1

CD36 36 >100 71  +190.6 1.9

CD37 37 >100 71  +189.9 1.8

CD38 38 >100 71  +190.1 1.9

CD39 39 >100 70  +188.1 1.8  
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2.4. Molecular structures of CA 

CA is cyclic oligosaccharides in the shape of distorted or bend-flipped motif 

with hydrophilic external surfaces and relatively nonpolar cavities. X-ray 

crystal-structure analysis is the preferable method for elucidating the structure 

of CA. Suitable crystals of a few CA have been obtained and the structure of CA 

has been resolved. CD9 exhibits a boat-shaped structure, because of the stronger 

stress of α-1,4-link bond that does not allow a round, distinct from the truncated 

cone structure of CD6-8, representing an intermediate between those and the 

CA. The macrocycles of CD10 and CD14 are also deformed, with a narrow 

groove different from the structure of CD6-8 (Fig. 2.2). It is attributed to the 

flipping of two diametrically opposite glucosidic bonds by about 180° in trans 

orientation. As a consequence, the molecules are clearly divided into two halves 

connected as the flip sites oriented in a trans conformation called ‘band flips’, 

while the remaining glucosidic bonds retain the normal cis confirmation (Jacob 

et al., 1998). The compact structure of CD26 is a similar double band-flip motif, 

consisting of two anti-parallel left-handed, single helices of almost two turns. 

The structure of each helix resembled V-amylose with six glycosyl units per 

repeating turn (Gessler et al., 1999). 

Molecular dynamics simulations in aqueous solution were performed on 

CD24, CD25, CD27, CD28, CD29, and CD30 (Gotsev et al., 2007a). This result 

witnessed high flexibility of the macrocycles, and different local structural 
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motifs were detected: twisted helical double parallel strand (CD25, CD30), 

single helix of three turns (CD29), a spiral (CD25, CD27, 30), open-shaped loops 

and helical turns (CD28; “CD26 geometry”), a rectangular cavity (CD24), a 

triple-lobe fragment (CD29) or a portion shaped like a jaw (CD24, CD27), and 

an overall shape of the macromolecule that resembled a butterfly (CD27) or “X” 

(CD28) (Fig. 2.3).  

Fig. 2.2. (a) Schematic representation for top and side views of CA9 (A and B, 
respectively), CA10 (C and D, respectively), and CA14 (E and F, respectively) molecular 
structures. In Figs. 2.2C and E the band flips occur where the course of the O2, O3, and 
C6 atoms is broken. For clarity, only O2, O3 (red), and C6 (grey) atoms are drawn (Jacob 
et al., 1998). (b) Comparison of the molecular structure of the cis-oriented and the band-
flipped trans-oriented glycosyl units. (c) Top and side views of CA26, showing 
schematically the folding of the macrocycle into two left-handed single helices 
connected in the form of a ‘‘figure eight.’’ O2 and O3 oxygen atoms are drawn red and 
the other atoms are symbolized by a gray tube passing through O4 atoms; all other 
atoms are omitted. Band-flips occur at the two positions in the macrocycle indicated by 
yellow arrows (Gessler et al., 1999).  
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Fig. 2.3. Typical appearances of some structural motifs. (a) CD30-4.0, twisted helical 

double parallel strand; (b) CD29-1.0, single helix of three turns; (c) CD27-1.0, a spiral; (d) 

CD28-8.0, open-shaped loops and helical turns; (e) CD24-8.0, rectangular; (f) CD29-8.0, 

triple-lobe shape; (g) CD27-2.0, jaw; (h) CD28-9.0, “X”-shaped macro-ring; (i) CD27-3.0, 

a butterfly (Martin et al., 2006; Gotsev et al., 2007b). 

 

In additions to the moments of inertia, estimated with the CARNAL module 

of AMBER, three more descriptors of the molecular size and anisometry has 

been evaluated to assess differences in size and shape between macrorings as 

summarized in Table 2.3 (Gotsev et al., 2007b). Maestre et al. (2007) also studied 

on CD14, CD21, CD26, and CD28 using molecular dynamics simulations, both 

in gas phase and in water solution. Simulations in the gas phases showed that 

CA was elongated and twisted, and were not depict a cavity present in that of 

CD6-8. Simulations in water solution indicated that their structure did not 

correspond to the conformations in the crystalline state. CA is highly flexible 

and can favor the formation of inclusion complexes though the intermediation 
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of some other molecules that could fit to the smaller and more specific cavities 

they have. Ivanov and Jaime (2004) examined molecular dynamics simulations 

on DP26, DP30, DP55, DP70, DP85, and DP100 in aqueous solution. The 

structures displayed by CD26 during the molecular dynamicssimulation (10.0 

ns) did not correspond to the conformation in the crystalline state. The two 

“flips” present in the macroring of CD26 in the crystal state disappeared after 

1.5 and 3.0 ns simulations, respectively. The larger CD bear a considerable 

degree of flexibility. 

 

Table 2.3. Computed average values of radius of gyration, span, and asphericity 

(Maestre et al., 2007; Gotsev et al., 2007b) 

  Radius of gyration (Å) Span (Å) Asphericity 

CD10 11.4 8.5 0.2 

CD14 16 12 0.3 

CD24 27.8 17.8 0.3 

CD25 28.6 18.3 0.4 

CD26 29.4 (25.6) 17.9 (15.9) 0.2 

CD27 30.2 18.5 0.3 

CD28 35.9 19.7 0.2 

CD29 35.4 20 0.2 

CD30 41 23.6 0.55 

CD55 35.1 24.6 0.24 

CD70 36.6 26.8 0.2 

CD85 48.5 28.1 0.16 

CD100 55.8 32.5 0.29 
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  They display different modes of folding and cavity-like regions of different 

sizes and shapes: circular and elongated loops of variable size, orientated in 

different fashion; portions of a double helical strand with the two single helices 

parallel to each other (CD30, CD70); a helix of three turns and a serpentiform 

portion containing six loops (CD55); a cone-shaped spiral region (CD70); a 

rounded dendritic fold with several arbitrarily oriented small loops on the 

surface of the clustering (CD85); three spiral portions and a tendency for 

bending into two (CD100).  

 

2.5. Inclusion complex formation of CA with guest molecules 

The key to the successful applications of the small CD (α-, β-, and γ -CD) lies 

in their ability to form inclusion complexes with a large number of molecules 

(Szejtli & Osa, 1996). In contrast to the numerous studies on the small CD, the 

complex forming properties of the vast range of CA are still to a great extent 

unknown. The formation of inclusion compounds between CA and guest 

molecules is achieved by a quite complex mechanism, which involves, besides 

other steps, the water removal from CA cavity and accommodation of the guest 

molecule that decreases the total energy of the system, contributing to the 

spontaneity of the whole process (Furuishi et al., 1998). Other factors, such as 

hydrogen bonding, change in the surface tension, van der Waals interactions, 

and ring strain releasing will also influence the final complex formation. The 
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inclusion phenomenon is usually a concentration-dependent process; it is 

possible that in solution the guest molecule interacts with other parts of the CA 

surface and thus generates agglomerates through self-association process 

(Larsen, 2002; Ueda, 2004). The reported complex formations of CA as single 

components and as a mixture are summarized as in Table 2.4. CD21 to CD32 

could form complexes with iodine determined via isothermal titration 

calorimetry (Kitamura et al., 1999). The data suggested that this range of CA is 

capable of accommodating two iodine molecules.  

CA mixtures with a DP higher than 17 were interact with cholesterol, digoxin, 

digitoxin and predonisolone resulting in the formation of complexes (Tomono 

et al., 2002). Cholesterol formed a stable complex with CA and its water 

solubility was higher than that with CD6-8. The possibility of CA as host 

molecules has also been tested with alcohols and fatty acids. It was shown that 

CA (DP greater than 50) can formed inclusion complexes with butanol, octanol, 

and oleic acid (Takaha et al., 1999). Cyclic α-1,4-glucans with a DP 22 to several 

hundred could enhance the water solubility of fullerene (C60) by co-grinding in 

a solid-solid mechanochemical (Fukami et al., 2004). Cyclic glucan mixtures 

containing highly branched cyclic dextrins comprising of α-1,4- and α-1,6-

glucosidic linkages have been reported to improve the water solubility of 

glibenclamide by the co-grinding method (Fukami et al., 2006). Only recently, 

bioavailability of CA mixtures has been tested with flurbiprofen and ibuprofen 
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(Baek et al., 2011; 2012). They reported that CA could enhance the solubility, 

dissolution and oral bioavailability of flurbiprofen and ibuprofen by spray 

drying techniques.  

 

Table 2.4. Inclusion complex formation between CA and guest compounds 

(Ueda et al., 2006) 

CA Analysis method Guest compounds Reference

DP25-50 Spectrofluorometry 8-Anilino-1-naphthaline sulfonic acid Nakamura et al., 1996

DP25-50 Simple precipitation 1-Octanol,  1-butanol, oleic acid Takaha et al., 1999

DP25-50 Protein refolding Porcine heart CitSyn, CAB, lysozyme Machida et al., 2000

DP>17
Enhancement of solubility
(Co-precipitation method)
(solubility method)

Cholesterol, digoxin, digitoxin, predonisolone,
nitroglycerin Tomono et al.,  2002

DP22-60 Enhancement of solubility
(Ball milling or co-grinding method)

Fullerence C60 Fukami et al., 2004

CA(branched) Enhancement of solubility
(Ball milling or co-grinding method) Glibenclamide Fukami et al., 2006

DP24-44 Isothermal titraction calorimetry (ITC) Surfactants :  SDS, DTAB, Brij35 Mun et al., 2009

DP-100 Gene dilivery system Plasmid DNA Toita et al., 2010

DP23-45 Enhancement of solubility  and
bioavailability (spray dried method) Ibuprofen, flurbiprofen Baek et al., 2011; 2012

DP9-DP13 Capillary electrophoresis

Benzoate, 2-methyl benzoate, 3-methyl benzoate,
3-methyl benzoate, 4-methyl benzoate, 2,4-
dimethyl benzoate, 2,5-dimethyl benzoate, 3,5-
dimethyl benzoate, 3,5-dimethoxy benzoate,
salicylate, 3-phenyl propionate, 4-tert-butyl
benzoate, ibuprofen anion, 1-adamantane
carboxylate

Larsen et al., 1999

DP21-DP32 Isothermal titraction calorimetry (ITC) Iodine Kitamura et al., 1999

DP14-DP17 Capillary electrophoresis Salicylate, 4-tert-butyl benzoate, ibuprofen anion Mogensen et al. , 2000

DP 12 NMR Single wall carbon nanotube Doziuk et al., 2003

DP 26 X-ray crystallography NH4I3, Ba(I3)2, undecanoic acid, dodecanol Nimz et al. 2003; 2004
  

 



 19

Table 2.4. continued 

CA Analysis method Guest compounds Reference

Enhancement of solubility
(Co-precipitation method)
(solubility method)

Anthracene, amphotericin B, ajmalicine,
aimaline, carbamazepine, digitoxin,
spironolactone, 9,10-dibromoanthracene,
3,4,9,10-perylenetetracaroxylic dianhydride
Spironolactone

Miyazawa et al., 1995

Enhancement of solubility
(Ball milling or co-grinding method) Fullerence C70 Furuishi et al., 1998

Simple precipitation

1,5-Cyclooctadiene, cyclononanone,
cyclodecanone, cycloundecanone,
cyclododecanone, cyclotridecanone,
cyclopentadecanone

XRD, DSC Cycloundecanone, cyclododecanone

X-ray crystallography Cycloundecanone Harata et al. , 2002

Enhancement of solubility
(Co-precipitation method)

Reserpine, [2,2]-paracyclophane, perylene,
pyrene, riphenylene, 1,8-naphthalic anhydride,
naphthalene-1,4,5,8-tetracarboxylic dianhydride,
digitoxin, gitoxin, digoxin, methyldigoxin,
lanatoside C, Gstrophanthin, proscillaridin A

Solubility method and NMR Digitoxin

CE and MEKC

Dansyl-methione, dansylphenylalanine, dansyl-
alanine, dansylleucine, dansyl-norleucine,
dansylnorvaline, dansyl-tryptophan,
dansylglutamic acid, dansyl-aspartic acid,
dansyl-threonine, 1,1’-binaphthyl-2,2’-
diylhydrogenphosphate, carvedilol, erythro-
mefloquine, clidinum bromide,
FMOCphenylalanine, FMOC-tryptophane,
FMOC-alanine, narigin, hesperetin,
neohesperidin, neoeriocitrin

Wistuba et al.,  2006

DP 9

Ueda et al.,  2006

Akasaka et al. , 2000

 

 

CA as well as CD may basically have inclusion ability with guest molecules. 

The state of inclusion appears to differ between CA and CD. The ability of CA 

to form complexes depends on their cavity size, which is by and far weaker 

than those of the small CD. However, owing to their much higher solubility, 

lower viscosity and inability to retrograde, they may prove to be valuable for 
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complexation of functional guest molecules (Machida et al., 2000). 

 

2.6. Applications of CA 

CA can accommodate a variety of hydrophobic guest molecules in their 

distorted cavities and may have different binding capacities compared to small 

CD (Shimada et al., 1996; Kitamura et al., 1999; Machida et al., 2000; Tomono et 

al., 2002; Ueda, 2002), so changing their solubility, reactivity, stability, or 

bioavailability and thus can be apply in the food, chemical, cosmetics, and 

pharmaceutical industries (Takaha & Smith, 1999).  

Recent applications of CA are summarized as in Table 2.5. CA mixtures with 

DP from 22 to 45 and >50 were efficient artificial chaperones for protein 

refolding (Machida et al., 2000) and were the basis for new practical application 

CA products such as a protein refolding kit sold in Japan. The application of CA 

as raw material in the starch processing industry, food and drink compositions, 

food additive compositions, and starch substitutes for biodegradable plastic 

were claimed in several patents to improve texture, mouth feeling and retain 

flavor (Takaha et al., 1996, 1997; Imanaka et al., 2001, 2002). Furthermore, Satake 

et al. (1998) suggested that CA could be applied an improved paper coating 

material for gate roll coater in the paper industry. 

CA has the potential for pharmaceutical applications, which play an 

important role in the stabilization and solubilization of large and insoluble or 
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unstable drug molecule. Until now, several studies done to improve the 

solubility and bioavailability of some drug materials using CA, however, it is 

still very difficult to practical application of them (Tomono et al., 2002; Toita et 

al., 2010; Baek et al., 2011, 2012). Therefore, the study on further specific 

application of CA will depend on their availability in larger amounts.  

 

Table 2.5. Recent applications of cycloamylose 

Trade name Application field Reference

Refolding CA kit Japan Biotechnology Machida et al., 2000

Patent Application field Reference

paper coating material Japanese Patent No. JP 10,219,593 Paper industry Satake et al., 1998

Sport drink 
United States Patentt No. 5,686,132
Japanese Patent No. JP 08311103 Food industry Takaha et al., 1996; 1997

Sports drink
and adhesive composition

United States Patent No. 6,248,566
European Patent No. EP 0710674B1 Food industry Imanaka et al., 2001; 2002

Folding proteins kit United States Patent No. 8,119,615 Biotechnology Jones et al., 2012
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3. ENZYMATIC PRODUCTION OF CA AND THEIR 

COMPLEX FORMATION CAPABILITY 

 

3.1. INTRODUCTION 

 

Cycloamylose (CA) provides a hydrophobic circumstance which 

accommodates a variety of hydrophobic guest molecules in their cavities and 

has several advantages for formation of inclusion complexes (IC) compared to 

small cyclodextrin (CD); First, CA has different binding capacities due to its 

unique multiple binding sites; second, CA is highly soluble in cold water; and 

third, CA displays a diversity of cavity size that can complex a large range of 

guest molecules (Shimada et al., 1996; Kitamura et al., 1999; Machida et al., 2000; 

Tomono et al., 2002; Ueda, 2002). More recently, only a few papers were 

published on IC formation of CA with guest molecules such as C70 (Furuishi et 

al., 2008), iodine (Kitamura et al., 1999), surfactants (Mun et al., 2009), or some 

drug molecules (Ueda et al., 1999; Akasaka et al., 2000; Baek et al., 2011) due to 

an expected unsuitable cavity size and increased conformational flexibility of 

the macrocycles (Frömming & Szejtli, 1994). Likewise, since the formation of 

specific IC may result in modified chemical and physical properties of the guest 

molecules, such as their solubility in water, chemical stability, and 

bioavailability, CA may have various applications in pharmaceuticals, food 
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science, and biotechnology (Takaha and Smith, 1999; Zheng et al., 2002).  

Quercetin, naturally occurring yellow pigment flavones, belongs to a large 

group of naturally occurring flavonoid compounds found in plants, foods, and 

beverages (Zheng et al., 2004; Jullian et al., 2007). Due to some interesting 

health-benefiting properties, quercetin has been widely examined in terms of 

chemistry as well as biological activities. However, quercetin has low water 

solubility, which may be responsible for its limited absorption upon oral 

administration making it difficult to be used as a natural food additive or in 

medicine. 

The polyphenol oxidase substrates (PPOS), also called phenolic compounds, 

exist generally in lots of fruits and are mainly used common materials for 

substrates of polyphenol oxidase (PPO). Also, PPOS are natural substrates that 

contribute to the sensorial properties (color, taste, aroma, and texture) 

associated with fruit quality and are important antioxidants in plants (Queiroz 

et al., 2008). Structurally they contain an aromatic ring bearing one or more 

hydroxyl groups together with a number of other substituents. During food 

processing and storage many polyphenols are unstable due to the fact that they 

undergo chemical and biochemical reactions. The most important thing is 

enzymatic oxidation causing browning of vegetables and fruits. This reaction 

mostly occurs after cutting or other mechanical treatments of product due to 

breaking cells. 
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Fat-soluble vitamins (FSV) are composed of vitamin A, D, E, and K, which 

serve catalytic functions and serve as co-enzymes, prosthetic groups on proteins, 

and hormones (Spencer and Purdy, 1997). However, the use of FSV is limited 

due to its high insolubility and instability. Especially under the influence of UV 

light and in the presence of oxygen the FSV tend to do rapid oxidation and 

polymerization. 

IC of CA with these functional materials is an interesting attempt to improve 

the solubility and stability of functional materials under ambient conditions. 

Until recently, several studies have been performed to improve the solubility, 

stability, and bioavailability of functional compounds by IC with CD; however, 

only a few of them were reported for this with CA. Therefore, in this section, 

CA with a wide range of degree of polymerization (DP) was produced by 

enzyme using optimized conditions and confirmed IC capability with model 

core materials. Furthermore, IC of functional materials were prepared with CA 

and characterized with respect to water-solubility and stability.  
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3.2. MATERIALS AND METHODS 

 

3.2.1. Materials 

Cycloamylose standard (Lot No. GMH 2107, average molecular weight = 

7,500) was obtained from Ezaki Glico Co., Ltd. (Osaka, Japan). Amylose (A-

0512), Trizma base (T-1503), Sodium acetate (S-5889), mushroom tyrosinase (EC 

1.14.18.1, specific activity ≥ 1,000 units/mg solid; T3824), and DPPH (2,2-

Diphenyl-1-picrylhydrazyl; D9132) were purchased from Sigma Aldrich Co. (St. 

Louis, MO, USA). Sodium hydroxide solution (50% w/w certified) was 

purchased from Fisher Scientific (Fairlawn, NJ, USA). Sodium chloride and 

hydrochloric acid solution were purchased from Duksan Pure Chemical Co. Ltd. 

(Korea). Pullulan Shodex standard P-82 (P5, Mw = 5.80×103 g/mol; P10, Mw = 

1.18×104 g/mol; P20, Mw = 2.28×104 g/mol; P50, Mw = 4.73×104 g/mol; P100, 

Mw = 1.12×105 g/mol; P800, Mw =7.88×105 g/mol) was purchased from Showa 

Denko Co. (Tokyo, Japan). Milli-Q Water (Milli-Q Gradient, Millipore Co., USA) 

was used in all experiments as purified water. Apple (busa variety) were 

obtained at commercial maturity from the local market and maintained at low 

temperature (under 4°C) until their use. The DNA of 4-α-glucanotransferase 

(4αGTase) and β-amylase were donated by Food Enzymology Laboratory 

(Seoul National University, South Korea). Moisture contents of all samples were 

determined by an infrared moisture determination balance (FD-600, Kett 
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Electric Lab., Tokyo, Japan) and were consequently taken into account during 

the sample preparation.  

 

3.2.1.1. Host compounds  

α-Cyclodextrin (α-CD, ≥98.0% purity; 28705) and β-cyclodextrin (β-CD, 

minimum 98% purity; C4767) were purchased from Sigma Aldrich. In these 

studies, β-CD was expressed as CD. Maltodextrin (MD) of average molecular 

weight 2,160 Da (8-10 DE) was obtained from Samyang Genex Corporation 

(Seoul, South Korea). 

 

3.2.1.2. Guest compounds  

Sodium dodecyl sulfate (SDS, ≥99.0% purity; L6026), lysolecithin (L-α-

lysophosphatidylcholine from egg yolk, ≥99% purity; L4129) were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Quercetin (≥98% purity) was kindly 

donated by Seoul Perfumery Co., Ltd. (Seoul, Korea). In the case of PPOS, 

chlorogenic acid (CHA, ≥95% purity; C3878 ), caffeic acid (CFA, ≥98% purity; 

C0625), catechol (CT, 1.2-dihydroxybenzene, ≥99% purity; 135011), 4-

methylcatechol (4MC, ≥95% purity; M34200), ρ-coumaric acid (COA, ≥98% 

purity; C9008), 3,4-Dihydroxy-L-phenylalanine (L-DOPA, ≥98% purity; D9628), 

and pyrogallol (PY, ≥98% purity; 83130) were purchased from Sigma-Aldrich. In 

the case of FSV, all-trans-retinol (vitamin A, solid, ≥95% purity; R7632), 
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cholecalciferol (vitamin D, solid, ≥98% puritiy; C9756), α-tocopherol (vitamin E, 

liquid, ≥96% purity; T3251), and menadione (vitamin K3, solid; M5625) were 

also purchased from Sigma-Aldrich. 

 

3.2.2. Enzymatic production of CA 

 

3.2.2.1. Purification of TAαGTase  

The E.coli MC1061 transfomant carrying recombinant plasmid (p6xHisTA TG-

DE) was cultivated in Luria-Bertani medium containing ampicillin (100 μg/mL) 

as described by Park et al. (2007). The cell was collected by centrifugation and 

carefully resuspended in lysis buffer (50 mM Tris-HCl (pH 7.5) containing 300 

mM NaCl and 10 mM imidazole). The cell extract was obtained by sonication 

(VCX-750, Sonics & Materials. Inc., Newtown, CT. USA) and heated at 65°C for 

20 min. After centrifugation, the supernatant was passed the Nickel-

nitrilotriacetic acid (Ni-NTA) resin (Qiagen, Hilden, Germany) packed in a 

Poly-Prep® chromatography column (0.8 x 4 cm; Bio-Rad, Hercules, CA). The 

resin was washed with 50 mM Tris-HCl buffer (pH. 7.5) containing 300 mM 

NaCl and 20 mM immidazole followed by the elution with 50 mM Tris-HCl 

buffer (pH 7.5) containing 300 mM NaCl and 250 mM immidazole. The final 

eluents was dialyzed against 50 mM Tris-HCl buffer (pH 7.5) and concentrated 

by ultrafiltration (Ultrafiltration Membrane, Regenerated cellulose YM 10; 



28 

Amicon 8010 UF kit, Millipore, Billerica, MA). The activity of enzyme was 

determined by measuring the optical density change in iodine-staining during 

the conversion of amylose by the enzyme (Liebl et al., 1992). The enzyme 

reaction mixture containing 250 μL of 0.2% (w/v) amylose, 50 μL of 1% (w/v) 

maltose, 600 μL of 50 mM Tris-HCl buffer (pH 7.5) and 100 μL of enzyme 

solution was incubated at 70°C for 10 min. Aliquots (0.1 mL) was mixed with 1 

mL of iodine solution [0.02% (w/v) iodine and 0.2% (w/v) potassium iodide], 

and the absorbance at 620 nm was used to measure the activity. One unit of 4-α-

glucanotransferase activity was defined as the amount of enzyme which 

degrades 0.5 mg/mL of amylose per min under the assay condition.  

 

3.2.2.2. Production of CA  

Cycloamylose (CA) was produced by treating 4-α-glucanotransferase from 

Thermus aquaticus (TAαGTase) on amylose as described by Park et al. (2007) 

with slight modification. Schematic diagram for production of CA using 

TAαGTase was presented in Fig. 3.1. The reaction for production of CA having 

high yield was carried out under the optimum conditions (reaction time, 

substrate and enzyme concentration). Amylose (4%, w/v) was dissolved in 90% 

(v/v) dimethyl sulfoxide (DMSO). The reaction mixture containing 1% amylose, 

TAαGTase (100 U per g amylose), and 50 mM Tris-HCl buffer (pH 7.5) was 

incubated at 70°C for 12 hrs, and the reaction was terminated by heating the 
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solution at 100°C for 15 min. Then the reaction mixture was incubated with β-

amylase (30 U per g amylose) at 37°C for 8 hrs to hydrolyze non-cyclic glucans. 

The enzyme reaction was terminated by boiling again for 15 min. In order to 

remove free maltoses in the reaction mixture, the sample was precipitated by 

adding 10-fold volume of ethanol (99.9%, v/v) and followed by centrifugation 

at 6,000 rpm for 15 min. Finally, the precipitate were dissolved into the small 

amount of distilled water (DW) and freeze-dried. The final sample (CA powder) 

was re-dissolved in DW for HPSEC, HPAEC, and MALDI-TOF MS analysis. 

 

 

Fig. 3.1. A schematic diagrams of the procedure for producing CA using 

TAαGTase.  
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3.2.3. Identification of CA  

 

3.2.3.1. High-performance size exclusion chromatography (HPSEC) 

The HPSEC system consisted of a pump (Prostar 210, varian, Inc. USA), an 

injection valve with a 100l sample loop (Rheodyne 7072, Cotati, CA), a 

differential refractive index detector (Prostar355, varian, Inc. USA), and two 

SEC columns in combination (OHpak SB-804 HQ and OHpak SB-802 HQ; 8.0 

mm ID × 300 mm each, Showa Denko K.K., Tokyo, Japan). The columns were 

maintained at room temperature (RT) and HPLC grade water was used as a 

mobile phase at a flow rate of 0.4 mL/min. Produced CA was dissolved in DW 

and filtered through a 0.45 μm syringe filter (Cellulose acetate; Advantac, Tokyo, 

Japan). Then, the sample was injected into an HPSEC system. The standard 

curve of molecular masses was fitted using α-CD, β-CD, and Shodex pullulan P-

82. 

 

3.2.3.2. High-performance anion exchange chromatography (HPAEC) 

HPAEC was performed with a Dionex DX-300 (Dionex Cor., Sunnyvale, CA, 

USA) system with a plused amperometric detector (model ED40, Dionex). A 

CarboPacTM PA-1 column (250 x 4 mm I.D.) was equilibrated with 150 mM 

NaOH and eluted with varied gradients of 600 mM sodium acetate in 150 mM 

NaOH at a flow rate of 1 mL/min. Several gradient programs were examined 

and the program for best separation was summarized in Table 3.1. 
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Table 3.1. HPAEC solvent gradient condition for the molecular weight 

distribution of CA from anion exchange chromatography 

Time (min) 
Solvent composition (%) 

Buffer Aa) Buffer Bb) 

0c) 90 10 

10 70 30 

16 60 40 

27 50 50 

44 40 60 

63 35 65 

70 34 66 

70.01 0 100 

75 0 100 

75.01 100 0 

80 100 0 

80.01 90 10 
a) 150 mM NaOH in water. 

b) 600 mM sodium acetate in 150 mM NaOH.  

c) Gradient or buffer B from 0 to 100%. 

 

3.2.3.3. Matrix assisted laser desorption ionization-time of flight (MALDI-

TOF) mass spectrometry 

The molecular mass of CA was determined using a matrix assisted laser 

desorption ionization-time of flight (MALDI-TOF) mass spectrometer 

(VoyagerTM-DE, Perceptive Biosystem, Framingham, USA). After the sample 

was mixed with a matrix (2,5-dihydroxybenzoic acid, 0.1-5 ρmol/μL), the 

mixture was applied to the probe tip and dried until homogeneous crystals 
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formed. The sample was desorbed/ionized from the probe tip under the proper 

conditions (Grid voltage, 87; Grid wire voltage, 0.3; Delayed extraction, 300 

nsec; and Laser, 2000). Theoretical masses of CA were calculated from 

(C6H10O5)n, assuming a molecular weight of 162 g/glucose unit, where n is the 

number of D-glucose unit and those of non-cyclic glucans were calculated as 

162n plus 18, 18 Da the additional mass of a reducing end residue (Koizumi et 

al., 1999; Taira et al., 2006).  

 

3.2.4. Confirmation of inclusion complex formation 

In order to confirm the IC capability of the CA produced, iodine, sodium 

dodecyl sulfate (SDS), and lysolecithin (LL) as ideal model core materials were 

used. The information of model core materials and CA were summarized in 

Table 3.2. 

 

3.2.4.1. Complex formation of CA with iodine  

Iodine absorption was determined according to the apparent amylose content 

procedure (Jayakody and Hoover, 2001). Samples were completely dissolved 

and vigorously stirred in 90% (v/v) DMSO to make 0.5% (w/v) solution, and 

then diluted 50 times. Thirty microliter iodine solutions (0.2% I2 and 2% KI) 

were added to each 1 mL blank and final diluted sample solution. Each sample 

was completely mixed and measured its absorbance by a UV/Vis 
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spectrophotometer (UV-1650 PC, Shimadzu, Japan) after 5 min at the 

wavelength range of 400 to 800 nm. 

 

3.2.4.2. Complex formation of CA with SDS and lysolecithin 

 

3.2.4.2.1. Isothermal Titration Calorimetry (ITC)  

An isothermal titration calorimeter (VP-ITC, Microcal, Inc., Northampton, 

MA) was used to measure the enthalpy changes resulting from titration of 

ligand into either buffer solution or CA solutions. A stock buffer solution (20 

mM Tris-HCl (pH 7.0) containing 10 mM NaCl) was prepared by dispersing 

trizma base and sodium chloride into DW and then adjusting the pH with 

hydrochloric acid solution. All solutions were prepared with stock buffer 

solution and stirring for more than 1 hr at RT. Solutions were prepared by 

dispersing powdered SDS and LL into stock buffer solution and stirred for 

overnight at RT. Eight microliter aliquots of 1.88 mM solutions was injected 

sequentially into a 1.48 mL titration cell initially containing either buffer or 0.1 

mM α-CD and β-CD solution, and 0.05 mM CA solution, respectively. The 

injection was automatically carried out by a 250 μL injection syringe with a 

micromixer. The optimum conditions for titration were determined with the 

help of previous research (Mun et al., 2009). Each injection lasted 16 s and there 

was an interval of 240 s between successive injections. The temperature and pH 

of the solution in the titration cell were 25°C and 7.0, respectively. 
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Table 3.2. Information of core materials and CA used in this study 

Compound name 
Sample 

code 

Molecular 

formula 

M.W 

(g/mol) 
Chemical structure 

Solubility 

in water 
Reference 

Cycloamylose CA (C6H12O6)n 
Average 

5,500 

 

>300 mM 
Zheng et al. 

(2002) 

Sodium dodecyl 

sulfate  
SDS NaC12H25SO4 288.38  

 

about  

520 mM 

Taira et al. 

(2006) 

Lysolecithin  

(L-α-Lysophosphatidyl 

choline) 

LL  - 505 

R= variable fatty acid acyl chain 

insoluble 
Khidir et al. 

(1995) 

 



35 

All solutions were stirred at constant speed of 50 rpm and degassed prior to 

the measurements being carried out. All measurements were carried out in 

duplicate or triplicate to ensure reproducibility; the data from replicate 

experiments differed by less than 5%. The thermodynamic parameters 

(stoichiometry; n, binding constant; Ka, enthalpy change; ΔH, and entropy 

change, ΔS) were simultaneously determined by fitting the heat of reaction data 

according to Eq. 1, using the Origin 7.0 software (Microcal, Inc., Northampton, 

MA). The software gave the relevant standard deviations based on the scatter of 

the data points in a single titration curve. 

 

  

 

where dQ is the heat change, dHt is the host concentration change, and r and 

Hr are expression that describe the total host and guest concentration at every 

moment (Wiseman et al., 1989). 

 

3.2.4.2.2. 1H NMR  

The one-dimensional (1D) 1H NMR spectra were recorded at 600K on a 

Bruker AVANCE 600M superconductive Nuclear Magnetic Resonance 

Instrument (Bruker BioSpin GmbH, Rheinstetten, Germany). All the 

experiments were carried out in D2O (99.98 atom % ± 0.01 atom % D isotopic 

dQ 
· 

1
= ΔH0 

1 
+

1-(1+r)/2-Hr/2 

dHt V0 2 (Hr2 - 2Hr2 (1-r) + (1+r)2)1/2
(1) 
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purity, Aldrich, Milwaukee, WI, USA) as solvent. For each measurement, 500 L 

of sample solutions was placed in a 5 mm NMR tube, and left overnight for 

equilibration before NMR analysis. Typical acquisition parameters consisted of 

64K points covering a sweep width of 12,376 Hz, a pulse width (pw90) of 9.2 μs, 

a relaxation delay of 1 s with 32 scans, and a total repetition time of 2.65 s. Free 

induction decay (FID) was Fourier transformed with LB = 0.3 Hz and GB = 0. 

The probe temperature was regulated to 297K. The proton chemical shifts were 

analyzed using TOPSPIN 1.3 processing software.  

 

3.2.4.2.3. 2D ROESY  

The two-dimensional (2D) rotating frame nuclear Overhauser effect 

spectroscopy (ROESY) for a solution containing SDS and CA molecule was 

performed at 600 MHz; data consisted of 64 scans collected for each of the 358 

experiments. The ROESY pulse program was run with a relaxation delay of 2 s, 

a 90° pulses width of 9.2 μs, and a spin-lock mixing periods of 300 ms. Each 

spectra consisted of a matrix of 1K (F2) by 1K (F1) covering a sweep width of 

4882 Hz. Temperature was stabilized at 297K. Small cross-peaks were neglected, 

because their magnitudes were close to those of noise. The volume of a ROESY 

cross-peak was measured by summation of spectrum intensities with a certain 

region around the cross-peak and slightly depended on the region of integration, 

peak overlap and the signal-to-noise ration.  
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3.2.5. Complex formation capability of CA with functional materials 

Various functional guest molecules, such as quercetin, polyphenol oxidase 

substrates (PPOS) and fat-soluble vitamins (FSV), were inclusion-complexed 

with CA using a freeze-drying (FD) method. Various analytical techniques were 

employed to investigate physicochemical properties of those IC. 

 

3.2.5.1. Complex formation of CA with quercetin 

The complex formation capability of CA was confirmed with quercetin as a 

guest molecule and its general information was displayed in Table 3.3.  

 

3.2.5.1.1. Phase solubility studies 

Phase solubility measurements were performed according to the method 

reported by Highuchi & Connors (1965). Quercetin in amounts that exceeded 

their solubilities were taken and added to fresh DW as a medium containing 

various concentrations of CD or CA (ranging from 0 to 12 mM). The 

suspensions were shaken for 24, 48, and 72 hrs at temperatures of 30 and 37°C ± 

1°C on a shaking water bath (BS31, Jeio tech Co., Ltd., Seoul, South Korea) to 

reach the equilibrium.  
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 Table 3.3. Information of quercetin used for CA inclusion complexes 

 

Compound 

name 

Sample 

code 

Molecular 

formula 

M.W. 

(g/mol)

Chemical structure   

and atom numbering 

Solubility in 

water 
S0f (mg/mL) Reference

Quercetin Q  C15H10O7 302.24 

 

insoluble 
< 10 μg/mL 

at 20°C  

Calias et al. 

(1996) 
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To minimize photochemical degradation vials were sealed and covered with 

aluminum foil. At sufficient equilibrium, aliquots were centrifuged at 3,000 rpm 

for 10 min and filtered (0.45 μm syringe filter; Teknoroma, Barcelona, Spain) to 

remove undissolved solid. The supernatant were adequately diluted in 50% 

(v/v) ethanol and spectrophotometrically assayed for quercetin content at 375 

nm against the blanks prepared with the same concentration of CA in water. 

Shaking was continued until three consecutive estimations were equivalent. The 

solubility experiments were conducted in triplicate.  

The apparent stability constants (Kc) were calculated from the phase 

solubility diagrams using the following equation:  

 

             

 

The slope was obtained from the initial straight line portion of the plot of 

quercetin concentration against CA concentration and from that the equilibrium 

solubility of quercetin in water was calculated. In all these studies S0 was 

considered as the intercept, and the slopes were quoted as molar ratios. 

 

3.2.5.1.2. Preparation of inclusion complexes 

The mixture was shaken on a shaking water bath for 3 days at 30°C until 

homogeneity and equilibrium was reached. The solution was filtered using a 

Kc = 
Slope 

S0 (1-Slope) (2) 
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0.45 μm syringe filter to remove insoluble ingredient, if any. The supernatant 

were adequately diluted in 50% (v/v) ethanol, frozen at -20°C for 24 hrs, and 

further lyophilized over a period for 48 hrs using a laboratory freeze-dryer (FD 

8508; Ilshin Lab Co., Ltd., Seoul, South Korea). 

 

3.2.5.1.3. Characterization of inclusion complexes  

Quercetin was reacted with CA and the IC capability was investigated in 

terms of powder X-ray diffractometry (XRD), and differential scanning 

calorimetry (DSC), which provided a clear indication of guest interactions with 

host molecules. 

 

3.2.5.1.3.1. Powder X-ray diffractometry (XRD) 

The XRD patterns were recorded using a powder X-ray diffractometry (D5005, 

Bruker AXS GmbH, Karlsruhe, Germany) with Cu-Kα radiation (λ = 1.5406 Å) 

and crystal graphite monochromator applied at a voltage of 40 kV and a 45 mA 

current. All the samples were analyzed in the 2θ angle range of 0° to 40°, and 

process parameters were set as follow: scan step size, 0.02° (2θ); scan step time, 

2.5 s; time of acquisition, 0.5 hrs. The XRD patterns of guest raw materials, 

inclusion complexes (FD) well as the physical mixtures (PM) were recorded. 
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3.2.5.1.3.2. Differential scanning calorimetry (DSC) 

The DSC measurements were performed using differential scanning 

calorimeter (Q1000, TA Instruments, New Castle, UK) equipped with an 

intracooler and nitrogen gas purge at 50 mL/min. Calibration was carried out 

using indium and zinc as reference materials. Samples weighting approximately 

3 mg were sealed in separate aluminum pans before heating at a scanning rate 

of 10°C min-1 over the temperature range from 20 to 350°C. An empty 

aluminum pan was used as a reference sample. 

 

3.2.5.2. Complex formation of CA with polyphenol oxidase substrate (PPOS) 

The complex formation capability of CA was confirmed with PPOS as 

functional materials and its general information was displayed in Table 3.4.  

 

3.2.5.2.1. Preparation of inclusion complexes 

Five milimole of PPOS was dissolved in 5% (v/v) ethanol and then 10 mM 

of different host molecules were added, respectively. The mixtures were shaken 

on a shaking water bath at a speed of 180 rpm for 3 days at 30°C after which the 

equilibrium was reached. Then the suspension was centrifuged, filtered, and 

frozen under the same condition of the method section 3.2.5.1.2.  

 

3.2.5.2.2. Characterization of inclusion complexes 
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The formation of IC between CA and PPOS were confirmed using 

fluorescence spectrometry, ITC, and NMR. In this study, high concentration of 

CA (until 60 mM) was used in order to compare with CD and to maximize the 

inclusion availability. 

 

3.2.5.2.2.1. Fluorescence measurements 

Fluorescence spectra and intensity measurements were recorded with a 

fluorescence spectrometer (FluoroMate FS-2, Scinco Co., Ltd., Seoul, South 

Korea) equipped with a xenon lamp source using 1 cm quartz cell. Fluorescence 

measurements were made with excitation and emission bandwidths of 

wavelengths and both the slits were set at 5 nm.  

Stock solutions of PPOS in the range of 1 x 10-3–10-4 M in DW were daily 

prepared and kept protected from light. Two of 6 x 10-2 M of CA and 4 x 10-2 M 

of CD stock solutions in DW were prepared and used in all experiments. 

Samples for fluorescence measurements were prepared from these stock 

solutions, having a final PPOS concentration of 5 x 10-5 M and increasing 

concentration of host molecules (range from 5 x 10-4 to 6 x 10-2 M). All samples 

were kept 30 min at RT and protected from light before measurement, in order 

to allow for the formation of IC, as suggested by Haiyun et al. (2003). Emission 

fluorescence spectra were acquired in the 280-600 nm intervals (0.25 nm step), at 

a fixed excitation wavelength (Table 3.5) 
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Table 3.4. Information of PPOS used for CA inclusion complexes 

 

Compound name 
Sample 

code 

Molecular 

formula 

M.W 

(g/mol) 

Chemical structure   

and atom numbering  

Solubility in 

water 

Catechol  

(1.2-dihydroxybenzene) 
CT C6H6O2 110.11 

3

4

5

6

3

4

5

6 430 g/L  

water soluble 

4-methylcatechol 4MC  C7H8O2  124.14 
3

7

5

6

3

7

5

6

 

water soluble 

Pyrogallol PY C6H6O3 126.11 
3

4

5 3

4

5

400 g/L 

water soluble 

Caffeic acid CFA C9H8O4 180.16 
8

2

5

6 7
8

2

5

6 7

 

7 mg/mL 

water soluble 
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Table 3.4. Continued 

 

Compound name 
Sample 

code 

Molecular 

formula 

M.W 

(g/mol) 

Chemical structure   

and atom numbering  

Solubility in 

water 

ρ-Coumaric acid COA  C9H8O3  164.16 
8

2

5

6 7

8

2

5

6 7

 

- 

3,4-Dihydroxy-L-

phenylalanine  
L-DOPA C9H11NO4  197.19 

8

2

5

6 7
8

2

5

6 7

 

3.3 mg/mL  

water soluble 

Chlorogenic acid CHA   C16H18O9 354.31 
8

2

5
6

7

c
de

a b

8

2

5
6

7

c
de

a b

 

25 mg/mL  

water soluble 
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Table 3.5. Summary of fluorescence properties for PPOS 

PPOS Excitation (nm) Emission (nm) Max. Emission (nm) 

CT  288 280-400 309 

4MC 288 280-400 314 

PY  270 300-450 342 

CFA  318 340-550 418 

COA  322 350-500 405 

DOPA 234 280-400 310 

CHA  328 350-600 435 

 

The stability constants of the complexes formed between host molecule (H) 

and PPOS (guest molecule, G) were determined from the fluorescence 

experimental data recorded, assuming the following equilibrium: 

 

          

 

 

where G* and C1* are the guest and the complex in the excited state, they are 

the only fluorescent species, and that there is no association or dissociation 

process in the excited state. K1 is the stability equilibrium constant, for the 

system, defined as a function of the equilibrium concentrations of the three 

H + G                     C1

K1

G*                   C1*

(3) 
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species present in the system: 

 

        

    

 

Under the experimental condition previously described, the measured 

fluorescence intensity at any wavelength (Fλ) can be related to the initial host 

concentration by: 

 

      

 

 

where F  and F  are the fluorescence intensities at any wavelength for the 

free and complexed PPOS, and [H]0 is the initial host concentration. 

Experimental data of Fλ as a function of [H]0 was fitted to Equation (6) using a 

commercial nonlinear least-squares fit program (SIGMA PLOT 10.0), using as 

initial parameters (K1 and F ) those obtained from the analysis of the 

experimental data (fluorescence intensities at a fixed wavelength) using the 

Benesi–Hildebrand equation (double reciprocal plot): 

 

        

 

 

where ΔF is the difference on fluorescence between free guest and the 

K1 =  
[C1] 

[H]· [G] 

Fλ = 
F  + F  K1 [H]0 

1 + K1[H]0 

1 
= 

1 
+ 

1 

ΔF  ΔFc  K1 ΔFc [H]0 

λ
H

λ
C1

λ
C1

λ
H

λ
C1

(5) 

(4) 

(6) 
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fluorescence at the different host concentrations, and ΔFc is the difference on 

fluorescence between free guest and 1:1 complex. 

 

       

 

 

where ΔF = F - F0, F and F0 represent the fluorescence intensities of PPOS in 

the presence and absence of total added host concentration, respectively. ΔFmax 

is the maximum change in fluorescence intensity, Ka is the stability constant for 

PPOS-host complex, and n represents the stoichiometry of the complex formed. 

The stability constants were compared by student t-test, using p<0.05 to 

determine significant differences between PPOS and CD or CA complexation. 

 

3.2.5.2.2.2. ITC and 1H NMR 

All PPOS solutions were prepared with 50 mM potassium phosphate buffer 

(pH 6.5) and/or 20% (v/v) ethanol. The concentration conditions of PPOS and 

CA molecules were displayed in Table 3.6. All solutions were stirred at constant 

speed of 350 rpm and degassed in a ThermoVac accessory prior to the 

measurements being carried out. The others were used to PPOS under the same 

condition of the section 3.2.4.2.1. 1D NMR and 2D ROESY mesurements were 

carried out under the same method of the sections 3.2.4.2.2 and 3.2.4.2.3. 

 

1 
= 

1 
+ 

1 1 

ΔF ΔFmax Ka[H]n ΔFmax
(7) 
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Table 3.6. The concentration conditions of PPOS and CA for ITC experiments 

Guest molecules 

Concentration (mM) 

PPOS  

(in the injection syringe) 

CA  

(in the titration cell) 

CHA 20 0.4 

CFA 10 0.1 

COA 10 0.2 

DOPA 8 0.05 

CT 40 0.4 

4MC 40 0.4 

PY 40 0.4 

 

3.2.5.2.3. Stability of inclusion complexes 

During food processing and storage, PPOS are unstable due to the fact that 

they undergo chemical and biochemical reactions. The mechanism for browning 

involves the interaction of polyphenolic substrates with polyphenol oxidase 

(PPO; EC 1.14.18.1) in the presence of oxygen (Fig. 3.2). PPO catalyzes two 

reactions: (a) hydroxylation of monophenols to diphenols and (b) oxidation of 

diphenols to quinones. The hydroxylation reaction is relatively slow and results 

in colorless products, while the oxidation reaction is relatively rapid and the 

resultant quinones are colored. Subsequent reactions of the quinones lead to 

melanin accumulation, which is the brown or black pigment associated with 
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“browning” in plant tissues (Queiroz et al., 2008). Therefore, this section was 

studied for effects of CA on the stability of PPOS by complexation. 

 

 

Fig. 3.2. Reactions of (a) hydroxylation and (b) oxidation catalyzed by PPO in 

plants. Note the hydroxylation activity has a lower Vmax than the oxidation 

activity, indicating that the process of hydroxylation is slower than the process 

of oxidation (Queiroz et al., 2008). 

 

3.2.5.2.3.1. Oxidative stability during storage 

In order to confirm the oxidative stability of PPOS-CA IC during storage, 

antioxidant activity was measured by DPPH radical scavenging method as 

described by Blois (1958) with slight modification, wherein the bleaching rate of 

a stable free radical, DPPH is monitored at a characteristic wavelength in the 

presence of the sample. In its radical form, DPPH absorbs at 525 nm, but upon 

reduction by an antioxidant or a radical species its absorption decreases (Tsao et 

al., 2011). PPOS and DPPH reagent were daily prepared and kept protected 

from light. DPPH is insoluble in aqueous solution, therefore, the scavenging 
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study was operated in mixture of ethanol-water (50:50, v/v). The stock solution 

was prepared by dissolving 3.9 mg of DPPH with 100 mL of 99.9% (v/v) 

ethanol and sonicated for 5 min, then stored in refrigerator until needed. The 

working solution of DPPH was obtained by diluting 1 mL of stock solution with 

4 mL of ethanol and 5 mL of DW in order to obtain an absorbance of 1.0 ± 0.1 

units at 525 nm. The reaction was started by addition of 100 μL of each free 

PPOS and complex sample, which corresponding to the 5 mM CA concentration. 

These solutions were added to 900 μL of 1 μM DPPH solution, to reach 1 mL. 

After 30 min, the decrease in absorbance at 525 nm was measured against a 

blank of 50% ethanol to estimate the radical scavenging capability of each 

antioxidant sample. To determine the antioxidant activity during storage, the 

assays were continuously monitored for 0, 1, 2, 3, 7, 14, 21, and 28 days at RT.  

The results were expressed as percentage of DPPH eradication calculated 

according to the following equation: 

       

     

where AU is radical-scavenging activity, As is the absorbance measured with 

different substrates and A0 is the absorbance measured without any substrates 

(blank sample). Lower absorbance of the reaction mixture indicated higher free 

radical-scavenging activity (Gulcin. 2006). 

AU (%) = 
(A0 - As) 

x 100 
A0 

(8) 
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To compare the oxidative stability of PPOS with different host molecules, 

the relevant degradation rate constants were calculated using simple first-order 

kinetics, according to the following equation: 

Ct = C0e-Kdt        (9) 

where Ct is the DPPH radical scavenging activity of PPOS (%) remaining in 

solution at time t (day), C0 is the initial DPPH radical scavenging activity of 

PPOS (t=0) and Kd is the rate of degradation constants (day-1). 

 

3.2.5.2.3.2. Stability of PPOS against enzyme oxidation  

The inhibition effect of CA on the enzymatic oxidation of PPOS was studied 

with PPO used tyrosinase in this study. The kinetic assays of PPO activities 

were determined spectrophotometrically by measuring the increase in 

absorbance because of the formation of oxidation products. Definitions of units 

were defined by the vender. Accordingly, one unit tyrosinase activity is equal to 

the 0.001 change in the optical density of L-tyrosine per minute at 280 nm in 3 

mL of the reaction mixture at pH 6.5 at 25°C. All enzymatic reactions were run 

in 50 mM potassium phosphate buffer (pH 6.5) in quartz cuvette. Stock 

solutions of 10 mM CA and CD were prepared in this buffer solution. The PPOS 

concentrations ranged from 0.1 to 20 mM depending on the Km values of free 

PPOS 
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  Briefly, 100 μL of tyrosinase was added (1 μg/mL final protein concentration) 

to 450 μL of different PPOS concentrations and 450 μL of CD or CA. These 

solutions were rapidly mixed and monitored every 15 sec for 5 min by UV/Vis 

spectrophotometer. The initial reaction rate (V0) was determined at each 

substrate concentration by plotting absorbance vs. time and calculating the 

nonlinear regression fitting of V0 vs. [PPOS]0 data to the Michaelis-Menten 

equation:  

 V0 = 
Vmax· [S] 

Km + [S] 

 The fitting was carried out using a commercial non-linear least-square 

(Marquardt’s algorithm) implemented in the Sigma Plot 10.0 program. To 

obtain kinetic constants (Km and Vmax) for each substrate, the plot (Eq. (10)) was 

transformed into a linear equation by taking the double reciprocal Lineweaver-

Burk equation: 

1 
= 

1 
+ 

Km 

V0 Vmax Vmax· [S] 

In order to compare the anti-browning effect, the relative efficiency of PPO 

activity (REE, %) for PPOS was calculated using the following equation: 

REE (%) = 
(Kcat/Km)sample

x 100 (12) 
(Kcat/Km)control

(10) 

(11) 
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3.2.5.2.3.3. Color-stability of apple juice  

Enzymatic browning reactions limit the commercial shelf life of apple juice, 

so that color preservation during storage is one of the main objectives for fruit 

processors. Apple juices are highly susceptible to this deteriorative mechanism, 

since apple PPO is very active and rapidly oxidizes o-diphenols into o-quinones, 

which condense, via a non-enzymatic pathway, with amino acids, proteins or 

other compounds to form brown pigments. Therefore, its control is essential for 

preserving the quality of food. The purpose of this section was to study the 

potential use of CA as agents in the control and preservation of natural color to 

preserve the quality of apple juice. The color of fresh apple juice was evaluated 

in the presence of CA that could form a complex with PPOS.  

 

3.2.5.2.3.3.1. Juice Preparation 

Apples were washed, peeled, and cored prior to juicing. Juice was extracted 

with a Braun MX2000 blender, immediately collected, and mixed in a beaker 

containing 25 mL of DW alone or containing different concentrations of CD and 

CA solutions (range from 0 to 15 mM) to produce the final concentration of each 

compound. Instrumental color measurements were performed at every 5 min 

from the start of the experiment for 70 min.  
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3.2.5.2.3.3.2. Color Evolution Assessment 

The effectiveness of CA as an anti-browning agent was determined as the 

difference between the color of the CA-treated sample and the control. 

Instrumental analysis was performed by reflectance using a colorimeter 

(Colormate, Scinco Co., Ltd., Seoul, South Korea) with ColorMaster Plus 

software, measuring their reflectance spectra using a D65 light source, large 

viewing area, and the observer at 10°. The color measured was expressed by the 

uniform CIE L*, a*, b* (CIELAB) color space values. The color indices 

determined for each analysis time compared by ANOVA, using p<0.05 to 

determine significant differences between the storage time for each group. If 

there was a significant difference for the mean values of each sample studied, it 

was compared to time zero as standard. This time corresponded to the first 

measurement, which was made 1 min after making juice and the chemical 

agents dissolved in the juice. All the measurements were made at different 

times during the first hour after the materials, dissolving in the apple juice, i.e., 

just when the enzymatic browning was beginning. The experiments and 

measurements were performed in triplicate.  

The total color difference (ΔE*) was calculated from the L* (lightness), a* (red-

green), and b* (yellow-blue) parameters using the Hunter-Scofield equation:   

ΔE* = [(ΔL*)2 + (Δa*)2 + (Δb*)2]1/2 (13) 



 55

3.2.5.3. Complex formation of CA with fat-soluble vitamins (FSV) 

The complex formation capability of CA was confirmed with FSV as 

functional materials and its general information was displayed in Table 3.7.  

 

3.2.5.3.1. Phase solubility studies 

Phase solubility studies were performed as indicated in the method section 

3.2.5.1.1. A fixed amounts of FSV (<5 mM), exceeding its solubility, were added 

to a series of solution containing increasing amounts of host molecules, being 0, 

1, 2, 5, 10, 15, 20, 30, and 40 mM of CD and 0, 1, 2, 5, 10, 15, 20, 30 40, 50, and 60 

mM for MD and CA in a 5% ethanol solution. The sealed vials were shaken on a 

shaking water bath at a speed of 180 rpm for 3 days at 30°C, centrifuged, 

filtered and diluted and then analyzed by UV/Vis spectrophotometer in order 

to quantify the amount of dissolved FSV. The wavelength of FSV used in this 

analysis was displayed in Table 3.8. The blank sample was also prepared 

without CA. Concentrations of the samples to be measured were adjusted so 

that the extinction values did not exceed Ε=1.0 at a given wavelength. Baseline 

was established for each measurement, by placing in the reference compartment 

an aqueous solution of each CA at the sample concentration of the sample. All 

data showed represent the average of, at least, three determinations.  
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Table 3.7. Information of fat-soluble vitamins (FSV) used for CA inclusion complexes 

1) Drug solubility in the complexation medium when no host molecules are present.

Compound name 

(Sample code) 

Molecular 

formula 

M.W 

(g/mol) 

Chemical structure  

and atom numbering 

Solubility 

in water 
S01)  Reference

Vitamin A 

(VA) 

All trans 

retinol 
C20H30O 286.45 

 

insoluble 0.06 μM 
Szuts & 

Harosi, 1991

Vitamin D 

(VD) 
Cholecalciferol C27H44O 384.64 

A

C D

insoluble

0.1μg/L in 

water at 

20℃ 

IUPAC  

Vitamin E 

(VE) 
α-Tocopherol C29H50O2 430.71 

 
insoluble 48.52 μM 

Dubbs and 

Gupta, 1998

Vitamin K3 

(VK) 
Menadione C11H8O2 172.18 

 
insoluble 876.99 μM

Dubbs and 

Gupta, 1998
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3.2.5.3.2. Preparation of inclusion complexes 

Preparation of IC of FSV with CA was performed as descried for retinoic acid 

(Frömming and Szejtli, 1994; Francz et al., 1998) with slight modification. FSV 

were inclusion-complexed with CA and two other commercially available 

complexation agents, cyclodextrin (CD) and maltodextrin (MD), respectively, 

using a freeze-drying (FD) method. The IC capability of CA for FSV compared 

with that of CD and MD as reference materials. MD can form weak gels that are 

results of interactions between amylose fractions characterized by helical 

regions, and branched and linear chain of amylopectin. The helical structure of 

MD is hydrophobic inside, as in the CD cavities, but MD has considerably more 

flexible entities than CD, which is an important property in chiral recognition 

(Dokic-Baucal et al., 2004).  

Briefly, 5 mM FSV in 99.9% ethanol was added to CA dissolved in water, 

while vigorously stirring. The CA/FSV mixtures were prepared in 5% (v/v) 

ethanol, stirred for 3 days at 30°C, and then centrifuged at 3,000 rpm for 10 min. 

Supernatants were filtered using 0.45 μm syringe filter to remove insoluble 

ingredient, if any, and freeze-dried before re-dissolution in ethanol to assess the 

active loading by UV/Vis spectrophotometer. The IC of CD and MD with FSV 

were also prepared using the same procedure.  

Physical mixtures (PM) were prepared by manual agitation, adding FSV to an 
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agate mortar containing powdered CA. The mass ratio of FSV to CA was 

maintained as described for the IC and the mixture was packaged in brown 

vials protected from light.  

 

3.2.5.3.3. Characterization of inclusion complexes 

The real obtaining of FSV can only be confirmed by accurate characterization 

of them through FD techniques of physicochemical analysis. In this study, 

various analytical techniques such as fluorescence spectrometry, DSC, XRD, FT-

IR, and NMR were employed to investigate physicochemical properties of those 

IC.  

 

3.2.5.3.3.1. Fluorescence measurements 

The formation of IC was confirmed using fluorescence measurements as 

indicated in the method section 3.2.5.2.2.1. The concentration of FSV was held 

constant in 5 x 10-5 M, while the concentrations of host molecules were varied 

from 0 to 4 x 10-2 M (CD) and to 6 x 10-2 M (MD and CA), respectively. All 

samples were prepared at 5% (v/v) ethanol. The fluorescence properties of FSV 

were summarized in Table 3.8.  

 

3.2.5.3.3.2. Fourier transform infrared (FT-IR) spectroscopy 

Attenuated total reflectance/Fourier transform-infrared (ATR/FT-IR) 
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spectroscopy was performed on a Spectrum One FT-IR spectrometer (Nicolet 

6700; Thermo Electron Scientific Instruments Co., Madison, WI, USA) to 

characterize the physicochemical properties of the complexes. A Miracle single 

reflection ATR sampling accessory was used with a window ZnSe/diamond 

crystal plate and a micrometric, low-pressure clamp. Background scans were 

recorded a wavenumber range from 4000 to 650 cm-1. The spectra were recorded 

with a resolution of 8.0 cm-1, automatically adding 32 repetitive scans in order to 

obtain a good signal-to-noise ratio and highly reproducible spectra. All the IR 

spectra were normalized for taking into account the effective number of 

absorbers. Characteristic infrared absorption bends of functional groups being 

used in this study was summarized in Table 3.9.  

 

Table 3.8. Summary of the absorption and fluorescence properties of FSV 

Compound name 
Excitation 

(nm) 

Emission 

(nm) 

Max. Emission 

(nm) 

Max. absorption 

(nm) 

VA 
All trans 

retinol 
350 400-600 475 325 

VD Cholecalciferol 423 350-600 473 265 

VE α-Tocopherol 284 300-370 322 293 

VK Menadione 313 350-470 393 340 
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Table 3.9. Characteristic infrared absorption bends of functional groups (Lin-

Vien et al., 1991) 

Assignment Type of vibration Absorption, cm-1 

O-H O-H stretching 3600-3000 

C-H 

C-H stretching 3100-2800 

C-H2 bending 1500-1400 

C-H3 bending 1400-1350 

C-H rocking 900-500 

C-O C-O stretching 1300-1000 

C-C 
C-C stretching 1200 

aromatic C-C stretching 1500-1400 

C=O C=O stretching 1750-1680 

C=C 
C=C stretching 1800-1600 

aromatic C=C stretching 1600-1450 

 

3.2.5.3.3.3. 1H NMR and 2D ROESY 

The complexations were prepared according to the general procedure but 

using deuterium oxide (D2O) and/or deuterated DMSO (DMSO-d6) instead of 

water as solvent. 1H NMR spectra were recorded after stirring the solutions for 

4 hrs. The method of NMR analysis was described as a delicate in sections 

3.2.4.2.2 and 3.2.4.2.3. 
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3.2.5.3.4. Photo-stability (irradiation tests) 

The photo-stability of FSV was assessed in 5% ethanol in which the different 

host types and concentrations were manipulated. When IC of FSV with CA was 

subjected to the photo-stability testing, four different concentrations of CA were 

employed: 10, 20, 30, and 40 mM. 

The accelerated photo-stability test was performed in a UV irradiation 

chamber. Five mililiters of each complex solution was irradiated in magnetically 

stirring closed petri dishes (diameter 3.5 cm and height 1.0 cm) under F8T5BL 

UVA lamps (Philips, Eindhoven, The Netherlands). The wavelength range and 

intensity of the lamps, measured by a UV/Vis spectrometer (Oriel Instruments 

Co., InstaSpec II, Stratford, CT, USA) resulted to be 300-400 nm for the 

corresponding UVA wavelength (Fig. 3.3). Sunlight contains ultraviolet 

radiation of wavelength 290-320 nm (UVB) and 320-400 nm (UVA).  

The petri dishes were kept at a distance of 10 cm from UVA lamps in an 

incubator at RT. The solutions were magnetically stirred and sampled at the 

specified time intervals (0, 30, 60, 90, 120, 180, 210, and 240 min) during 

irradiation process and then the quantities of FSV were calculated by 

spectrophotometer. All samples were immediately protected from light both 

before and after irradiation. A control was carried out dispersing FSV in the 

absence of host molecules. The results were expressed as percentages of the 
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remaining FSV. The experiments and measurements were carried out in 

duplicate. 

To compare the photo-stability of different host molecules, the relevant 

photo-degradation rate constants (Kd) and half-life (t1/2) were calculated using 

simple first-order kinetics, according to the equation (9) as described in section 

3.2.5.2.3.1. In the equation, Ct is the concentration of FSV (μM) remaining in 

solution at time t (min), C0 is the initial concentration of FSV (t = 0) and Kd is the 

rate of degradation constants (min-1). The relationship between Kd and t1/2, 

which holds for first and pseudo-first-order kinetics, is given by the following 

equation: 

Kd =  
ln2 

t 1/2 

Because ln 2 equals 0.693, the t1/2 is readily calculated from Kd.  
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Fig. 3.3. The wavelength range and intensity of the F8T5BL UVA lamp. 

(14) 
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3.2.6. Statistical analysis 

All data were recorded as mean ± standard deviation and analyzed by SPSS 

for Windows (version 21.0; SPSS Inc., Chicago, IL, USA). The one-way ANOVA 

test followed by a Duncan’s multiple range tests or Student’s unpaired t-tests 

were performed to identify statistical significances. A p-value <0.05 was 

considered to be statistically significant. 
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3.3. RESULTS AND DISCUSSION 

 

3.3.1. Enzymatic production of CA 

 

3.3.1.1. Purification of TAαGTase 

The 6xHis-tagged Thermus acuaticus 4-α-glucanotransferase (TAαGTase) was 

produced from the recombinant E. coli and purified using a Ni-NTA column 

(Table 3.10). The specific activity of the purified enzyme reached to 74.2 U/mg 

protein.  

 

Table 3.10. Purification of 6xHis-tagged TAαGTase from E.coli carrying 

TAαGTase gene 

Steps 
Total 

volume 
(mL) 

Total 
activity 

(U) 

Total 
protein 

(mg) 

Specific 
activity 
(U/mg) 

Yield 
(%) 

Purification 
fold 

Cell extract 250 18279.7 858.2 21.3 100 1 

Heat 
treatment 

200 13382.6 423.5 31.6 73.21 1.48 

Ni-NTA 
column 

150 3606.1 48.6 74.2 19.72 3.48 

 

3.3.1.2. Production of CA 

CA was produced by treating amylose with TAαGTase and purified as 

shown in Fig. 3.1. Preliminary experiments were conducted to determine the 

optimum reaction conditions for CA production using a commercial amylose as 
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a substrate, and the maximum conversion yields were achieved when the 

dosage of TAαGTase was 100 U/g regardless of the substrates concentration 

(data not shown). The maximum production yield of CA obtained in this study 

was about 49.2% when using amylose as a substrate.  

 

3.3.2. Identification of CA 

 The molecular weight distribution and the molecular mass of CA were 

measured by HPSEC, HPAEC, and MALDI-TOF MS as shown in Figs. 3.4-3.6, 

respectively. 

 

3.3.2.1. HPSEC 

Fig. 3.4 showed the molecular weight distributions of CA produced. The 

result revealed that the molecular weight distribution of amylose was shifted to 

right after TAαGTase treatment. On the HPSEC chromatogram, the peak of CA 

produced was eluted at 33.16 min that corresponded to the average molecular 

weight of 5,500 Da approximately. The 4αGTase was reported for its action of 

catalyzing an intramolecular glucan transfer reaction within a single linear 

glucan molecule to create a cyclic α-1,4-glucan (Takaha et al., 1996, 1998; 

Bhuiyan et al., 2003). As a result, the CA having from DP 23 to 45 was produced 

and the molecular weight distribution of CA produced was similar to that of 

CA standard. 
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Fig. 3.4. The molecular weight distribution of amylose and CA. 

 

3.3.2.2. HPAEC 

The DP distribution of the CA mixture was measured using HPAEC as 

displayed in Fig. 3.5. After TAαGTase treatment, amylose molecules (Fig. 3.5(a)) 

were completely degraded into low molecular weight glucans, and then non-

cyclic glucans were hydrolyzed into maltose by treating with β-amylase (Fig. 

3.5(b)). HPAEC analysis demonstrated that the resulting cyclic glucans (Fig. 

3.5(b)) were eluted at the similar elution time with CA standard (Ezaki Glico, 

Osaka, Japan) (Fig. 3.5(c)) which was coincident with the result from HPSEC 

and MALDI-TOF MS.  
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Fig. 3.5. HPAEC analysis for TAαGTase-treated amylose. (a) amylose, (b) CA 

produced, and (c) CA standard.  

 

3.3.2.3. MALDI-TOF MS 

To prove the cyclic structure of enzymatically produced CA, their molecular 

masses were further determined by MALDI-TOF MS (Fig. 3.6). The DP of CA 

ranged from about 23 to 45 and their molecular weights agreed well with 

theoretical values for cyclic glucans, which confirmed the production of CA. 

Theoretical and experimental masses of cyclic-glucans determined by MALDI-

TOF MS were summarized in Table 3.11. The molecular mass of each peak was 
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consistent with the theoretical value for the corresponding cyclic-glucan 

differently from that of for the non-cyclic glucan. On the MALDI-TOF MS 

spectra, the molecular weight and DP of the each peak were shown. Among 

them, the intensity of CA26 (Mw of [M+Na]+=4239 Da) was the greatest and the 

minimum DP was 23. It was reported that potato D-enzyme catalyzes the 

intermolecular transglycosylation (cyclization) of amylose, yielding cyclic α-

(1→4)-glucans (cycloamyloses, CA) (Takaha et al., 1996).  
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Fig. 3.6. MALDI-TOF MS analysis for (a) CA produced by TAαGTase and (b) 

CA standard. The number above each peak indicated the DP and the molecular 

mass (in daltons) of the molecule plus 23 Da (sodium ion). 
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Table 3.11. Theoretical molecular masses of noncyclic and cyclic glucans, and 

molecular masses of glucans modified by TAαGTase determined by MALDI 

TOF MS analysis 

DP 

Mass (Da) 

DP

Mass (Da) 

Theoretical 
Experimental 

[M+Na]+ Theoretical 
Experimental 

[M+Na]+ 

Noncyclic
glucand) 

Cyclic 
glucanc) 

CA 
Standardb) CAa) Noncyclic

glucan 
Cyclic
glucan

CA 
Standard CA 

23 3768  3750   3750 37 6037  6019  6021  6021 

24 3930  3912  3914  3914 38 6199  6181  6682  6182 

25 4092  4074  4076  4076 39 6361  6343  6348  6348 

26 4254  4236  4237  4239 40 6523  6505  6508  6508 

27 4416  4398  4401  4401 41 6685  6667  6669  6669 

28 4578  4561  4561  4562 42 6847  6829  6629  6832 

29 4741  4722  4723  4724 43 7009  6991  6994  6693 

30 4903  4885  4886  4885 44 7171  7153  7159  7156 

31 5065  5047  5049  5049 45 7333  7315  7315  7317 

32 5227  5209  5211  5210 46 7495  7477  7479   

33 5389  5371  5373  5373 47 7657  7639  7645   

34 5551  5533  5534  5535 48 7819  7801  7804   

35 5713  5695  5697  5697 49 7981  7963  7965   

36 5875  5857  5860  5859 50 8143  8125  8125    

a) The maximum deviation in this measurement is within 0.2%. 

b) Cycloamylose standard was obtained from Ezaki Glico Co., Ltd. (Osaka, Japan). 

c) Calculated as 162n + 23 Da, in which 162 Da is the mass of a glucosyl residue, n DP, 

and 23 Da the mass of sodium ion. 

d) Calculated as 162n + 18 + 23 Da, 18 Da the additional mass of a reducing end residue. 
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3.3.3. Confirmation of inclusion complexes formation 

CA was known to have the ability to form IC with several guest molecules 

such as inorganic and organic molecules (Takaha et al., 1996; Kitamura et al., 

1999; Takaha & Smith, 1999), and it is expected that CA will be used in the food, 

pharmaceutical, and chemical industries. Therefore, the IC capability of the CA 

produced was confirmed with ideal model core materials (iodine, SDS. and 

lysolecithin). 

 

3.3.3.1. Complex formation of CA with Iodine 

The complex formation capability of CA was examined using iodine 

absorption spectra from 400 to 800 nm as shown in Fig. 3.7. Amylose has the 

unique feature to form helical IC with several organic and inorganic agents. The 

best-known IC was amylose-iodine with the characteristic deep blue color 

which produced the observed absorption spectrum with maximum at 620 nm. 

Complexation of amylose fractions of different DP with iodine yielded different 

characteristic colors: DP>47 for blue; DP 39-46 for blue violet; DP30-38 for red 

violet; DP25-29 for red; DP 21-24 for brown; DP<20 for no color. 

The characteristic color of CA produced with iodine was red or red violet. 

The λmax of CA produced was shown approximately at 500 nm which was 

similar to that of CA standard. Besides the λmax shift, TAαGTase treatment 
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caused the dramatical reduction of absorbance. Most of long chain amylose was 

cleaved by TAαGTase.  

 

 

Fig. 3.7. Iodine absorption spectra of the amylose, rice starch, and CA. 
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3.3.3.2. Complex formation of CA with SDS 

 

3.3.3.2.1. Isothermal titration calorimetry (ITC)  

The purpose of this section was to investigate complexation thermodynamics 

of CA with SDS. Few have reported the complexation thermodynamic 

parameters of the IC between CA and SDS. ITC is an extremely powerful and 

highly sensitive technique that allow for detection of very weak interactions 

involving low heats of binding on the order of micro-calorie. Thus, ITC is 

suitable to evaluate weaker interaction associated with CA complexation and 

has considerable advantage over other methods (buckton and Beezer, 1991). 

Importantly, binding constant (Ka), heat of binding and entropy (ΔH and ΔS), 

and the binding stoichiometry (n) can be determined directly and 

simultaneously. ITC experiments in this portion of the study were carefully 

designed so that SDS concentration in the injector was below its critical micelle 

concentration (CMC) to avoid the relatively large contribution of 

demicellization to the overall enthalpy changes. In this way, the enthalpy 

changes directly associated with CA-SDS binding could be obtained. Eight 

microliter of 1.88 mM SDS solution was injected sequentially into a 1.48 mL 

reaction cell initially containing buffer alone or individual 0.05 mM CA solution. 

The heat of each injection peak, shown in Fig. 3.8(a), was integrated and 
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plotted against molar ratio of components. These were then fitted to the 

appropriate binding model enabling the calculation of stoichiometry (n), the 

binding constant (Ka), the enthalpy (ΔH), and entropy (ΔS) (Fig. 3.8(b)). A 

simple 1:1 binding model provided the most reasonable fitting parameters. The 

first point was excluded from the fitting procedure, but the titrant added in the 

first injection was included in calculating the total amount of titrant in the 

solution (Wiseman et al., 1989). Since CA dilution heat was not negligible, it was 

taken in count for the final calculations. 

Table 3.12 listed the binding thermodynamic parameters of α-CD, β-CD, and 

CA with SDS, from which it could be seen that the binding stoichiometry (n) of 

α-CD and β-CD with SDS were 1:1 or 2:1 and 1:1 (in mole), respectively, that is, 

α-CD-SDS and β-CD-SDS were in coexistence, where n=1 or 2. In contrast to β-

CD, hydrophobic chain of SDS could not be completely enclosed by one α-CD 

molecules, and consequently, a second α-CD was involved. In the case of CA, 

the n value of SDS was 2.75, implying that the binding of average 2 or 3 SDS 

molecules to one CA molecule occurred. This result was close to the value of 

one SDS molecule bound per approximately 9 glucose units in CA found by 

previous researchers. Mun et al. (2009) reported on the interaction between CA 

and surfactants that the possibility of multiple loop conformation in CA might 

lead to the conclusion that several SDS molecules could bind to one molecule of 
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CA. The binding constants of α-CD, β-CD, and CA with SDS were 1.00 x 105 M-1, 

4.85 x 104 M-1, and 2.02 x 104 M-1, respectively. The Ka of CA with SDS was 

weaker than those of small size of CD. The CA used in this study was composed 

of various DP ranging mainly from 23 to 45. Therefore, when SDS penetrated in 

the cavity of CA molecules that have different DP, the mobility of CA molecules 

and the amount of surfactants bound to each CA molecule with different DP 

could vary, thus these factors contributed the binding constants. 
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Fig. 3.8. (a) ITC data for titrations of 8 μL aliquots of SDS into a reaction cells 

containing α-CD, β-CD, and CA, respectively. (b) Data point obtained by 

integration of the injection peaks and the titration curve (solid line) obtained by 

fitting the data points. 
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The values of ΔH for all of the inclusion processes were negative, indicating 

that the formation of host-guest IC was exothermic process. The negative values 

was generally caused by classical hydrophobic interaction, the expulsion of high 

enthalpy water molecule from molecular cavity of CA molecules to bulk 

solution, destroying iceberg structure surrounding hydrophobic chains of the 

surfactant ion, and electrostatic interactions (Sun et al., 2006). These data 

confirmed that the water molecules in the hole of completely hydrated CA 

molecules were released from the hydrophobic hole to the bulk aqueous phase 

and thus the hydrophobic interaction of CA molecules with SDS resulted an 

exothermic process (Kitamura et al., 1999; Wangsakan et al., 2004).  

The entropy change (ΔS) and free energy change (ΔG) of association were 

calculated by using the equation: ΔG = –RT ln Ka = ΔH–TΔS  

Previous studies reported that even with the less flexible α-, β-, and γ-CD, 

complex formation most often resulted in unfavorable entropy changes, due to 

the loss of transitional and rotational freedom of both guest and host molecules 

(Larsen, 2002). The entropy changes of α-CD and CA with SDS were negative 

unlike those of β-CD. The negative value might be due to the decrease in 

conformational flexibility of the of α-CD and CA chain when SDS penetrated 

into the cavities of CA. The positive value of ∆S might be due to the total results 

of the hydrophobic interaction and the releasing water molecules from the 

(15) 
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cavity, which was an entropy-increasing process (Eli et al., 1999; Sun et al., 2006). 

Furthermore, collapse of the iceberg structure formed by water molecules 

around each hydrophobic chain also caused the entropy increase when the 

chain combined with the CA molecules (Qu et al., 2007). For the complexation 

of β-CD with SDS, a larger number of water molecules were released to the bulk 

solvent and thus this factor could explain less negative and positive entropy of 

β-CD and SDS complexation. Since molecular cavity of CA was larger than that 

of β-CD, the binding of the CA interior cavity with SDS molecules should be 

looser than that of β-CD internal cavity with SDS molecules. Therefore, the 

hydrophobic interactions of CA with SDS would be weaker than those of β-CD 

with SDS. Szejtli (1998) reported that β-CD was a rather rigid structure while 

CA was a noncoplanar and more flexible structure. Therefore, the binding of 

CA to SDS would make some change in topological shape due to the 

inducement of SDS. This might be beneficial to the interaction of CA with the 

SDS, giving off negative ∆S values.  

The differences in the proportion by which the binding entropy and enthalpy 

contributed to the Gibbs energy were illustrated in Fig. 3.9. The inclusion 

complexation of α-CD and CA with SDS were predominantly driven by 

enthalpy, while the complexation of β-CD with SDS was predominantly driven 

by entropy. 
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Table 3.12. Thermodynamic parameters for cyclic glucans-SDS complexes at T = 

298K  

Parameters  CA α-CD β-CD 

n 2.75 ± 0.12 0.68 ± 0.02 1.23 ± 0.04 

Ka (104 M-1) 2.02 ± 0.17 10.00 ± 0.80 4.85 ± 0.74 

ΔG (kcal / mol) -4386 ± 43.88 -6823 ± 35.25 -6389 ± 40.39 

ΔH (kcal / mol)  -5131 ± 287.20  -9508 ± 287.50 -1979 ± 83.68 

ΔS (kcal / mol) -2.50 ± 0.50 -9.01 ± 3.20 14.80 ± 3.60 

TΔS -745.00 -2684.98 4410.40 
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Fig. 3.9. Changes in free energy, enthalpy, and entropy for inclusion complex 

formation of SDS with host molecules.  
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The enthalpy-entropy compensation indicated that the changes in free energy 

were much smaller in magnitude than the corresponding changes in enthalpy 

and entropy (Rekharsky & Inoue, 1998). These phenomena were interpreted in 

terms of the release of structural water molecules from the interacting surfaces 

and the formation of weaker hydrogen bonds in the bulk water (kitamura et al., 

1999). The negative values of ΔG determined by enthalpy and entropy changes 

indicated that the formation of complexes between CA and SDS in aqueous 

solution was generally a spontaneous process. From the analysis hereinbefore, it 

could be concluded that the different entropy change resulted in the different 

stability of the IC. Therefore, the molecular recognition ability of the host (α-CD, 

β-CD, and CA) for the SDS was mainly controlled by the difference in entropy. 

The results obtained from this study suggested that the thermodynamic 

parameters were dependent on the different structures of the host and guest 

molecules. In future work, it would be useful to correlate the thermodynamic 

data for binding to conformational changes in host molecule resulting from 

binding. 

 

3.3.3.2.2. 1H NMR 

1H NMR spectroscopy, a non-destructive technique, assures the existence of 

the complexes in solution and provides a very clear picture of the IC formation 

by host molecules in solution. This technique also can provide rather detailed 
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information about molecular structure and conformation on the inclusion mode 

of CA with SDS as well as chiral recognition and/or chiral discrimination 

studies (Schneider et al., 1998). Chemical shift variations of specific host nucleus 

could provide evidence for the formation of IC in solution, since significant 

changes in microenvironment are known to occur between the free and bound 

states on the NMR scale (Fernandes et al., 2003). Information about the 

interaction between CA and SDS from NMR was primarily inferred from the 

changes in chemical shifts and line shape.  

The representative 1H NMR spectra of CA in the presence as well as absence 

of SDS molecules and SDS molecules without CA were given in Fig. 3.10. The 

spectrum of SDS (Fig. 3.10(a)) in aqueous solution was similar to that reported 

previously (Gjerde et al., 1996). The SDS spectrum showed a clear resolution of 

each of the 12 carbons of the chain and has four peaks assigned S1, S2, S3, and 

S4 (Fig. 3.10(c)). The CH2-group next to the SO4-group is S1, the neighboring 

CH2-group is S2. The S4 is the terminal CH2 and the nine remaining CH2-groups 

are the S3 as shown in Table 3.2.  In addition, the spectrum of CA showed six 

major peaks that were similar to that of large-ring CD reported by Taira et al. 

(2006). The H1 proton of CA molecules appeared near 5.40 ppm, the signal of 

H3 proton showed as a triplet at 3.97 ppm, the protons of H5 and H6 resonated 

around 3.84-3.89 ppm, and those of H2 and H4 protons showed around 3.68-
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3.64 ppm (Fig. 3.10(d) and Table 3.13). The spectra of α-CD and β-CD were also 

similar to that reported previously (Dobado et al., 2004; Pinjari et al., 2007).  

The 1H chemical shift variations of guest and host molecules during 

complexation were shown in Tables 3.13 and 3.14. The induced shift, Δδ, is 

defined as the difference in chemical shifts in the presence and absence of the 

other reactants. In the present case, the induced shifts were calculated by the 

following equation: Δδ = δcomplex – δfree     (16) 

 

(c)

(a)

(b)

CA

α-CD

β-CD

solvent

S1
S2

S3

S4

H1

solvent
H3

H6,5

H2,4

6.0         5.5           5.0          4.5         4.0           3.5          3.0         2.5          2.0           1.5          1.0          0.5

6.0         5.5           5.0          4.5         4.0           3.5          3.0         2.5          2.0           1.5          1.0          0.56.0         5.5           5.0          4.5         4.0           3.5          3.0         2.5          2.0           1.5          1.0          0.5

ppm

ppmppm  

Fig. 3.10. 1H NMR spectra of (a) SDS, (b) cyclic glucans alone and (c) cyclic 

glucans with SDS solution. All samples recorded using D2O as solvent. 
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In this convention, positive and negative signs show a downfield and upfield 

shifts, respectively (Fernandes et al., 2003). In all cases, the 1H NMR spectra 

revealed that chemical shifts of all protons in host molecules (CA, α-CD, and β-

CD) moved to either up or down field in the presence of SDS (Table 3.13). The 

H3, H5, and H6 protons of CA molecules were appreciably shifted upfield in 

the presence of SDS, which was also observed in the studies where ionic 

surfactants (Lin et al., 1996) and short-chain surfactants (Funasaki et al., 2003) 

were added to CD molecule. They claimed that the H3 and H5 protons, located 

inside the cavity, and the H6 proton, located on the cavity rim at the narrow end 

of the CD molecule, were evidently shifted upfield. In the case of α-CD and β-

CD, the upfield shift of the H5 proton located on the inner surface of the 

primary hydroxyl group side was the most prominent, followed by the H6 

located at the rim of the narrow side and by the H3 proton ling on the inner 

surface of the cavity of the secondary hydroxyl group side of the CD molecule. 

Because of the higher shielding effect on the H5 proton with respect to H3 and 

H6, it can be hypothesized that SDS molecule preferentially inserted its 

hydrophobic chain into the torus from the more inaccessible narrow side of the 

cavity, where the primary hydroxyl groups are located. It could be regarded as 

evidence of the existence of an interaction between the guest molecule and the 

interior of the host cavity, with a partial or complete inclusion on the torus, and 
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hence complexation (Wilson and Verrall, 1998; Fernandes et al., 2003).  

Previous studies reported that CA, having hydrophobic channel resembling 

those of V-type amylose helices, was able to form a host-guest complex with 

hydrophobic molecules in aqueous solution (Takaha et al., 1999; Kitamura et al., 

1999). Moreover, Gessler et al (1999) reported that the central channels formed 

by the V-helices in CA26 are coated by H3, H5, and H6 and ether like O4. In this 

study, only the H3, H5, and H6 protons, located in the inner hydrophobic 

surface of the CA cavity, were appreciably shifted up field, whereas the protons 

on the outer surface of the CA cavity (H2 and H4) were relatively moved 

downfield in the presence of SDS (Table 3.19). Therefore, the results obtained 

from this study led to the conclusion that the alkyl chain of the SDS molecule 

was included into the cavity of CA molecules to form an inclusion complex. The 

1H NMR shifts obtained were in agreement with the study of Ueda et al. (1999), 

who mentioned that downfield shifts should be observed for the guest protons 

and upfield shifts for the inner protons of the CD cavity, upon hydrophobic 

interactions between both partners. In fact, the downfield shift of guest protons 

could be attributed to a variation of local polarity when these protons were 

inside the cavity (Ueda and Nagai, 1980), a deshielding effect due to Van der 

Waals forces between the guest and host molecules (Zhang et al., 1990). The 

upfield shift of host protons located within cavity could be explained with 
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hydrophobic interaction and the replacement of water molecules by the 

hydrophobic chain of SDS molecules in the process of the complex formation 

(Fathy and Sheha, 2000; Sun et al., 2006). These results were consistent with the 

ITC data described above, where the SDS molecule penetrating into the cavity 

of CA molecules with hydrophobic interaction resulted in the release of ‘high 

energy water’ molecules from the cavity, which provided negative ΔH and 

positive ΔS (Fig. 3.8). 

 

Table 3.13. Variation in 1H chemical shifts (Δδ) of host molecules by 

complexation with SDS  

Host molecules H1 H2 H3 H4 H5 H6 

CA 

δfree 5.4028 3.6704 3.9917 3.6498 3.8455 3.8676 

δcomplex 5.3047 3.6801 3.9756 3.6666 3.8226 3.8405 

Δδ -0.0981 0.0097 -0.0161 0.0168 -0.0229 -0.0271 

α-CD 

δfree 5.0676 3.6547 3.9937 3.5965 3.8485 3.8631 

δcomplex 5.0790 3.6897 3.9521 3.6179 3.8527 3.8709 

Δδ 0.0114 0.0350 -0.0416 0.0214 0.0042 0.0078 

β-CD 

δfree 5.0850 3.6723 3.9771 3.5971 3.8699 3.8902 

δcomplex 5.0857 3.7198 3.9123 3.6406 3.8552 3.8730 

Δδ 0.0007 0.0475 -0.0648 0.0435 -0.0147 -0.0172 
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Table 3.14. Variation in 1H chemical shifts (Δδ) of SDS by complexation with 

host molecules 

Host molecules S1 S2 S3 S4 

 δfree 4.0689 1.6877 1.2891 0.8678 

CA 
δcomplex 4.0550 1.7455 1.3462 0.9811 

Δδ -0.0139 0.0578 0.0571 0.1133 

α-CD 
δcomplex 4.0549 1.7303 1.3420 0.9031 

Δδ -0.0140 0.0426 0.0529 0.0353 

β-CD 
δcomplex 4.0746 1.6962 1.2900 0.9416 

Δδ 0.0057 0.0085 0.0009 0.0738 

 

3.3.3.2.3. 2D ROESY  

The rotating frame nuclear Overhauser effect spectroscopy (ROESY) 

experiments were carried out to gain further support for the proposed 

molecular interactions in the CA-SDS complex and additional estimates of 

rough structure (Figs. 3.11 and 3.12). ROSEY is one of the 2D NMR methods for 

correlating which signals arise from protons of proximity. Moreover, this 

analysis is superior to investigate such systems because the enhancements are 

always positive, regardless of the molecular size (Sanders and Hunter, 1993; 

Hull, 1994). In the conformational analysis of the molecular interaction, two-

dimensional (2D) homonuclear NMR methods can provide valuable 
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information such as the molecular structure and overall conformations of host-

interactions since the rotational nuclear Overhauser effect (ROE) cross peaks are 

observed between the protons that are closer than 0.5 nm in spaces in the 

ROESY spectrum. The ROESY experiments have frequently been applied 

successfully in the elucidation of structures and interaction of maltose, 

maltoheptose, cyclodextrins, polysaccharides, and amylose with guest 

molecules (Tezuka, 1994; Cipollo et al., 2000; bekiroglu et al., 2003). Due to the 

rapid dynamics of the complexation process, the ROE effects were only 

qualitatively used and no conclusions on intermolecular distance were extracted 

(Fernandes et al., 2003).  

The ROESY spectrum indicated interactions between CA and all SDS signals 

under spin lock conditions at 298K as shown in Figs. 3.11 and 3.12. The 

expanded ROESY spectrum was displayed in a way that the SDS proton 

chemical shift region was mainly on the vertical axis and the CA (and S1) 

chemical shift region was along the horizontal axis (Fig. 3.12). Because there was 

no cross-peak between H1 and the protons of SDS, the H1 region was omitted 

from Fig. 3.12.  

The most intense cross-peaks were those between the central CH2 protons of 

SDS near 1.35 ppm and the whole 3.6-4.0 ppm range of CA protons. The single 

most intense peak was between H3, H5 and H6 of CA and S3 (-(CH2)9-). As the 
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S3 protons were resolved from the bulk of the SDS protons, the peaks, and 

shoulders at 1.29 ppm were evident, indicating an especially strong interaction 

with H3, H5, and H6 and some lesser intense interactions with H2 and 4 of CA. 

These peaks conclusively showed that all of the S3 protons of SDS formed a 

complex of some definite structure of longer lifetime than the inverse of the line 

width (0.1s). The outlying peaks due to the S4 protons at 0.87 ppm and the SDS 

penultimate CH2 from the SO3 groups (S2) were interesting. Clearly the S4 

interacts preferably with H3, H5, and H6 and not nearly as strongly with the 

rest of the CA protons. There were several much weaker peaks (figure not 

shown) near the noise floor, which indicates interactions less than 10% of the 

intensity of the largest S4 and H3 interaction. These multiple peaks could arise 

from a population of different structures or from the varying dipolar distances 

of the CH3 protons to the various CA protons in some average structure. This 

can only be sorted out by a specific model calculation and comparison via 

quantitative interpretation of the ROESY data. In either case, the S4 and H3 

interactions were preferred or stronger. The S2 peaks show a preference for H3 

of CA interactions; however, there were no weak peaks to other CA protons as 

was the S4 case. As a result, the interactions due to proximity between protons 

of CA molecules and SDS might be attributed to the formation of IC. Previous 

studies indicated that the hydrocarbon tail of a SDS molecule is approximately 
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1.7 nm long (Wangsakan et al., 2001) and the one turn height of 6 D-glucosyl 

residues in the helical conformation of MD is approximately 0.8 nm (Biliaderis 

& Galloway, 1989), only those MD molecules that have a DP around 12 or 

higher may have sufficient glucose units to completely surround the 

hydrocarbon tail of SDS (Wangsakan et al., 2001). The CA sample used in this 

study had a DP mainly between 23 and 45 (Fig. 3.6), which was long enough to 

accommodate SDS molecules. Shimada et al. (1996) reported that two plausible 

conformations of CA are a circularized single-helical structure and a double 

helical structure with foldbacks at each end. According to their molecular 

modeling work, depending on the DP of CA, the number of loops in a helical 

structure and arcs in circularized single-helical structure was different. Finding 

about average one SDS molecule bound to 9 glucose units in CA and the 

possibility of multiple loop conformation in CA might lead to the conclusion 

that several SDS molecules could bind to one molecule of CA. However, further 

studies concerning the structure and binding ability of CA are needed to verify 

this hypothesis. 
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Fig. 3.11. ROESY spectrum of the CA with SDS molecule. 
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Fig. 3.12. ROESY cross-peak, expanded and amplified from Fig. 3.11, of CA with SDS 

molecule. 
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3.3.3.3. Complex formation of CA with lysolecithin  

 

3.3.3.3.1. ITC 

The complexation thermodynamics of CA with lysolecithin (LL), as core 

material which widely used as a emulsifier in food industries, were investigated 

by ITC. Fig. 3.13(a) showed heat signals for CA, titrated with LL solutions. The 

integration of the heat signals and the plotted results of nonlinear regression 

analysis from CA were shown in Fig. 3.13(b). The titration curve for CA was 

fitted using an equation based on a single set model to obtain thermodynamic 

parameters (Table 3.16). Binding stoichiometry of CA with LL was 0.97, 

implying that the binding of average one LL molecules to one CA molecule 

occurred. Ka of 10.9 x 104 M-1 and ΔH of -4317 kcal· mol-1 were obtained for this 

CA-LL system, respectively. The ΔH of CA with LL was weaker than those of 

CA with SDS as displayed in Table 3.12. The IC of CA with LL was exclusively 

exothermic and mostly enthalpy driven with varying positive entropic 

contributions. The entropy change of CA-LL interaction was positive unlike 

those of CA-SDS interaction. In this reason, a high level of ΔG and Ka were 

shown despite low the value of enthalpy change. 

From studies of the thermodynamics of the CA-LL interaction, we concluded 

that there was a significant contribution from the classic hydrophobic effect (a 

positive entropy change) and was most enthalpy driven process.  
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Fig. 3.13. (a) ITC data for titrations of 8 μL aliquots of 1.88 mM LL into a 

reaction cell containing 0.05 mM CA at 25°C. (b) Data point obtained by 

integration of the injection peaks and the titration curve (solid line) obtained by 

fitting the data points. 

 

Table 3.15. Thermodynamic parameters for CA-LL complexes at T=298K 

Guest 
molecule 

n Ka 

(104 M-1) 
ΔG 

(kcal/mol) 
ΔH 

(kcal/mol) 
ΔS 

(kcal/mol) 

LL 0.97 ± 0.07 10.9 ± 3.19 -6870.86 ± 72.6 -4317 ± 409.6 8.57 ± 2.6 
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3.3.3.3.2. 1H NMR 

The IC of CA with LL was confirmed by 1H NMR in D2O. 1H NMR spectra 

were obtained on a 2 mM CA solution and 2 mM LL solution mixture, 

respectively, at 600 MHz with constant proton decoupling (Fig. 3.14). The 

concentration of CA was calculated based on theoretical average molecular 

weight (=5,500) and was chosen so as to obtain an adequate signal-to-noise ratio 

and reasonable experimental time frame. The spectrum of LL (Fig. 3.14(b)) in 

aqueous solution was similar to that reported previously (Cavatorta et al., 1989). 

The LL spectrum showed three highly peaks assigned LL1, LL2, and LL3. The 

N-(CH3)3 (choline) group is LL1, the terminal CH3 is LL3 and the (CH2)n-groups 

(fatty acid chain groups) are the S2 as shown in Table 3.2. Fig. 3.14(c) showed 

the spectrum of CA-LL mixture. Significant differences in chemical shifts were 

observed when LL was present in the CA solution. Especially, in the region of 

CA proton, the upfield shifts and dramatic broadening of peaks was also 

observed in these studies where SDS was added to CA (Fig. 3.10).  

The Variations in 1H chemical shift of LL and host molecules during 

complexation were shown in Table 3.16. In all cases, 1H NMR spectra revealed 

that chemical shifts of the H3, H5, and H6 protons, which located in the inner 

hydrophobic cavity in host molecules (CA and β-CD) were moved to upfield in 

the presence of LL. The results obtained from this study led to the conclusion 
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that the phosphatidylcholines of LL molecule was included in the cavity of CA 

molecules through inclusion complexation. Previous research reported for the 

interaction between triiodine and amylodextrin using NMR. They claimed that 

the changes involved carbon 1 and 4 (the carbons involved in glucosidic bonds) 

of the D-glucopyranose residues of the amylodextrin. In addition, these changes 

can be interpreted as the changes in the torsion angles (φ and ψ) of the α-(1→4) 

glucosidic linkage due to formation of a helical structure (Jane et al., 1985).  
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00.511.522.533.544.555.56
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Glycerol and choline carbone

(a)

(b)

(c)

00.511.522.533.544.555.56

ppm  

Fig. 3.14. 1H NMR spectra of (a) CA, (b) LL, and (c) CA complexed with LL. All 

samples recorded using D2O as solvent.  



 93

Table 3.16. Variation in 1H chemical shifts data (Δδ) of host molecules and LL molecules by complexation 

Host molecules H1 H2 H3 H4 H5 H6 LL1 LL2 LL3 

CA 

δfree 5.4185 3.6880 3.9945 3.6692 3.8769 3.9864 3.2783 1.3356 0.9064 

δcomplex 5.3906 3.7039 3.9927 3.6745 3.8614 3.8920 3.2592 1.3558 1.0021 

Δδ -0.0279 0.0159 -0.0018 0.0053 -0.0155 -0.0944 -0.0191 0.0202 0.0957 

β-CD

δfree 5.1024 3.6901 3.9943 3.6135 3.8877 3.9079 3.2783 1.3356 0.9064 

δcomplex 5.0972 3.6507 3.9391 3.6344 3.8071 3.9063 3.2771 1.3445 0.9336 

Δδ -0.0052 -0.0394 -0.0552 0.0209 -0.0806 -0.0016 -0.0012 0.0089 0.0272 
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3.3.3.3.3. 2D ROESY 

In order to better understand the complexation process that was occurring 

between LL and CA, The ROESY cross-peaks between CA and LL were shown 

in the sectional spectrum (Figs. 3.15-3.16). The expanded ROESY spectrum was 

displayed (Fig. 3.16) in a way that the LL proton chemical shift region was 

mainly on the horizontal axis and the CA (and LL1) chemical shift region was 

along the vertical axis. Cross-peak interactions between H3, H5, and H6 protons 

of CA and LL protons (LL2, -(CH2)n-) were indicated in Fig. 3.16. The following 

statements could be extracted from Fig. 3.16 analysis: (a) H3, H5, and H6 

(strong) protons were strongly interacting with LL2 protons, (b) relatively weak 

interactions were observed between H2 and H4 protons with LL2 and LL3 

protons, (c) no interactions where observed with LL1 protons, so the LL1 region 

was omitted from Fig. 3.16. As a result, the interactions caused by proximity 

between protons of CA and LL might be attributed to the formation of IC.  
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Fig. 3.15. ROESY spectrum of the CA with LL molecules. 
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Fig. 3.16. ROESY cross-peak, expanded and amplified from Fig. 3.15, of CA with 

LL molecule. 
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3.3.4. Complex formation capability of CA with functional materials 

Since the interior of the CA cavities is considerably more hydrophobic than 

the exterior aqueous environment, CA is capable of accommodating a variety of 

hydrophobic guest molecules in their cavities though forming IC. In contrast, 

the exterior surface is sufficiently hydrophilic to give CA high aqueous 

solubility. CA may increase the solubility and dissolution of highly insoluble 

guest compounds up to several thousand-fold by acting as hydrophobic carriers, 

compared to the aqueous solubility of the guest compound alone. The poor 

aqueous solubility of the drugs often leads to variable and poor bioavailability. 

Also, their oral absorption is limited by their decreased dissolution rate. Any 

attempt to enhance the dissolution rate was tried during recent years to 

improve their absorption and bioavailability (Peter et al., 1997; Baek et al., 2011; 

2012). 

Even though there are many potential benefits for using CA as nanocarriers, 

it is difficult to prepare the IC with insoluble compounds, and preparation 

methods did not established. Therefore, it is important to choose suitable 

method for production of complex compounds. While most studies utilizing CD 

to enhance bioavailability employ a drug-CD complex, the various preparation 

method, were used such as freeze-drying (lyophilization), spray-drying, 

kneading, co-evaporation, and co-precipitation methods of a CD/drug solution, 
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as well as simple grinding with a mortar and pestle of a slurry of drug and CD 

(Miller et al., 2007). In this study, the FD method made a choice to prepare the 

IC method suitable for CA with functional guest compounds through the pre-

experiment. In addition, the IC of CA with functional guest compounds were 

confirmed the presence of IC in solution and in solid state using fluorescence 

spectrometry, XRD, DSC, NMR, DSC, FT-IR, and NMR techniques. 

 

3.3.4.1. Complex formation of CA with quercetin 

 

3.3.4.1.1. Phase solubility studies 

The phase solubility diagrams for the complex formation between quercetin 

with β-CD and CA were presented in Fig. 3.17 and Table 3.17. In all cases, the 

aqueous solubility of quercetin increased linearly as a function of β-CD and CA 

concentration over the concentration range under study. It is clearly observed 

that the solubility diagrams of quercetin in the presence of β-CD or CA can be 

classified as AL type diagram (Fig. 3.17(a)). The enhancement of aqueous 

solubility of quercetin was increased to about 7.0-fold in the presence of 12 mM 

of CA. Several researchers reported that the solubility of quercetin during phase 

solubility studies with β-CD increased from its intrinsic water solubility of 0.44 

mg/mL to approximately 2 – 25 mg/mL (Zheng et al., 2005; Jullian et al., 2007). 
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The slope value of each diagrams presented below unity, indicating 

complexation of first order and suggesting a 1:1 (mol:mol) quercetin/CD 

stoichiometry, allowing the determination of the stability constants respective 

values, as evidenced in Fig. 3.17. The apparent stability constants (Kc) of the 

complexes were summarized in Table 3.17. Given the CD and CA used for the 

complex formation, the complexation constant increased in the following order: 

CA < β-CD. The increased stability of the quercetin/β-CD complex in 

comparison with CA might be due to the size of cavity. 

The apparent stability constant determined for the quercetin/CA complex 

was 473 M-1. It was obtained a phase solubility diagram suggesting a 1:1 (M/M) 

quercetin/CD stoichimoetry and complexation constants of L/M, respectively. 

Considering the results, the CA has selected for the IC attainment because of its 

good solubilize capability.  
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Fig. 3.17. Phase-solubility diagram of quercetin with β-CD and CA (n=3). 

Stirring time of 3 days, temperature of 30°C, and excess amount of quercetin of 

6 mM. 

 

Table 3.17. Apparent stability constant (Kc) of quercetin-β-CD or CA inclusion 

complexes                                                    (Unit: M-1) 

Reaction time CD CA 

24hr 1046 ( r2 = 0.993) 634 (r2 = 0.993) 

48hr 1023 (r2 = 0.994) 473 (r2 = 0.998) 

72hr 1047 (r2 = 0.996) 533 (r2 = 0.991) 
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3.3.4.1.2. Formation of inclusion complexes 

All the analysis presented in these studies performed on IC between 

quercetin and different host molecules, obtained through the FD method. 

Several researchers reported for IC of quercetin with CD using kneading, 

coevaporation, and FD methods (Calabrò et al., 2004; Koontz et al., 2009). They 

claimed that the association constants of CD complexes were usually decreased 

than pure water, since the kneading and co-evaporation methods used different 

respective volumes of 50% aqueous ethanol as solvent. The most commonly 

proposed idea for this behavior was that increasing the organic content of the 

aqueous mixture decreased the hydrophobic driving force, which was a major 

contributor to the stability of the complex in water (Connors, 1997). Therefore, 

in this study, in order to enhance the complex efficiency of guest molecules with 

CA, FD method used to form IC of quercetin with CA. The yellow color of 

complexation was lighter than free quercetin.  

 

3.3.4.1.3. Charicterization of inclusion complexes 

 

3.3.4.1.3.1. XRD 

Although the results showed by the solubility studies indicated the formation 

of a true complex of quercetin/CA, they do not preclude the possibility that the 
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product is simple mixture. Thus, the diffraction pattern of CA inclusion 

compounds was studied using XRD, in order to confirm the formation of a solid 

complex (Fig. 3.18). XRD is a useful method for the detection of CA 

complexation in powder or microcrystalline states (Liu and Zhu, 2006). The 

diffraction pattern of the complex is supposed to be clearly distinct from that of 

each of the components. Crystallinity is determined by comparing 

representative peak heights in the diffraction patterns.  

The XRD pattern of pure quercetin showed highly crystalline nature as 

evident from the sharp peaks observed at 4.7°, 9.1°, 10.0°, 10.8°, 13.5°, 25.0°, 

26.2°, and 27.7° of 2θ values (Fig. 3.18). Crystallinity peaks were still detectable 

in the FD product and PM with CD (Fig. 3.18(a)). Disappearance of quercetin 

crystalline peaks after reaction with CA possibly indicated the complex 

formation between them (Fig. 3.18(b)). A total drug amorphization was instead 

induced by FD systems, where XRD patterns of quercetin/CA were 

characterized only by large diffraction peaks in which it is no longer possible to 

distinguish the characteristic peaks of the flavonoids. These results confirmed 

that quercetin was no longer present as a crystalline material and their solid 

complexes were existed in the amorphous state.  
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3.3.4.1.3.2. DSC 

DSC can be used for the recognition of IC. When guest molecules were 

included in the cavities or in the crystal lattice, their melting, boiling or 

sublimation points generally shift to a different temperature or disappear 

(Sztatisz et al., 1982). The thermograms of quercetin were shown in Fig. 3.19. 

The DSC thermogram of pure quercetin exhibited a sharp endothermic peak at 

134°C and 317°C indicating the melting point. This temperature was much 

higher than the boiling point of water, which indicated that the water molecules 

were strongly held by quercetin through hydrogen bonding. β-CD showed a 

very broad endothermic effect between 78.4°C and 122°C which attained a 

maximum around 93°C corresponding to dehydration process, and finally, to a 

degradation process, which took place at around 300°C (Fig. 3.19(a)). It was 

known that the melting temperature of α-CD and β-CD exhibited at >278°C and 

290-300°C, respectively. The thermogram of CA exhibited an very wider 

endothermic peak between 25°C and 159°C (maximum at 98°C) corresponding 

to release of crystallization water molecules (Fig. 3.19(b)). The characteristic, 

well recognizable thermal profile of the quercetin appeared at the temperature 

corresponding to its melting point in the simple or PM of quercetin with both, 

β-CD and CA. DSC was conducted in an attempt to evidence the disappearance 

of melting endotherm of crystalline quercetin after reaction with β-CD different 
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from thermal profile of quercetin after reaction with CA by freeze-drying. 

However, DSC did not provide clear evidence, probably because the amount of 

quercetin complexed with CA was too little to be detected using DSC. From 

these results, it was concluded that CA had a capability to form an IC with 

quercetin, even though the improvement of quercetin solubility was not 

dramatic. Bergonzi et al. (2000) suggested that although an increase in the water 

solubility of the flavonols in the case of PM, no IC was in fact formed by some 

kneaded preparations. In contrast, some researchers proved the IC of quercetin 

with CD by co-precipitation and FD method (Pralhad and Rajendrakumar, 2004; 

Koontz et al., 2009).  

In conclusion, this result might provide feasibility to utilize CA as a novel 

carrier to improve solubility of hydrophobic food and medicinal materials, if 

proper conditions and reagents were determined.  
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Fig. 3.18. Powder X-ray diffractogram (XRD) of quercetin with (a) β-CD and (b) CA. 
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Fig. 3.19. Differential scanning calorimetry (DSC) thermograms of quercetin with (a) β-CD and (b) CA. 
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3.3.4.2. Complex formation of CA with polyphenol oxidase substrate (PPOS) 

 

3.3.4.2.1. Characterization of inclusion complexes  

Seven kinds of PPOS compounds naturally present in many fruits and 

vegetables (eg, CT, 4MC, PY, CFA, COA, DOPA, and CHA) were reacted with 

CA and their information were summarized in Table 3.4. The IC of PPOS with 

CA was characterized using fluorescence spectrometry, ITC and NMR.  

 

3.3.4.2.1.1. Fluorescence measurements 

In contrast to CD, for which several studies on their complexation with 

PPOS carried out, there is a lack of information on the complexation of CA with 

PPOS. In this section, the complexation of PPOS with CA was confirmed by the 

increment on the fluorescence intensity of a constant PPOS concentration with 

increasing amounts of CA. The excitation and emission of PPOS were displayed 

in the method section (Table 3.5). The variation of the fluorescence emission 

spectra of CHA in the presence of different CA concentrations (Fig. 3.20) 

showed that the addition of CA produced a slight increased in the fluorescence 

intensity of CHA (approximately 6.4-fold at the maximum CA concentration), 

as well as a small blue shift of the emission spectrum (approximately 10-15 nm). 

Because the CA cavity provided the hydrophobic environment, CHA molecule 
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was protected from quenching caused in aqueous solution. Therefore, 

enhancement of fluorescence emission, which is related to improved quantum 

yield of CHA, was calculated.  

The others of PPOS were also enhanced fluorescence emission increasing CD 

and CA concentration (Fig. 3.21). As shown in Fig. 3.21, at low CD 

concentration, fluorescence intensity of PPOS increased at the wavelength. 

However, at CD concentrations higher than 2 x 10-2 M, that of PPOS reached to 

plateau due to low solubility of CD. This result thought that the complexation 

with CD was probably saturation process. Alvarez-Parrilla et al. (2010) 

suggested that a saturation process commonly observed in complexation 

process. In a recent publication, Bonini et al. (2006) described how CD 

aggregates in pure water to form differently shaped aggregates with a 

minimum hydrodynamic radius of about 90 nm at low CD concentration that 

were in equilibrium with larger structures (i.e. disks and sheets) at higher CD 

concentrations. Previously Coleman et al. (1992) reported that the three natural 

CD, such as α-CD, β-CD, and γ-CD, existed as aggregates in solution bound 

together by a network of hydrogen bonds. The self-aggregation is partly 

concentration dependent, increasing with increasing CD concentration.  

In contrast to CD, the fluorescence intensity of PPOS with CA was increased 

continuously, as the CA concentration was increased, until a maximum was 
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reached. This increase in the fluorescence intensity of PPOS was characteristic of 

the inclusion of several fluorescent probes into the CA cavity, due to the 

modification of its surrounding microenvironment, when part or all of 

fluorescent molecule enters into the hydrophobic cavity. Therefore, addition of 

various amounts of host molecules in aqueous solution of PPOS leaded to a 

weak modification of the absorption, which indicated the formation of IC 

between PPOS and the different host molecules. Previous research suggested 

that upon complexation with CD, many analyte molecules exhibited enhanced 

fluorescence efficiencies, since CD cavity could protect analyte excited states 

from nonradiative and quenching processes that normally readily occurred in 

bulk aqueous solution (Li and Purdy, 1992; Frankewich et al., 1991). 

In order to determine the stability constant of the PPOS-CD and PPOS-CA 

complexes, experimental data were firstly analyzed using the Benesi-

Hildebrand method, as explained in Fig. 3.22 (section 3.2.5.2.2.1.), showed a 

straight line for the plot of ΔF-1 vs. [CA]-1 or [CD]-1 over all the host 

concentrations studied.  
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Fig. 3.20. (a) Emission fluorescence spectra of CHA at different CA 

concentrations varying from 0 to 60 mM. (b) Fluorescence intensities (435 nm) of 

CHA at different concentrations of CA and CD. (c) The fitting results of Benesi-

Hildebrand equation for the estimation of stability constant. Lines were the 

curves fitted to the experimental data. 
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Using Equation (4), a first approximation to the stability constant (Ka) and the 

maximum fluorescence intensity for FλCl were determined by dividing the 

independent variable by the slop, and from the reciprocal of the independent 

variable, respectively. The slop value of each diagrams presented below unity, 

indicating complexation of first order, allowing the determination of the 

stability constants respective values, as evidenced in Fig. 3.22.  

The stability constants for PPOS studied, was presented in Table 3.18, which 

indicated that the stability of the complexes decreased in the order CHA > CFA 

> DOPA > COA > CT > 4MC > PY. This tendency was comparable with the 

ones obtained by ITC (section 3.3.4.2.1.2). The stability constant values of PPOS 

with CD were similar to or greater than those of CA. In the case of CFA, COA, 

and CHA, significant different were observed between CD and CA after the 

complexation. Compared to the PY, the higher stability constant of CHA could 

be explained in terms of molecular size. This was accounted for by assuming 

that IC was quite difficult to tightly complex between PPOS and CA, probably 

because the CA molecule have a large and diversity of hydrophobic cavity size, 

while the cavity size of CD was convenient for probable the IC formation with 

PPOS. However, the CD have a disadvantage, despite its higher complexation 

constant value, because their limited solubility in water would hamper their use 

in various industries, correspondingly, the CA has a good solubilize capability.  
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Fig. 3.21. Fluorescence intensities of PPOS at different concentrations of CA and CD. 
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Fig. 3.22. The fitting results of Benesi-Hildebrand equation for the stability constant estimation. Lines were the 

curves fitted to the experimental data (Fig. 3.21). 
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Table 3.18. Stability constants (K1) for the complexes formed between PPOS and CA/CD, obtained by linear 

(Benesi-Hildebrand) 

(Units : M-1) 

Host molecules CT  4MC PY  CFAa  COAa  DOPA CHAa  

CD 88.67 ± 10.87 98.27 ± 9.73 62.45 ± 4.43 175.65 ± 7.09 139.53 ± 8.34 109.35 ± 8.94 253.03 ± 25.02

CA 89.84 ±10.75  89.74 ± 8.84 74.43 ± 6.62 108.59 ± 7.92 100.97 ± 8.46 106.7 ± 9.19 121.34 ± 21.87

a. Means in the same raw was significantly different by student t-test range test (p<0.05). 
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Therefore, it is inferred that the CA has a higher propensity to be used in 

solid dosage forms for oral use, as it has greater water solubility and lower 

toxicity compared to CD and high efficiency of complexation.  

 

3.3.4.2.1.2. ITC 

Heat flow vs. time profiles resulting from sequential injection of 8 μL aliquots 

of PPOS solution into the reaction cell were recorded when the reaction cell was 

filled with either buffer solution or CA in buffer solution, and shown in Fig. 

3.23(a). The concentration of PPOS and CA was displayed in the method section 

3.2.5.2.2.2. The titration curve for CA with PPOS was fitted, using an equation 

based on a simple model as shown in Fig. 3.23(b).  

The thermodynamic parameters (ΔG, ΔH, and ΔS) for the formation of IC 

were calculated as the equation (15) which explained in the section 3.3.3.2.1, and 

presented in Table 3.19. The stoichiometry values of PPOS were approximately 

4-7, respectively. The stoichiometry values of CHA was 4.31, implying that the 

binding of average 4-5 CHA molecules to one CA molecule occurred. 

Stoichiometry values of PPOS were increased in reverse proportion to 

molecular size of PPOS. Considering the DP distribution of CA, it seemed to be 

reasonable that multi-molecules of PPOS bound to one CA molecule. In contrast 

to stoichiometry, the values of binding constant (Ka) was increased in 
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proportion to molecular size of PPOS (Table 3.19), which consistent with the 

results for the constant obtained using fluorescence spectrometer.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.23. (a) ITC data for titrations of 8 μL aliquots of PPOS solutions into 

reaction cells containing CA solution at 25°C. (b) Data point obtained by 

integration of the injection peaks and the titration curve (solid line) obtained by 

fitting the data points.  

 

0 2 4 6 8 10 12

-0.6

-0.5

-0.4

-0.3

-0.2

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20 25

-0.22

-0.18

-0.14

-0.10

-0.06

-1.6

-1.2

-0.8

-0.4

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20 25

-0.22

-0.18

-0.14

-0.10

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20

-0.30

-0.24

-0.18

-0.12

-0.06

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 40 80 120 160 200 240

-0.24

-0.20

-0.16

-0.12

-0.08

-0.04

-0.03

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

-1.25

-1.00

-0.75

-0.50

-0.25

0.00

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20 25 30 35 40

-0.22

-0.18

-0.14

-0.10

-0.06

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Molar Ratio

Time (min)

µ
ca

l/
se

c
kc

al
/m

o
le

 o
f 

in
je

ct
an

t

0 5 10

-0.28

-0.22

-0.16

-0.10

-0.04

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

CHA + CA CFA + CA COA + CA DOPA + CA

CT + CA 4MC + CA PY + CA

0 2 4 6 8 10 12

-0.6

-0.5

-0.4

-0.3

-0.2

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 2 4 6 8 10 12

-0.6

-0.5

-0.4

-0.3

-0.2

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

0.5
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20 25

-0.22

-0.18

-0.14

-0.10

-0.06

-1.6

-1.2

-0.8

-0.4

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20 25

-0.22

-0.18

-0.14

-0.10

-0.06

-1.6

-1.2

-0.8

-0.4

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20 25

-0.22

-0.18

-0.14

-0.10

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20 25

-0.22

-0.18

-0.14

-0.10

-2.5

-2.0

-1.5

-1.0

-0.5

0.0

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20

-0.30

-0.24

-0.18

-0.12

-0.06

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20

-0.30

-0.24

-0.18

-0.12

-0.06

-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 40 80 120 160 200 240

-0.24

-0.20

-0.16

-0.12

-0.08

-0.04

-0.03

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

-1.25

-1.00

-0.75

-0.50

-0.25

0.00

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 40 80 120 160 200 240

-0.24

-0.20

-0.16

-0.12

-0.08

-0.04

-0.03

-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

-1.25

-1.00

-0.75

-0.50

-0.25

0.00

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10 15 20 25 30 35 40

-0.22

-0.18

-0.14

-0.10

-0.06

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Molar Ratio

Time (min)

µ
ca

l/
se

c
kc

al
/m

o
le

 o
f 

in
je

ct
an

t

0 5 10 15 20 25 30 35 40

-0.22

-0.18

-0.14

-0.10

-0.06

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Molar Ratio

Time (min)

µ
ca

l/
se

c
kc

al
/m

o
le

 o
f 

in
je

ct
an

t

0 5 10

-0.28

-0.22

-0.16

-0.10

-0.04

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

0 5 10

-0.28

-0.22

-0.16

-0.10

-0.04

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

0 5 10

-0.28

-0.22

-0.16

-0.10

-0.04

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2
-10 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160

Time (min)

µ
ca

l/
se

c

Molar Ratio

kc
al

/m
o

le
 o

f 
in

je
ct

an
t

CHA + CA CFA + CA COA + CA DOPA + CA

CT + CA 4MC + CA PY + CA

(a)

(b)



 116

The thermodynamic parameters enthalpy changes (ΔH) and entropy changes 

(ΔS) of binding reaction were important to confirm the driving force of 

interactions of PPOS with CA. It was generally accepted that the main driving 

forces for the complex formation are hydrogen binding between the hydroxyl 

groups of the CA and the guest, van der Waals force interactions between host 

and guest molecules, hydrophobic interaction, and the release of ‘high energy 

water’ molecules from the cavities of CA to bulk water (Szejtli and Osa, 1996; 

Del Vale, 2004). Hydrophobic interaction essentially involves favorable positive 

entropy together with a slightly positive enthalpy change, while the other forces 

involve negative ΔH and ΔS. By inspection of Table 3.19, ΔH and ΔS for CHA, 

CT, 4MC, and PY with CA was negative and for CFA, COA, and DOPA, ΔH 

was negative and ΔS was positive, which indicates that for all complexes the 

inclusion process was an exothermic and an enthalpically controlled process 

(Fig. 3.24). Apparently, when PPOS were free in solution, it seemed to have a 

strong interaction with the solvent shell. Upon binding, this solvent shell was 

broken up, leading to the partly unfavorable enthalpic change. The negative 

value for free energy (ΔG) of the all complexes means that the binding process 

was a spontaneous process and thermodynamically favored. 
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Table 3.19. Thermodynamic parameters for CA-PPOS complexes at T=298K 

Guest 

molecules 
n Ka (M-1) ΔG (kcal/mol)  ΔH (kcal/mol) ΔS(kcal/mol)  TΔS 

CHA 4.31 ± 1.16  129 ± 18.00 -2882.79   -2929 ± 282.2 -0.16  -46.21  

CFA 5.66 ± 1.72  80.6 ± 5.11  -1949.80   -1237 ± 243.0 0.65  193.80  

COA 5.20 ± 1.95  68.1 ± 10.81  -1835.89   -1431 ± 235.2 1.68  500.89  

DOPA 5.27 ± 1.33  63.5 ± 8.51  -1785.17   -1591 ± 260.0 1.53  456.17  

CT 6.97 ± 1.14  31.7 ± 5.40  -717.42   -1756 ± 184.9 -2.93  -873.58 

4MC 6.93 ± 1.80  73.8 ± 6.50  -1028.30   -1329 ± 239.9 -0.70  -208.71 

PY 5.67 ± 1.18  37.0 ± 3.67  -864.52   -1335 ± 296.2 -1.90  -566.49 
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Fig. 3.24. Changes in free energy, enthalpy, and entropy for inclusion complexes 

of PPOS with CA. 
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from NMR relied on the observation of selective line broadening and/or 

chemical shift displacement of NMR signal of the guest and host protons. In 

general 1H NMR spectroscopy provides evidence for IC of the guest molecule 
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orientation of the incorporated guest molecule.  

The detailed variation of chemical shifts of CA and PPOS protons by 

complexation were listed in Tables 3.20 and 3.21, respectively. Previous studies 

suggested that if a guest molecule was incorporated into the CD cavity, the 

screening constants of the CD protons inside the cavity (H3, H6, and H5) should 

be sensitive to the changed environment, but that of the outside protons (H1, 

H2, and H4) should not, resulting in chemical shift changes of the inside 

protons (Álvarez-Parrilla et al., 2010; Zhao et al., 2010). However, in this study, 

the upfield chemical shift was shown inner proton of CA as well as external 

proton (Table 3.20). The large upfield shift observed for the internal protons was 

undoubtedly due to the ring current effects generated by the circulating π 

electrons of the aromatic “guest” (that is magnetic anisotropy) (Bertrand et al., 

1989; Sun et al., 2006). It is well known that the magnetic anisotropy of an 

aromatic ring results in an upfield 1H chemical shift of protons located above (or 

below) the π electron cloud. In the case of aromatic compounds, some of the 

most important spectral changes that occur upon complexation come from the 

diamagnetic shielding of the aromatic guest on the nearby spins of the host 

molecule.  

Downfield shifts were observed for most of the PPOS protons (Table 3.21). 

The major induced deshielding was observed in H’2, H5’, and H6’ protons of 
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CHA, CFA, DOPA, and COA, which belong to the phenolic ring of PPOS 

molecules. In contrast, the phenolic ring protons of CT, 4MC, and PY were 

relatively minor changed in chemical shift. No new peak was found when the 

complexes were formed indicating that the guest molecule was in rapid 

exchange between free and complex states (Djedaini et al., 1990). If we only 

observed the stability of the complexes by comparing the values of ΔG, CT, 

4MC, and PY were the unstable one, which was in good accordance with the 

NMR analysis. The broadening of the proton signals of PPOS in the presence of 

CA thought that the phenolic ring weekly included in the cavity and hence the 

motions of these protons were restricted indicating that PPOS molecules fitted 

loosely. This observation was in agreement with the reported above results 

based on the thermodynamic parameters of the complex formation by ITC. The 

different location of substitute groups on aromatic benzene ring made the 

difference size of guest molecule diameter, which influence the hydrophobic 

interaction between the host and guest molecules, and caused different changes 

of thermodynamic functions. These results might be helpful to understand the 

different bioactivity of the chemicals.   
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Table 3.20. 1H NMR chemical shifts change data (Δδ) for CA protons in the presence of PPOS 

Δδ (ppm) H1 H2 H3 H4 H5 H6 

CHA -0.0170  -0.0106  -0.0186  -0.0135  -0.0118  -0.0110  

CFA -0.0155  -0.0107  -0.0120  -0.0100  -0.0119  -0.0114  

COA -0.0115  -0.0097  -0.0107  -0.0088  -0.0118  -0.0119  

DOPA -0.0109  -0.0099  -0.0128  -0.0119  -0.0106  -0.0098  

CT -0.0077  -0.0055  -0.0077  -0.0043  -0.0068  -0.0062  

4MC -0.0004  0.0001  -0.0089  -0.0026  -0.0097  -0.0092  

PY -0.0040  -0.0043  -0.0062  -0.0040  -0.0054  -0.0051  

Complexation shifts Δδ = δcomplex - δfree. 
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Table 3.21. Variation in 1H chemical shift change (Δδ) of PPOS by complexation 

Complexation shifts Δδ = δcomplex - δfree. 

Δδ (ppm) H7’ H8’ H2’ H5’ H6’ H3’ Ha Hb Hc Hd He 

CHA 0.0073  0.0164 0.0186  0.0179 0.0141   0.0000 0.0269 0.0037 0.0157 0.0035

CFA 0.0083 0.0075 0.0102 0.0168 0.0089             

COA 0.0123 0.0092 0.0109 0.0159 0.0109 0.0159      

DOPA 0.0038 0.0034 0.0084 0.0138 0.0106             

Δδ (ppm) H3’ H4’ H5’ H6’ H7’       

CT 0.0053 0.0034 0.0033 0.0054         

4MC 0.0072  0.0051 0.0044 0.0087       

PY 0.0054 0.0045 0.0061           
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3.3.4.2.1.4. 2D ROESY 

Further information about the inclusion mode of PPOS in the CA cavity could 

be derived from the evidence of spatial proximities between protons of CA and 

PPOS. To gain more conformational information about the IC, ROESY was 

measured. These studies were carried out only for CA and CHA as shown in 

Figs. 3.25 and 3.26. The inspection of this ROESY map allowed us to establish a 

spatial proximity between the guest protons and the inner protons of CA. There 

were intermolecular cross-peaks between H2’ of CHA with H3 of CA proton, 

and H6’ of CHA with H6 and H5 of CA proton whereas the proton H5’ 

interacted with H2 and H4 of CA, interacting with protons form the phenolic 

ring. And then to a lesser extent through the proton Ha and He of CHA with H6 

and H5 of CA proton, demonstrating the inclusion of these groups in the 

hydrophobic cavity. These results were in agreement with the major induced 

deshielding observed for H2’, H5’, and H6’ of CHA-CA complex. The geometry 

of complexation where the phenolic ring and quinic moiety was partially 

included in the CA cavity and also interacted with outside.  

From 1H NMR studies, Irwin et al. (1994) and Chao et al. (2012) proposed that 

during the complexation of CHA by β-CD, this aromatic ring entered into the 

CD cavity. Similar results were observed by Zhang et al. (2009) for the 

complexation of CFA, by both one and two dimension (1D and 2D) 1H NMR 
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analysis were carried out for the CFA/β-CD system, from the complexation 

behavior described for CHA and CFA by other authors, one may assumed that 

the complexation of these polyphenol will also take place in the aromatic ring.  

In conclusion, 1D and 2D 1H NMR spectra evidenced that CA was capable of 

forming V-amylose type IC with CHA molecules. 
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Fig. 3.25. The 600 MHz ROESY spectrum of the CA-CHA complex in D2O at 

298.2 K. 



 125

H3          H6 H5                 H2 H4 

H
2‘

   
H

6’
  

   
   

H
 5

’

ppm

ppm  

Fig. 3.26. ROESY cross-peak, expanded and amplified from Fig. 3.25, of CA-

CHA inclusion complexes. 

 

3.3.4.2.2. Stability of inclusion complexes 

 

3.3.4.2.2.1. Oxidative stability during storage 

In order to confirm oxidative stability of PPOS-CA IC during storage, 

antioxidant activity was measured by DPPH radical scavenging method. Due to 

the lack of information on the antioxidant capability behavior of CA-complexed 

PPOS, their antioxidant capability was determined the effect of the 
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complexation process.  

DPPH is a stable free radical generating a deep violet solution in organic 

solvents. Its progressive discoloration when in presence of PPOS indicated that 

it is acting as an antioxidant (Sun et al., 2010). Furthermore, since the 

mechanism of DPPH reduction is known, the amount remaining of both 

reagents may be determined. The rate of the DPPH radical scavenging reaction 

was measured by monitoring the decrease in absorbance at 525 nm due to 

DPPH. No decay was observed when CA and CD alone were mixed with DPPH. 

In this study, DPPH reagent was used as being dissolves in 50% ethanol due to 

its insolubility in water. It was not possible to use a percentage of solvent lower 

than 50%, because DPPH radical precipitates in the medium as described by 

Ferreira et al. (2013).  

PPOS have vicinal hydroxyl groups on an aromatic residue and they exhibit 

antimutagenic, carcinogenic, and antioxidant activities in vitro, which was to 

scavenge reactive oxygen species (ROS) (Rice-Evans et al., 1996). In general, the 

antioxidant activity of PPOS depends on several factors, such as the number of 

hydroxyl groups, the degree of conjugation between them, and specifically for 

PPOS, that they was different three conditions: (a) the number of hydroxyl 

group (b) the presence of acrylic functional groups (CHA, CFA, and COA), and 

(c) the presence of quinic acid (CHA).  
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Fig. 3.27 showed the percentage of DPPH racial scavenging activities of PPOS, 

in comparison with complex form. The result revealed that the antioxidant 

activities in the absence different host molecules (C, control) were shown the 

tendency: CFA > CHA > DOPA ≈ 4MC > CT > COA (Fig. 3.27(a)). This order 

was not affected much even after the complexation with CD or CA. Cos et al. 

(2002) determined the antioxidant profile of phenolic acid derivatives, 

compared phenolic compound having a hydroxycinnamic acid, showing that 

CFA was the highest DPPH scavenging activity, whereas COA was not active. 

Senba et al. (1999) also showed that the more hydroxyl groups at position of the 

phenol ring, the higher scavenged DPPH molecules. Such results were in 

agreement with the results obtained here. 

In the presence of CD or CA, the scavenging abilities of CHA, CFA, COA, and 

DOPA toward DPPH were not different as compared to the control, confirming 

that CD or CA did not interfere with DPPH radical (Fig. 3.27(a)). Similar results 

reported for the antioxidant activity of phenolic compound (Strazisar et al., 

2008; Zhao et al., 2010; Kwon et al., 2010; Yuan et al., 2012). They suggested that 

after formation of IC, the DPPH radical scavenging activity of CHA was kept 

unchanged since the active groups of CHA molecule were not interfered by CD 

cavity when reacting with DPPH radicals (Zhao et al., 2010). Straziser et al. 

(2008) also reported that different complex capability was shown according to 
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the –OH position of COA. The complex of ο- and m-COA with β-CD showed 

improvement of the elimination ability of DPPH radical, while antioxidant 

activity of free and complexed ρ-COA did not differ significantly. They 

discussed that the –OH at the ortho and meta positions of COA molecules was 

close enough to secondary –OH groups of β-CD to form hydrogen bonds and 

contribute to antioxidant activity, while the distance of the OH group in the para 

position was too far away from the secondary OH groups of β-CD to re-

establish the hydrogen bonds. On the other hand, the scavenging ability of CT, 

4MC, and PY with CD was significantly increased suggesting that since they 

were tightly inserted in the CD cavity, there might be a modification in the 

redox behavior of the polyphenols and similar to the one described by Jullian et 

al. (2007, 2008, and 2010) for quercetin, luteolin, and morin molecules. 

After 4 weeks of storage, antioxidant activities of PPOS with CD and CA were 

significantly higher than that of PPOS alone (Fig. 3.27(b)). These results 

suggested that when PPOS formed IC with CD or CA, the degradation of PPOS 

molecules were occurred gradually as compared to the control during storage. 

This means that CD and CA might be improved storage stabilities of PPOS 

molecules. Previous research indicated that the storage stability of phenolic 

compound was apparently improved by complexation for 20 weeks (Zhao et al., 

2010). To support this result, in comparison with initial antioxidant activity, 
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reduction ratio of antioxidant activity after 4 weeks was calculated using Fig. 

3.27 as shown in Table 3.22. In all cases of complexation, the reduction ratio of 

antioxidant activities was considerably lower than that of control. The 

significant decreases were observed for IC of CA with CT and 4MC compared 

to other PPOS which was approximately equal to those of complex with CD. 

To determine the complexation effect over the antioxidant activity of PPOS, 

the DPPH radical scavenging velocity of the complex were calculated as shown 

in Fig. 3.28. In presences of host molecules, the degradation of DPPH radical 

scavenging gradually decreased with the increase of storage period in all 

substrates. At lower storage period (until 2 weeks), the scavenging velocity of 

PPOS-CD complexes was higher than that of PPOS-CA complexes, and then 

became equal to PPOS-CA complexes at 4 weeks. Table 3.23 showed the 

degradation rate constant (Kd) of PPOS free and its complex form for 4 weeks. 

The tendency of this result was very similar to that observed in Table 3.22. From 

this result, although not much different to oxidative stability of CA, it can be 

concluded that the complxation of PPOS with CA might be of great interest, 

since it not only stabilizes them during storage but also increase their 

antioxidant capability. Through determinations of DPPH radical scavenging, 

the reduction ratio of PPOS antioxidant activity was apparently slowed down in 

the presence of CA during storage. Thus, the IC of the natural antioxidants with 
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CA was formed for their potential oxidative stability and controlled-release 

properties for the future incorporation of these antioxidants into active food 

applications. This enhancement of the antioxidant activity could be due to a 

stabilization of the radical in the CA cavity. The NMR data was also supported 

these results.  
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Fig. 3.27. DPPH radical scavenging activities with free or complex forms of 

PPOS detected (a) at 0 day and (b) after 4 weeks.  

* Statistical difference (p<0.05) between complexed and free PPOS. 
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Table 3.22. The degradation rate of PPOS antioxidant activity after 4 weeks 

(Units : %) 

Host 

molecules 
CHA CFA COA DOPA CT 4MC PY 

Control 

(C) 
81.83 ± 3.91b 92.87 ± 2.44b 81.11 ± 14.69NS 83.17 ± 3.46b 88.69 ± 6.60b 79.27 ± 3.27c 80.73 ± 7.58b 

CD 61.59 ± 5.37a 73.97 ± 2.93a 77.02 ± 9.62 58.72 ± 7.56a 64.94 ± 13.82ab 63.44 ± 1.96b 56.80 ± 4.59a 

CA 60.89 ± 0.20a 74.88 ± 4.02a 78.38 ± 2.39 65.05 ± 2.28a 57.24 ± 2.49a 53.91 ± 1.08a 58.78 ± 7.05a 

Values of the degradation rate were calculated using Fig. 3.28.
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Fig. 3.28. The degradation of DPPH radical scavenging activity with free or 

complex forms of PPOS during 4 weeks. 



 133

Table 3.23. Estimated degradation rate constants (Kd) of DPPH radical scavenging activity with free or complex 

forms of PPOS during 4 weeks 

 (Units : min-1) 

Host 

molecules 
CHA CFA COA DOPA CT 4MC PY 

Control 

(C) 
0.075± 0.0081b 0.161 ± 0.0024b 0.096 ± 0.0037NS 0.089 ± 0.0026b 0.102 ± 0.0020c 0.079 ± 0.0018c 0.061 ± 0.0016b 

CD 0.036 ± 0.0017a 0.054 ± 0.0026a 0.068 ± 0.0013 0.029 ± 0.0017a 0.040 ± 0.0017b 0.043 ± 0.0017b 0.037 ± 0.0018a 

CA 0.037 ± 0.0015a 0.046 ± 0.0025a 0.057 ± 0.0021 0.036 ± 0.0015a 0.024 ± 0.0016a 0.026 ± 0.0013a 0.030 ± 0.0015a 

NS; not significant difference
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3.3.4.2.2.2. Stability of PPOS against enzymatic oxidation  

The inhibition effect of CA on the enzymatic oxidation of PPOS was 

measured with PPO. First of all, for each substrate, the variation in the 

absorption spectra in the presence of PPO was measured, in order to find the 

optimum wavelength to detect the corresponding oxidation product. The 

optimum wavelength of each substrate was chosen by spectrophotometer, 

recording spectrophotometric scans to identify in which zone of the spectrum, 

particularly the visible zone, the greatest changes in absorbance occurred (Fig. 

3.29). For all the studied ο-diphenols: CT, 4MC, PY, and CHA used a 

wavelength of 400 nm and DOPA and CFA selected that of 475 nm, respectively. 

However, the absorption spectra of COA did not variable despite changing 

concentration and thus did not used to the stability studies. 

In order to measure the effect of different host molecules on the stability of 

PPOS, tyrosinase was used as the PPO causing enzymatic browning and its 

result was displayed in Fig. 3.30. It could be seen that, for the same 

concentration of CD and CA, increasing substrate concentration always resulted 

in a increasing inhibition. Therefore, the stability of PPOS against enzymatic 

oxidation was significantly improved by complexation, decreasing the activity 

of PPO causing enzymatic browning. At the studied concentrations, PPO 

activities for CT and DOPA were inhibited in approximately the same amount 
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of CD and CA as compared to control. Whereas, other PPOS were strongly 

inhibited by both CD and CA, with this effect being less evident as a substrate 

concentration increased.  

PPOS were used as o-diphenolic substrates for a tyrosinase, and their 

apparent kinetic constants (Km and Vmax) were calculated by linear fitting (Fig. 

3.31). An increase in Km with Vmax remained practically unchanged proposed 

the mechanism similar to the competitive inhibition. Apparent kinetic 

parameters of PPOS in the presence of CD or CA were summarized in Table 

3.24. As shown also in Fig. 3.31, where a constant Vmax for all inhibitor, the 

values for apparent kinetic parameters indicating a competitive type 

mechanism with the same affinity for the free enzyme and enzyme-PPOS 

complex were observed. These results suggested that the inhibitory effect of CA 

on the enzyme activity was attributed to the reduction of free substrate as a 

consequence of the complexation process between PPOS and CA, thereby 

preventing their oxidation to quinines and subsequent polymerization to brown 

pigments.  
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Fig. 3.29. The UV/Vis spectra of PPOS at different concentrations.  
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Fig. 3.30. Effect of CA and CD on PPOS oxidation catalyzed by PPO. Symbols represent experimental data (±SEM). Lines were 

the Michaelis-Menten curves fitted to the experimental data.  
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Fig. 3.31. Lineweare-Burk plots for the inhibition PPO in the presence of CA and CD. 
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Table 3.24. Apparent kinetic parameters of PPO with PPOS in the presence of host molecules 

PPOS 
λmax  

(nm) 

Vmax (Δabs S-1/103) Km (mM) 

Control (C) Cyclodextrin (CD) Cycloamylose (CA) C CD CA 

CHA 400 5.383 ± 0.201 4.399 ± 0.142 4.814 ± 0.257 0.332 ± 0.014 2.447 ± 0.165 0.589 ± 0.014 

CFA 475 3.334 ± 0.203 1.028 ± 0.223 2.310 ± 0.156 2.674 ± 0.090 1.679 ± 0.062 2.118 ± 0.066 

DOPA 475 1.773 ± 0.122 1.754 ± 0.107 1.733 ± 0.098 0.301 ± 0.035 0.399 ± 0.028 0.410 ± 0.021 

CT 400 9.734 ± 0.217 9.514 ± 0.277 9.769 ± 0.206 0.398 ± 0.017 0.592 ± 0.020 0.566 ± 0.015 

4MC 400 5.709 ± 0.305 5.718 ± 0.313 5.346 ± 0.153 0.122 ± 0.014 0.273 ± 0.022 0.551 ± 0.052 

PY 400 10.822 ± 0.283 9.343 ± 0.283 9.138 ± 0.210 2.412 ± 0.085 3.276 ± 0.116 2.412 ± 0.069 
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Fig. 3.32. The relative efficiency of PPO activities (%) for PPOS in the absence 

and presence of CD and CA.  

 

The oxidative stability of PPOS by forming an IC with host molecules was 

determined in terms of the relative efficiency of PPO activity (REE, %) 

calculated from apparent kinetic parameters. Fig. 3.32 disclosed that the REE on 

PPOS were significantly reduced by both CD and CA. Especially, REE of 4MC 

were decreased dramatically by ~20% with CA compared to those for control 

and with CD. These results supported the hypothesis that CA inhibits PPO by a 

mechanism additional to substrate complexation. However, in order to proof 

this hypothesis, further studies on the complexation of the PPOS and direct CA 

interaction need to be developed. In conclusion, these results might provide 

feasibility to utilize CA as a efficient carrier for hydrophobic food and 
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pharmaceutical materials to improve stability and functionality of various 

functional compounds, if proper conditions and reagents were determined. 

 

3.3.4.2.2.3. Color-stability of apple juice  

Enzymatic browning reactions limit the commercial shelf life of apple juice, 

so that color preservation during storage is one of the main objectives of fruit 

processors. Apple juices are highly susceptible to this deteriorative mechanism, 

since apple PPO is very active and rapidly oxidizes o-diphenols into o-quinones, 

which condense, via a nonenzymatic pathway, with amino acids, proteins or 

other compounds to form brown pigments (Coseteng & Lee, 1987). These 

browning products decrease both the acceptability and nutritional quality of the 

fresh juice, therefore, the use of anti-browning agents is required. However, 

market trends on food preservation are limiting the use of synthetic additives 

and the search for natural anti-browning products is increasing in 

correspondence to industrial and consumer demands.  

Bearing in mind that there is no information on the inhibition of juice 

enzymatic browning by CA, the purpose of this section was to examine the 

potential use of CA as agents in the control and preservation of natural color to 

preserve the quality of this food because its organoleptic and nutritional 

properties are strongly altered by browning. The apple juice became darker and 
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the initial green color turned brownish as storage progressed. Because apple 

juice is not a transparent liquid, its browning was determined by measuring 

CIELAB coordinates. The effectiveness of CA as anti-browning agent was 

determined as the difference between the color of the CA-treated sample and 

the control using the color space CIE-L* (lightness), a* (red-green), and b* 

(yellow-blue) system measured by colorimeter.  

The color of fresh apple juice was evaluated in the presence of CA and CD 

that can form a IC with PPOS to study the evolution of the color parameters of 

apple juice. To evaluate the behavior of apple juice enzymatic browning after 

the addition of CA, increasing concentrations of CA (ranging from 0 to 15 mM) 

were used. First, L* was tested in the first hour after juicing. In the absence of 

any agent, L* showed a significant and rapid decrease during the first 60 min as 

the juice became darker (Fig. 3.33). However, CA addition significantly delayed 

the change in the L* value although not even the higher concentration of CA 

tested (15 mM) was able to eliminate it totally. With regard to the other scalar 

parameters tested, Fig. 3.33(b) showed the evolution of a* in the absence and 

presence of 0, 3, 5, 10, and 15 mM CA. Without CA in the medium, a* increased 

sharply for the first 10 min and then less so, leading the apple juice to become 

redder during the reaction time. However, increasing concentration of CA led 

to significantly lower values of a*, the initial green color still remaining in the 
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presence of 15 mM CA. Values of b* was rapidly increased toward yellow colors 

in all of the concentrations of CA, changes that were opposite to that published 

for apple juices (Lopez-Nicolas et al., 2007). It was thought that the different 

trend of the b* value was observed according to cultivar and maturity of apple. 

As shown in Fig. 3.33(a), the trends of the scalar (L*, a*, and b*) value after the 

addition of CD was very similar to that observed in Fig. 3.33(b). As can be seen, 

increasing concentration of CD (ranging from 0 to 15 mM) led to significantly 

lower values of a* and higher values of L* and b* than the control. These results 

agreed with those presented by Hicks et al. (1996), who measured changes in L* 

and a* in apple juice in the absence and presence of CD. 

Finally, in order to confirm the slowing-down effect on enzymatic browning 

caused by CA, the total color difference (ΔE*) of apple juice was studied in the 

presence of increasing concentration of CA (Fig. 3.34). The ΔE* is a colorimetric 

parameter extensively used to characterized the variation of colors in foods 

during processing. In the absence of CA (C, control), ΔE* was rapidly increased 

for the first 10 min, after this time, the increase was significantly slowed until 70 

min. The degradation of initial color observed in C was mostly due to a sharp 

depletion in ΔE*, both L* and b*, whereas a* did not have the same weight. As 

can be observed in Fig. 3.34, in the presence of CA, the ΔE* of apple juice color 

during storage was strongly dependent on the CA concentration. The addition 
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of CA resulted in lower variations in ΔE* for the 70 min of test. Moreover, the 

evolution of this parameter in the presence of CA was more linear than that 

observed previously with no CA. The effect of CD on ΔE* was very similar to 

the effect described above for CA. In conclusion, the ΔE* values increased 

rapidly for the first 10 min in the control, but in the presence of all of CA 

concentrations used, the increase in ΔE* was significantly lower. These results 

demonstrated that CA addition considerably retarded enzymatic browning, 

indicating that CA prevented PPOS from reacting with oxygen and enzyme by 

forming inclusion complexes.  
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Fig. 3.33. Effect of host concentration on the evolution of L*, a*, and b* in apple juice at 

RT in the absence of any host and in the presence of (a) CD and (b) CA: 3, 5, 10, and 15 

mM. Each data point is the mean of three replicates. 
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Fig. 3.34. Effects of host concentration on the evolution of total color difference (ΔE*) in apple juice in the absence 

and presence of CD (upper) and CA (lower). 
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3.3.4.3. Complex formation of CA with fat-soluble vitamins (FSV) 

 

3.3.4.3.1. Phase solubility studies 

The results of solubility studies of FSV in different host molecules (CD, MD, 

and CA) were presented in Fig. 3.35. According to the phase solubility diagram 

results, it was observed that the type of host molecules used influenced greatly 

the FSV solubility.  

One of the main disadvantages of CD for use as a solubilizer in the food 

industry is its poor solubility in aqueous media. For this reason, a lower 

concentration of this CD was employed to test the effect of CD on enhancing the 

solubility of FSV. As noted above, the solubility diagram of CD was of the B 

type curves at all FSV due to its poor water solubility (Fig. 3.35). The plot 

showed that there was an increment in the solubility of FSV up till 20 mM CD. 

However, the solubility limit reached at 20 mM and further addition did not 

increase any more. Adding more than 20 mM concentration of CD resulted in 

the formation of precipitate. At this stage, two distinct types of precipitate were 

obtained, which was the less soluble IC and excess CD.  

  The solubility diagram of MD with VE and VK were of the Bs-type, in 

contrast to VA and VD, indicating limited solubility of the complex in the 5% 

ethanol. As can be seen from Fig. 3.35(d), the solubility curve of MD with VK 
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showed an immediate and progressive decrease in the apparent concentration 

of VK for increasing MD concentration. As it appeared show clear from an 

inspection of the figure, for all the FSV/CA systems the solubility of the FSV 

was enhanced by the presence of the macrocycle such as CD and CA. In 

particular, a continuous increased in solubility of FSV with CA being classed as 

an AN type. This curve might be originated from both an alteration in the 

effective nature of the solvent in the presence of large concentration of ligand 

and a self-association of CA at higher concentrations.  

The phase solubility profiles of VA in different host molecules were shown in 

Fig. 3.35(a). The solution obtained after 3 days was clear, yellow and no 

precipitate could be seen. Owing to their polyenic structure, VA was virtually 

insoluble in water and chemically labile, which made their manipulation 

difficult. The aqueous solubility of VA without any host molecules was about 

23.5 μM which was lower than the value reported previously (Szuts and Harosi, 

1991; Loftsson et al., 2007). They reported that the solubility of VA was about 

0.06 μM in physiological saline buffer solution (pH 7.3) and about 146 μM in 

aqueous buffer solution, respectively, suggesting that the solubility 

determination was highly sensitive to both the method applied and the 

composition of the medium.  

As shown in Fig. 3.35(b), the phase solubility of pure VD was about 1 μM, 
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which extremely low solubility; however, great solubilization enhancement 

showed by complexation. In the presence of 40 mM concentration CD, MD, and 

CA, the solubilities of VD were enhanced 28.4, 28.9, and 29.7-fold, respectively. 

Okada et al. (1990) reported for solubilization of FSV by complexation with 

glucosyl-β-CD (γ-CD), resulting that VD complexation showed Bs type 

solubility curves in the very high concentration range of γ-CD, a solid complex 

precipitating.  

Figs. 3.35(c) and 3.35(d) showed phase solubility diagrams which were 

obtained for VE and VK and different host molecules in 5% ethanol at RT. The 

water solubilities of VE and VK increased in the presence of host molecules. The 

phase solubility of VE and VK without any host molecules were about 55.1 μM 

and 736 μM, respectively, which was similar to previous research (Dubbs and 

Gupta, 1998). According to previous studies, in pure water, these FSV have very 

low solubility (20.9 mg/L for VE and 151 mg/L for VK) mainly owing to strong 

hydrophobic repulsion between water and the vitamin molecules (Dubbs and 

Gupta, 1998). VE molecules have a large hydrophobic alkane chain, with an 

ether group and a phenol group that can each participate in hydrogen bonding 

with water. The overall nature of the molecule is its hydrophobicity, which 

results in a poor solubility in water. With an addition of 40 mM CD, MD, and 

CA, the solubility of VE increased to 2.9, 3.2, and 3.5-fold, respectively. More 
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pronounced effects were observed at 60 mM CA concentrations that solubility 

was enhanced to about 4.3-fold owing to attraction between the alkane chains of 

VE and CA molecules.  

VK is less hydrophobic than VE; hence, its solubility in pure water is greater 

than that of VE. It has two carbonyl groups as polar sites as shown in Table 3.7. 

With an addition of 10 mM CD, MD, and CA, the solubility of VK increased to 

2.5, 1.9, and 2.7-fold, respectively, and by an addition of 60 mM CA, solubility 

was enhanced to about 3.6-fold.  

In conclusion, aqueous solubility of FSV increased similarly with CA, CD, 

and MD concentrations at lower addition levels. However, at higher addition 

levels, the solubility increase slowed down or reached to plateau for MD and 

CD, respectively, whereas it kept increasing with CA concentration of up to 40 

mM. As a result, with an addition of 40 mM CA, the solubility of vitamin A, D, 

E, and K increased to 5, 30, 3.5 and 3.2-fold, respectively. The enhanced aqueous 

solubility of FSV is of interest because of challenges in supplying vitamins to the 

human body due to the extremely low aqueous solubilities of these vitamins 

(Browning, 1931). Understanding molecular interactions of vitamin molecules 

with CA will help the pharmaceutical and cosmetic industries with improved 

formulations and the food industry with improved food-processing processes. 
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Fig. 3.35. Phase solubility diagrams of (a) VA, (b) VD, (c) VE, and (d) VK at different host concentrations: CD, CA, and MD.



 152

3.3.4.3.2. Formation of inclusion complexes  

All the analyses presented in these studies performed on IC between FSV and 

different host molecules, obtained through the FD method. The FD method of 

IC was highly dependent on the solubility of the guest and host molecules in a 

common solvent, which implied the formation of a homogeneous system and 

therefore a more intimate contact between the interacting molecules. Solution 

complexation techniques in most cases require a water-miscible cosolvent that 

efficiently dissolves the guest. Koontz et al. (2009) reported that the CD/guest 

product ratio was increased about 6-fold when added 10% ethanol as a 

cosolvent to the complex system.  

Very hydrophobic guest molecules may require a cosolvent. Methanol and 

ethanol were both evaluated, but FSV was observed to have a greater solubility 

in ethanol. Complexation efficiency of CD in aqueous solution was reported to 

increase with increasing concentrations of ethanol up to a maximum, beyond 

which the efficiency decreases (Yoshii et al., 1998). In addition, when high 

concentration of ethanol was used to the complex system, CA was usually 

precipitated, which led to low efficiency. Therefore, in this study, in order to 

enhance the complex efficiency of FSV with CA, 5% ethanol was added to the 

complex process as a cosolvent, which may played a space-regulating role in 

CA complexes by facilitating the formation of a stronger complex by filling the 
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void inside the CA cavity.  

 

3.3.4.3.2. Characterization of inclusion complexes  

The inclusion of FSV in a CA induced modification of various chemical and 

physical properties on the former. The measurements of those changes were the 

basis of the methods used to confirm the complex formation. Therefore, in this 

study, fluorescence spectrometry, XRD, DSC, FT-IR, and NMR analyses were 

conducted, in order to confirm the formation of IC between CA and FSV. 

 

3.3.4.3.3.1. Fluorescence measurements 

FSV themselves exhibited weak fluorescence emission with special 

wavelength of emission. Therefore, the formation of IC of FSV with CA was 

confirmed using fluorescence spectrometer. In Due to the low solubility of FSV, 

the methodology proposed by Nevado et al. (2001) and Berberan-Santos et al. 

(2000), that used 5% ethanolic solution in this section.  

Fig. 3.36 showed the fluorescence spectra of FSV in different concentrations of 

CA. Fluorescence spectrum showed that adding CA to FSV solution resulted in 

a significant enhancement of the fluorescence signal. Fluorescence signals were 

enhanced gradually with increasing concentration of CA, suggesting that a 

stable complex was formed between CA and FSV. The CA cavity provided an 



 154

apolar environment for the FSV molecule and the motion of the FSV in the 

cavity was largely confined. Thus, the enhanced rigidity of the FSV molecules 

resulted in an increase of its fluorescence quantum yield.  

The effect of concentration of host molecules on the fluorescence intensity of 

FSV was determined and the results were shown in Fig. 3.37. It can be seen that 

on addition of 40 mM CD and CA molecules, the fluorescence emission signals 

of FSV were about 2-3 fold intensified, respectively. This was because CD and 

CA offered a protective, more constrained microenvironment to the excited FSV. 

In the case of MD, the fluorescence intensities of FSV were increased and 

became reduced at the high concentration of MD, except for VD with MD, 

showing consistently enhancement. This result might show that the viscosity 

got higher as the concentration of MD increased. The fluorescence intensities of 

FSV with CD were also increased until 20 mM concentration of CD and became 

constant, whereas, the fluorescence signals were enhanced consistently with 

increasing concentration of CA, suggesting that a stable complex was formed 

between CA and FSV. These results showed a similar tendency with results 

obtained by phase solubility studies.  

Thus, the enhanced fluorescence characteristics were useful for better 

understanding the inclusion mechanism, involving the size/shape-fit, 

hydrophobicity and the complex model of guest molecules. 
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Fig. 3.36. Fluorescence spectra of (a) VA, (b) VD, (c), VE, and (d) VK (5 x 10-4 M) at different CA concentrations. 
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Fig. 3.37. Dependence of fluorescence intensities of (a) VA, (b) VD, (c) VE, and (d) VK on host concentrations: CD, 

CA, and MD. 
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3.3.4.3.3.2. XRD 

The XRD was also performed to compare the structure of FSV and 

complexation as shown in Figs. 3.38-1 and 3.38-2. The XRD technique is one of 

the most reliable tools for examining crystalline CA IC (Larsen, 2002). The XRD 

pattern of CA was amorphous, as described in 4.1.3.1, in contrast to those of 

FSV. The XRD diffractogram of pure FSV obtained revealed a series of sharp 

and intense diffraction peaks which indicate its crystalline characteristic (VA 

2θ : 3.9°, 14.2°, 17.5°, and 23.6°; VD 2θ : 5.1°, 13.4°, 15.7°, 18.1°, and 21.9°; VE 2θ : 

4.1°, and 18.5°; VK 2θ : 11.8°, 15.4°, and 27.2°) (Fig. 3.38). These XRD patterns of 

pure compounds (VA, VD, VE, and VK) were consistent with documented 

spectra of Kim et al. (2006), Ignjatović et al. (2013), Naghibzadeh et al. (2010), 

and Lengyel & Szejtli. (1985), respectively.  

The XRD patterns of PM of FSV and CA were simply a superposition of the 

diffraction patterns of each component, as mixtures of amorphous and 

crystalline phases, indicating no formation of a new form. However, the 

diffraction pattern of FD complexation was completely diffuse, with the absence 

of intense sharp peaks, indicating the amorphous structural nature. The XRD 

patterns confirmed the results of DSC analysis: (a) the diffraction peaks relevant 

to crystalline FSV were no longer detectable in complexation, and (b) the 

reduction of the degree of crystallinity of the FSV could be taken as an 



 158

indication of complexation. In more detail, the differences in interplanar 

distances, diffraction angles, and relative diffraction peak intensities borne out 

the formation of different crystalline structures. The inclusion process might be 

increased the amorphous character and could also be explained by means of the 

procedure employed to obtain the complex, because a decrease in the relative 

humidity converts the crystalline state to the amorphous state (Hirayama and 

Uekama, 1987). Meanwhile, the loss of crystallinity in the complexes may 

signify the presence of reciprocal interactions between host and guest molecules.   

From the XRD results, it can be concluded that not only FSV were present in 

CA complexation; but also by introducing FSV to CA, a change in the crystal 

structure was occurred, indicating chemical interactions between FSV and CA 

molecules. 

 

3.3.4.3.3.3. DSC 

As described in the experimental section, solid products were obtained by FD 

method. DSC analysis carried out these powder, in order to determine if the 

solid products obtained were PM or real complexes. DSC evidenced inclusion in 

a CA by the modification of the FSV unique endothermic peak. It is well known 

that if a complex was formed in the solid state, its thermogram should be 

different to that of the PM, which will show the combination of the host-guest 

molecules.  
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Fig. 3.38-1. XRD diffractograms of (a) VA and (b) VD for their crystalline powders, physical mixtures with CA 

(PM), and inclusion complexes with CA through freeze drying method (FD). 
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Fig. 3.38-2. XRD diffractograms of (c) VE and (d) VK for their crystalline powders, physical mixtures with CA 

(PM), and inclusion complexes with CA through freeze drying method (FD).
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In the complex thermogram, the melting peak of the guest was usually absent, 

as a result of the interaction between the guest and the host cavity (Alvarez-

Parrilla et al., 2005; Sapino et al., 2007). 

The endothermic curves of FSV, CA, PM, and FD (complex powder) were 

presented in Figs. 3.39-1 and 3.39-2, respectively. The thermogram of CA 

revealed a greatly broad endothermic signal around 65.7°C and a 

decomposition endothermic peak at 322.0°C as described in section 3.3.4.1.3.2, 

that corresponds to the loss of the water molecules existing as residual humidity 

(t<100°C) as well as those included in the cavity (t>100°C) (Ficarra et al., 2002; 

Alvarez-Parrilla et al., 2005). Pure FSV compounds presented the following 

endothermic peaks: (a) VA showed a sharp endothermic melting peak at 54.7°C; 

(b) VD also presented one endothermic melting peak, a large on at 84.8; (c) VE 

showed a broad endothermic glass transition (Tg) at approximately -41°C, 

which was associated with the change from a glassy state to a supercooled 

liquid; (d) VK presented two endothermic melting peaks, a small one at 159.3°C 

(may be due to impurities) and a larger one at 107.1°C. These results were 

agreed with their general melting point. In the case of VE, because VE existed as 

an oily liquid at RT, the DSC curve of the Tg was measured (Koontz et al., 2009). 

This oily character was retained upon PM with CA; however, the formation of 

IC with CA resulted in a solid, dry powder (Fig. 3.39-2(c)).   



 162

In the PM of FSV with CA, The two characteristic endothermas of FSV and 

CA observed, in addition, the phase transition thermal profile of FSV remained 

recognizable with the reduction and the broadening of FSV endothermic peak, 

with concomitant shift to lower temperature, which indicated that there might 

be a lack of interaction. In Fig. 3.39-2(c), DSC curves of VE and CA PM both 

showed an endothermic transition characteristic of a Tg at -41 ◦C. Wimmer et al. 

(1999) reported for stabilization of VA with γ-CD, resulting that in the PM an 

endothermic peak indicated the melting point of free VA and disappeared in 

the case of the complexes. Okada et al. (1990) also reported to be the same result, 

implying that VD interacted with CD in the solid state to form an IC. 

In the case of the FD, the strong decreasing of dehydration endothermic peak 

of CA was observed, as well as a disappearance of the unique endothermic peak 

of the FSV in the inclusion compounds, compared with that of the 

corresponding PM. The peak of CA dehydration shifted to lower temperature 

(VA; 55.9°C, VD; 59.2°C, and VK; 57.4°C, respectively) by complexation. The 

shift of CA peak to lower temperature, its broadening was definitely a strong 

evidence of a disorder happened in the water molecules inside CA cavity, that 

was probably caused by the presence of FSV. In the case of VE, the Tg was not 

observed in its complex form. 
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Fig. 3.39-1. DSC thermograms of (a) VA and (b) VD for their crystalline powders, physical mixtures with CA (PM), 

and inclusion complexes with CA through freeze drying method (FD). 
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Fig. 3.39-2. DSC thermograms of (c) VE and (d) VK for their crystalline powders, physical mixtures with CA (PM), 

and inclusion complexes with CA through freeze drying method (FD). 
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In addition, the disappearance of FSV melting peaks and the increasing of the 

decomposition temperature was caused by the inclusion process between FSV 

and CA. The different in energy input required to maintain the sample and 

reference at exactly the same temperature was plotted as a function of the 

sample temperature.  

 

3.3.4.3.3.4. FT-IR  

FT-IR technique is used by research to detect the formation of IC in solid 

phase and it appears very promising for the study of other IC as well, especially 

if used in conjunction with other experimental techniques and/or numerical 

approaches (Crupi et al., 2007). This technique is also used to point out the 

implication of the difference functional groups of the guest and host molecules 

in the inclusion process. It can be done by studying the changes in the shape 

and position of the absorbance bands of guest and host molecules in the IC 

(Cannava et al., 2008). FT-IR is not always suitable for the study of this process 

because the CA absorption hinders most of the bands due to the IC. However, 

this interference does not take place in the double bond region (C=O and C=C 

bonds) and previous researchers have been taken advantage of this fact to study 

the inclusion of FSV into β-CD (Munoz et al., 1996). Therefore, in this study, the 

formation of IC between FSV and CA was investigated using FT-IR 

spectroscopy. The IR absorption spectrum of the solid FSV-CA complex was 
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compared with those of pure FSV and PM of both compounds as shown in Fig. 

3.40. A comparison between FT-IR spectra of FSV, CA, PM, and FD (IC), 

evidenced some significant changes in the shape and position of the absorbance 

bands of FSV and CA functional groups. The IR spectra of pure compounds 

(VA, VD, VE, and VK) were in full agreement with previously documented 

spectra of Kim et al. (2006), Delaurent et al. (1998), Koontz et al. (2009), and 

Wang et al. (2007), respectively. Spectral variations include broadening, shifting, 

and reduction in relative intensities were observed in both spectra of the 

complexes, which results were summarized in Table 3.25. 

The FT-IR spectra of CA solid phase showed in Figs. 3.40-1 and 3.40-2. The 

most interesting signals are: (a) wide band at 3650-3080 cm-1 due to O-H bonds 

stretching, (b) band at 3000-2840 cm-1 due to stretching vibrations of the bonds 

in –CH and –CH2 groups, and (c) a strong and complex band at 1200-960 cm-1 

due to C-O- bonds stretching.  

The hydrogen bonded OH stretching of CA, did not change the PM, but 

showed rightward shifts of the band in the complex spectrum (from 3340 to 

3290 cm-1 for the VA/CA complex, to 3250 cm-1 for the VD/CA and VE/CA 

complex, and to 3300 cm-1 for VK/CA complex) (Table 3.25). This result 

suggested that some of the existing hydrogen bonds formed between the OH 

groups of CA molecules might be disturbed after the formation of IC.  
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The characteristic absorption bands of all FSV were in the spectral region 

where CA absorption was limited, which allowed the detection of guest 

interactions with in CA IC. According to Fig. 3.40-1(a), VA was characterized by 

bands around 1780–1560 and 1500–1350 cm-1 that were corresponding to C=C 

stretching and C-H bonds bending vibrations. In PM of VA and CA, the spectra 

obtained were akin to the superimposition of the individual spectrum of VA 

and CA. However, the spectra of characteristic bands of VA were significantly 

reduced and not presented after complexation with CA. It was proposed that 

VA within the CA cavity might hinder these molecular vibrations, consequently 

diminishing the intensities of their absorption beads. 

FT-IR spectra of VD, CA, PM, and FD were shown in Fig. 3.40-1(b). The 

infrared spectrum of VD showed characteristic peaks around 3310 cm-1 (bonded 

-OH stretching), around 1650 cm-1 (C=C stretching), and around 1500-1420 cm-1 

(C-H bending). VD was typified by the CH3 asymmetric stretching mode and 

the CH2 symmetric stretching mode at 2943 and 2875 cm−1, respectively, the two 

bands that were observable in this spectrum of the vitamin too. The FD 

spectrum of VD was shown the similar results of VA, which were shifted, 

decreased in intensity, disappeared or interacted from the CA infrared 

spectrum. This proved not only an interaction but real IC with CA.  

Fig. 3.40-2(c) showed the FT-IR spectra obtained for VE, CA, PM, and FD. In 
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the VE spectrum, lower band at 3472 cm−1 was associated with –OH as reported 

previously in Koontz et al. (2009). Also, bands at 2930 and 2880 cm−1 

represented the asymmetric and symmetric stretching vibrations of the –CH2– 

and –CH3, respectively. These two intense bands were clearly presented in the 

PM of VE and CA; however, these bands were decreased in intensity upon 

complexation within CA. Characteristic absorption bands of VE at 1470 cm-1 for 

the phenyl skeletal and methyl bending and at 1380 cm-1 for symmetrical 

methyl bending (Che Man et al., 2005) were similarly not presented in the FD. It 

was proposed that a fitting of VE within the CA cavity would hinder these 

molecular vibrations, consequently diminishing the intensities of their 

absorption bands.    

The following vibration modes of VK were affected by complexation process 

(Fig. 3.40-2(d)). Comparing VK and FD signal, C=O located at 1720-1610 cm-1 in 

VK spectrum was disappeared in the spectra of IC. The splitting of the C=O 

band can be assigned to the coexistence of different association type species 

present in solid state. The higher frequency shift could be ascribed to the 

destruction of strong hydrogen bonding structure in uncomplexed VK upon IC 

formation with CA. This vibrational band changes certified the IC formation 

and offered an idea about the mechanism of the IC formation. 

The variation of chracteristic IR band of FSV and CA were summarized in 
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Table 3.9. All these findings reasonably confirmed the formation of IC between 

FSV and CA. In fact the comparison between PM and FD evidenced strong 

differences that which can be explained that mainly resonance frequencies of 

the functional groups of FSV in the PM were not changed both in wavenumber 

and in probability due to the persistence of both species as FSV and CA each 

characterized by its own structure maintained still intact. Instead the 

disappearance, shifting, and decline of FSV in the complex spectrum evidenced 

a substantial variation of bond strength and length that obviously reflected on 

the IR absorbance resonance frequencies. The most interested signals were those 

due to the hydrophobic functional groups of FSV and CA, implying that in 

some extent, hydrophobic interaction could act as stabilizing force in the 

complex formation.  

The quite complete disappearance of FSV signals was also a confirmation of 

the formation of IC. In fact, there were evidences for some IC a “shield” effect 

on the host molecule by CD (Montassier et al., 1997). This was probably due to 

dipole moment variation in the complex structure. This result can be explained 

that original pure substances crystal structure completely rearranged in the 

complex structure.  
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Fig. 3.40-1. FT-IR spectra of (a) VA and (b) VD for their crystalline powders, physical mixtures with CA (PM), and 

inclusion complexes with CA through freeze drying method (FD).

4006008001000120014001600180020002200240026002800300032003400360038004000

(a)

Wavenumbers (cm-1)

VA

CA

PM

FD

4006008001000120014001600180020002200240026002800300032003400360038004000 4006008001000120014001600180020002200240026002800300032003400360038004000

(a)

Wavenumbers (cm-1)

VA

CA

PM

FD

4006008001000120014001600180020002200240026002800300032003400360038004000

Wavenumbers (cm-1)

(b)

VD

CA

PM

FD

4006008001000120014001600180020002200240026002800300032003400360038004000 4006008001000120014001600180020002200240026002800300032003400360038004000

Wavenumbers (cm-1)

(b)

VD

CA

PM

FD



 171

 

 

 

 

 

 

 

 

 

 

Fig. 3.40-2. FT-IR spectra of (c) VE and (d) VK for their crystalline powders, physical mixtures with CA (PM), and 

inclusion complexes with CA through freeze drying method (FD). 
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Table 3.25. Comparison of the principal differences between PM and FD in the FT-IR absorption spectrum 

1) D; the signal was disappeared in the spectrum.  

2) R; the signal was reduced in the spectrum.

   
Infrared bands (cm-1) and assignments 

OH stretching C-O stretching C=C stretching C=O stretching CH bending 

CA crystals signals 3340 1200-960 - -  

VA/CA signals 

 

FD 3290 1200-960 D1) - R2) 

PM 3330 1200-960 1780-1560 - 1500-1350 

VD/CA signals 

 

FD 3250 1200-960 D - R 

PM 3330 1200-960 1680-1610 - 1500-1420 

VE/CA signals 

 

FD 3250 1200-960 - - R 

PM 3330 1200-960 - - 1520-1360 

VK/CA signal 

 

FD 3300 1200-960 D D R 

PM 3330 1200-960 1610-1550 1720-1610 1420-1280 
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Based on all these results, it was hypothesized that these analyzed functional 

groups were directly involved in the process of complexation with CA, in a 

similar basic complexation mechanism for all the guest molecules analyzed. 

 

3.3.4.3.3.5. 1H NMR  

Such chemical shift changes may provide valuable insight into the molecular 

conformation of the IC. For this reason, the present study employed NMR 

spectroscopy to probe the modes of complexation between FSV and CA. Being 

more sensitive than carbon NMR spectroscopy, proton NMR spectroscopy was 

more widely used to characterize IC involving CD (Schneider et al., 1998). In the 

present study, owing to the extremely poor aqueous solubility of FSV, D2O 

could not be used alone to dissolve FSV, therefore, a certain amount of DMSO–

d6 cosolvent was added to promote the dissolution of FSV in sufficient 

concentration for the NMR analysis. 

The numbering of FSV proton was presented in Table 3.7 and analysis of the 

chemical shift change of the complex formation (Δδ) listed in Tables 3.26-3.28. 

The chemical shift change for CA protons in the presence of FSV was only 

obtained the protons H3, H5, and H6 of CA, since the signal of H4 and 2 

protons were overlapped with DMSO-d6 signal (Table 3.26). The signals 

corresponding to the protons H3, H5, and H6, which were oriented inside the 
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cavity, were shifted for all of the complexes. As only shift were observed (no 

new peaks appear on the spectra), it could be concluded that complexation 

occured under fast exchange conditions (relative to the NMR timescale). This 

could be taken as an index for the inclusion of the FSV into the cavities.  

The full assignment of the FSV protons and the changes observed after the IC 

of CA were displayed in Tables 3.27 and 3.28. The NMR spectra of pure 

compounds (VA, VD, VE, and VK) were in a full agreement with preceding 

studies by Kim et al. (2006), Sarpietro et al. (2000), Sueishi (2012), and 

Lanfranchi et al. (2012), respectively. The numbering of FSV protons was 

presented in Table 3.7. Comparison of Δδ values allowed to emphasize that the 

signals of FSV protons experience the highest changes for binding with CA. The 

noticeable shifting of the signals of all FSV protons induced by the addition of 

CA was also observed. 

As can be seen from Table 3.27, the signals of most VA protons were shifted 

upon complex formation with CA under consideration. Compared with protons 

of VA, the complexation-induced chemical shift change of cyclic ring (or β-

ionone ring) protons were the smaller than those of polyene side chain protons, 

suggesting that the part of VA carrying these proton might not be included in 

the cavity of the CA.  
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Table 3.26. 1H NMR chemical shifts change (Δδ) for CA protons in the presence 

of FSV in DMSO-d6 

Δδ (ppm) H3 H5 H6 

VA -0.0011 -0.0015 -0.0022 

VD -0.0001 -0.0010 -0.0034 

VE -0.0011 -0.0012 -0.0014 

VK -0.0005 -0.0002 -0.0008 

Complexation shifts Δδ = δcomplex - δfree. 

 

The chemical structure of VD was almost identical to that of cholesterol 

except for double bonds between C-7 and C-8, and C-3 and C-5, and an open B 

ring structure as shown in Table 3.7. The VD structure can be viewed as a C and 

D ring system which were connected two flexible entities; the upper side chain 

and the lower part consisting of the A ring and the connecting diene. NMR 

spectra of VD and its analogs were a very broad, undecipherable, and almost 

featureless “hump” between ∼1 and 2.5 ppm. Most information was 

consequently derived from chemical shift data for angular methyl singlet and 

doublets or double bond signals and H17 multiplet (Mizhiritskii et al., 1996). 

The Δδ value of VD was shifted overall to up or downfield by complexation as 

presented in Table 3.27. In the case of the IC formation with CA, all protons in 
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both rings of the VD presented larger Δδ, indicating possible interaction 

between both compounds. The most significant changes were observed in H12’ 

and H17’ which were located in the A ring.  

In the case of VE, the signals of H2’ and H3’, as well as H4’ and H5’ were 

equivalent in the NMR spectrum and induced the downfield shift against others 

protons. The Δδ values of VE for protons of phytyl side chain and methyl 

groups were highest, while those of chromarol ring were lower. It means that 

CA also formed IC with VE, but the penetration of VE into cavity was shallow.  

These results supported by the hypothetical model of the CD-VE IC proposed 

by Sueishi et al. (2012) on the basis of calculation of the geometric dimensions of 

the reagents.  

In the case of VK, high Δδ values for H1’- H4’ protons and low Δδ values for 

H5’ and H6’ protons obtained for complex formation of VE with CA (Table 3.28) 

allowed to suggest that the aromatic ring having no methyl-group was 

incorporated into hydrophobic cavity. The possibility of the formation of IC was 

found out Zielenkiewicz et al. (2007) for binding of VE with CD. It is necessary 

to note that inclusion of VE molecule was not deep because of the steric 

hindrance which could arise from the ketonic groups in the 7’ and 8’ positions.  

In conclusion, Theses results revealed evidence of interactions of FSV with 

CA, therefore, ROESY study was determined to further support that. 
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Table 3.27. Complexation-induced chemical shifts change (Δδ) of VA (left) and VD (right) in the presence of CA 

Complexation shifts Δδ = δcomplex - δfree. 

 

Protons of VA δfree (ppm) δcomplex (ppm) Δδ (ppm)

Cyclic 

ring 

1’ 1.7634 1.7626 -0.0008 

2’ 1.993 1.9923 -0.0007 

3’ 1.6731 1.6724 -0.0007 

4’ 1.439 1.4427 0.0037 

5’ 1.0021 1.0014 -0.0007 

polyene 

side 

chain 

6’ 6.1626 6.1607 -0.0019 

7’ 6.1439 6.1352 -0.0087 

8’ 6.1162 6.1106 -0.0056 

9’ 6.5301 6.5283 -0.0018 

10’ 6.3194 6.3113 -0.0081 

11’ 5.6207 5.615 -0.0057 

12’ 4.096 4.0902 -0.0058 

13’ 1.9099 1.9192 0.0093 

Protons of VD δfree (ppm) δcomplex (ppm) Δδ (ppm) 

Double 

bond 

5 6.1638 6.1630 -0.0008 

8 5.9412 5.9393 -0.0019 

A ring 

11 1.8213 1.8193 -0.0020 

12 2.3201 2.3289 0.0088 

16 0.4833 0.4811 -0.0022 

17 3.6463 3.6580 0.0117 

C ring 
19 2.0254 2.0230 -0.0024 

20 1.6283 1.6265 -0.0018 

D ring 
9 1.9530 1.9514 -0.0016 

10 1.5017 1.4996 -0.0021 

Side 

chain 

22a 1.2466 1.2443 -0.0023 

22b 1.3941 1.3956 0.0015 

23 1.1322 1.1298 -0.0024 

24 1.3129 1.3107 -0.0022 

25 0.9017 0.8999 -0.0018 

27 0.8480 0.8460 -0.0020 
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Table 3.28. Complexation-induced chemical shifts change (Δδ) of VE (left) and VK (right) in the presence of CA 

Complexation shifts Δδ = δcomplex - δfree. 

Protons of VE δfree (ppm) δcomplex (ppm) Δδ (ppm)

Chromarol 

ring 

1,3 2.0035 2.0019 -0.0016 

2 2.0349 2.0330 -0.0019 

5 1.9683 1.9667 -0.0016 

Phytyl 

side chain 

11’ 1.7145 1.7129 -0.0016 

22’ 1.4872 1.4852 -0.0020 

1’ 1.1496 1.1480 -0.0016 

2`3` 0.8105 0.8196 0.0091 

4`5` 0.8349 0.8442 0.0093 

6`-15` 1.2220 1.2113 -0.0107 

Protons of VK δfree (ppm) δcomplex (ppm) Δδ (ppm) 

Aromatic 

ring 

1’ 8.0112 8.0091 -0.0021 

2’ 7.8652 7.8632 -0.0020 

3’ 7.8502 7.8480 -0.0022 

4’ 7.9688 7.9666 -0.0022 

Quinine 

with a 

methyl 

group 

5’ 6.9868 6.9859 -0.0009 

6’ 2.1187 2.1175 -0.0012 
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3.3.4.3.3.6. 2D ROESY 

  The ROESY experiments are informative for the disposition of the guest 

molecule in the CA cavity. The bidimensional spectra of FSV with CA systems 

allowed us to establish clear intermolecular dipolar interactions between 

protons at distances of less than 5Å (Hull, 1994; Wangsakan et al., 2004). Figs. 

3.41-3.44 showed the ROESY spectra of the FSV-CA IC in DMSO-d6. The 2D 

NMR spectrum was displayed so that mainly the FSV proton chemical sift 

region was on the horizontal axis and the CA chemical shift region was along 

the vertical axis.  

The wide and variety of cavity diameter of CA ring was expected to host the 

whole FSV molecule, thus providing further protection against chemical 

reactions. Strong cross-peaks were observed between polyene side chain 

protons of VA and the proton H3, H5, and H6 of CA, while there were no cross-

peaks observed between cyclic ring group (β-ionone ring) protons of VA and 

protons of CA (Fig. 3.41). It was thought that the hydrophobic side chain of VA 

left the hostile hydrophilic environment of the aqueous media to the 

hydrophobic CA cavities which were considered to be a thermodynamically 

driven hydrophobic interaction process.  

The ROESY data of VD indicated was agreement with the reported by 

Mizhiritskii et al. (1996). They reported that the proton signal of CD was 
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overlapped in the region of 1.2-2.4 ppm, especially, the signal of the H11 

overlaps with that of H12 and H18 was found to overlap with H15 and H2 

protons. The peaks, corresponding to the protons of C and D rings overlapped 

each other and the pattern of H14 appeared as a broad triplet (at 1.0 ppm). As 

can be seen from Fig. 3.42, the cross peaks of the H5 and H6 protons of CA were 

existed with most of VD proton, indicating that the bulk of VD was located in 

the hydrophobic cavity of CA. No cross-peak was found between H3 of CA and 

VD protons.  

The NMR protons of VE were assigned with reference to the NMR spectrum 

reported by Baker and Myers (1991). The cross peaks of the H3, H5, and H6 

protons of CA were detected with the protons of phytyl side chain C(6’-15’)-H 

and methyl groups C(1’-5’)H in the side chain of VE, as enclosed in the ellipse in 

Fig. 3.43. However, the cross peaks between the protons of chromarol ring 

groups and inner H3, H5, and H6 protons of CA did not appear. This indicated 

that the side chain of VE was encapsulated into the CA cavity, while the 

reactive OH group in the chromarol ring was exposed to the bulk solution.  

The ROESY spectra of VK and CA were shown in Fig. 3.44. The 

bidimensional spectrum showed two intermolecular cross peaks between H5 

and H6 protons of CA and the aromatic protons of VK. The results 

demonstrated that the phenyl moiety of the naphthoquinone molecule was 
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embedded in the CA cavity. It was clear that the relative mobility of groups of 

VK was affected by complexation with CA. As aforementioned, the IC of VK 

molecule was not deep because of the steric hindrance that could arise from the 

ketonic groups in the 7’ and 8’ positions (Zielenkiewicz et al., 2007).  

In conclusion, 1D and 2D NMR studies provided evidence that the interaction 

was an inclusion phenomenon since the modifications obtained for the CA 

signals involved hydrogen atoms that were oriented forward the cavity. 

Inclusion behavior of CA and the FSV depends on the size fit between guest 

and host.  
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Fig. 3.41. The ROESY spectrum of the VA with CA.  
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Fig. 3.42. The ROESY spectrum of the VD with CA.  
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Fig. 3.43. The ROESY spectrum of the VE with CA.  
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Fig. 3.24. The ROESY spectrum of the VK with CA.  

 

3.3.4.3.4. Photo-stability (irradiation tests) 

The role of the CA in the photo-stability of included FSV was studied and 

compared with the degree of degradation in different concentrations of host 

molecule. These experiments can be considered accelerated test of stability and 

be allowed to understand photo-degradation processes.  

These photo-induced degradations were made graphically clear in Fig. 3.46, 

which showed the normalized absorption spectra of compositions containing 

FSV before and after exposure to UV irradiation. The accelerated photo-stability 
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test was performed in a UV irradiation chamber. After 4 hrs of irradiation, the 

absorbance of FSV was rapidly declined by more than 90%, resulting in an 

irreversible loss of efficacy. Previous research suggested that if FSV was 

destroyed by UVA and UVB, undesirable flavor compounds produced with 

fatty acids and became possible toxic compounds and decomposed essential 

nutrients (Frankel et al., 1982). 

These experiments the effect of complexation on the photo-stability of host 

molecules were assessed. The photo-degradation of FSV with different 

concentrations of host molecules was shown in Figs. 3.47-3.50, respectively. 

These data were plotted as the concentration of remaining FSV vs. irradiation 

time. Initial concentration of FSV was in agreement with the reported above 

conclusions based on the phase solubility. The photo-degradation profile of FSV 

without host molecules (control, C) followed an exponential decay showing that 

it was clearly affected by photo-irradiation in solution remaining only about 

13.5% of VA, 15.61% of VD, 11.22% of VE, and 10.34% of VK, respectively, after 

4 hrs of irradiation (Figs. 3.47-3.50). On the contrary, no disappearance of FSV 

was detected in the dark experiments (Fig. 3.45), demonstrating that the 

disappearance of the FSV were only due to photo-degradation, permitting to 

exclude other phenomena. As can be seen from Table 3.29, the degree of photo-

degradation of free FSV was above 85%, whereas that of its complexation 
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declined below 45% at 40 mM concentration of CA molecules. This difference 

was quite statistically significant. 

The concentration of FSV in the complex form decreased exponentially with 

time and more slowly than control. Fitting the results on Sigma Plot for 

Windows (version 10; Systat Software, Inc., GmbH, Germany), first-order 

kinetics was observed and relevant degradation rate constants (Kd) were 

estimated along with half-life (t1/2) values, which were displayed in Table 3.30. 

The small values of Kd of FSV indicated longer half-life and shelf life. These 

values indicated that host molecules had a stabilizing effect on FSV.  
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Fig. 3.45. Absorption spectra of VA under light, dark, and UVA. 
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The photo-stability of VA was examined in different concentrations of host 

molecules (Fig. 3.47). An investigation on the photo-stability of VA was of 

interest because the molecule has five conjugated “C=C” bonds in its structure 

(Table 3.7) and it was known that conjugated polyene long chain was very 

sensitive to the light (Liu and Asato, 1984). The Kd and t1/2 of pure VA were the 

values of 0.86 x 10-2 min-1 and 81.07 min, respectively, indicating quickly 

degradation than complex form. In the case of VA-MD complex from, the 

values of Kd was significantly higher than VA-CD and VA-CA complex forms at 

all concentrations. In comparison to CD for Kd, CA was significantly high at 20 

mM concentration, but it was observed the reverse tendency at 40 mM 

concentration. VA underwent degradation by isomerization at conjugated 

polyene long chain when exposed to light. Therefore, the long chain of VA was 

included in the cyclic oligosaccharide ring of CA, thus minimizing 

isomerization due to steric hindrance imposed by the CA cavity.  

When exposed to sunlight, cholecalciferol (VD) underwent a destructive 

transformation of its double bonds to form a wide variety of photoisomers that 

have little if any biological activity on calcium metabolism and can also 

oxidation itself due to its conjugated triene structure (Bonda and Zhang, 2012). 

Therefore, in this study, photo-stability of VD was measured using various host 

molecules as possible protect the active site of VD from photo-degradation and 
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result was shown in Fig. 3.48. The Kd and t1/2 of VD were the values of 0.78 x 10-

2 min-1 and 91.02 min, respectively, indicating also quickly degradation than 

complex form. According to the Kd and t1/2 of VD, the degradation of VD went 

more slowly with increasing concentrations of host molecules. At low 

concentration, the Kd of VD-MD complex form was similar to that of VD-CA 

complex form, while the Kd of VD-CD complex form was lower than that of VD-

CA complex form and became similar. It was found from these results that all of 

host molecules had photo-stabilizing effect on VD. 

 The effect of the concentration of different host molecules on the photo-

degradation of VE was determined. As can be seen from Fig. 3.49, in the 

conditions of all concentrations, the photo-stability of VE was gradually 

improved after complexation. In regard to the Kd values of VE, no significant 

differences were observed between CA and CD at low concentration. However, 

at high concentration (30 and 40 mM), it was noticed that the Kd of VE decreased 

as follow: CA > CD > MD compared to that of pure VE. When comparing the 

data obtained for 40 mM concentration of host molecules, the irradiation-

induced decomposition of VE was significantly reduced by complexation with 

CA (percentage loss, 44.5%) compared with CD (percentage loss, 57.3%) and 

MD (percentage loss, 75.7%) after 4 hrs of irradiation (Table 3.29). These data 

demonstrated that complexation with CA enhanced the photo-degradation of 
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VE and CA concentration influenced the degradation of VE. VE molecule has a 

hydrophobic phytyl side chain and a hydrophilic chromaol ring (Table 3.7) and 

it was shown that its structure was sensitive to the light. Also, VE is responsible 

for the prevention of lipid peroxidation in vivo by functioning as a chain-

breaking antioxidant. Several studies found that VE was degraded by exposure 

to UV light involving a photo-oxidation process and the consequent loss of its 

antioxidant activity (Kramer and Liebler, 1997; Sabliov et al., 2009). The photo-

reactivity of VE can be changed by complexation with suitable carriers. Anselmi 

et al. (2008) suggested that the extent of photo-degradation was reduced by 

forming non-covalent IC with CD for a number of liable compounds. This 

interaction can be retarded liable compounds degradation, accelerate 

degradation, or had no effect on molecules reactivity. At all concentrations, VE-

CA complex form showed relatively good stability under UVA irradiation, 

compared to VE-CD and VE-MD complex forms. The long alkyl chain of VE 

might help it to form stable CA complexes. 

The photo-stability of VK with various concentrations of host molecules was 

also performed for 4 hrs as shown in Fig. 3.50. At all concentrations of host 

molecules, the Kd values of VK was shown a similar tendency with that of VA. 

In comparison to CD for Kd, CA was not significantly different until 30 mM 

concentration, while there was a significant difference between them in 40 mM 
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concentration. The photo-stability of VK- MD complex form was less effective 

than that of VK- CD and VK-CA complex form. As a result, the photo-stability 

of VA, VD, VE, and VK were significantly improved after complexation with 

CA showing 3.4, 3.1, 2.9, and 3.3-fold decreases of Kd, respectively, compared to 

that of pure FSV.  

The presence of some molecular features might be indicated susceptibility of 

guest molecule to prodegradation. The presence of these chemical functions was 

expected to introduce photo-reactivity in a molecule. Some typical functions 

were as follows: (a) the C=C double bond: such molecule usually underwent 

isomerization and may underwent polar addition or cyclo-addition quiet easily; 

(b) the C=O double bond: the carbonyl function behaved as an electrophillic 

radical in the excited state and was easily involved in inter- or intra-molecular 

hydrogen transfer processes or fragmentation reactions; (c) among aromatics, 

nitro derivatives resemble ketones in their radical activity and chlorides often 

underwent hemolytic or heterolytic dechlorination; (d) among heterocycles, five 

membered rings usually underwent easy rearrangements and N-oxides were 

involved in electrolytic reactions; (e) products containing weak C-H bonds, such 

as a-C-H in amines, alcohols, ethers, sulphides might be involved in oxidative 

or degradative processes, often related to the activation of oxygen by 

photosensitization (Tonnesen, 2010). It was well known that FSV was 
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photolabile and products of their photochemical degradation had no activity. 

Improvement of photo-stability of sensitive groups of FSV was of great interest. 

In regard to photo-stability, IC of FSV with CD was shown to decompose even 

faster than IC of FSV with CA at high concentration, when exposed to UVA 

irradiation. CA has a various size of cavity and highly water solubility, whereas, 

CD was low water solubility which aggregated at high concentration, it seems, 

rather negatively affected on IC. In conclusion, these results suggested that the 

IC of FSV with CA may facilitate the development of solid dosage forms and 

may also resolve the undesirable problems encountered with the storage and 

handling of most FSV because of their viscous oily character.  

All these experimental results suggested that CA will pay attention to alter 

the physical, chemical, and biological properties of the guest molecules, 

especially to solubilize and stabilize guest molecules. 
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Fig. 3.46. Absorption spectra of the (a) VA, (b) VD, (c) VE, and (d) complexed with CA after irradiation with UVA 

light.  
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Fig. 3.47. Photo-degradation curves of VA under UVA irradiation. 
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Fig. 3.48. Photo-degradation curves of VD under UVA irradiation.
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Fig. 3.49. Photo-degradation curves of VE under UVA irradiation. 
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Fig. 3.50. Photo-degradation curves of VK under UVA irradiation. 
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Table 3.29. Comparative photo-degradation data for FSV alone and its complex after 4 hrs of irradiation at 40 mM 

concentration 

(Units : %) 

Host 

molecules 

VA VD VE VK 

Percentage 

loss1) 
P2) Percentage loss P 

Percentage 

loss 
P 

Percentage 

loss 
P 

C 86.51 ± 0.30  84.55 ± 8.98  88.84 ± 3.56  89.66 ± 0.43  

CD 51.55 ± 3.95 <0.03 45.60 ± 0.37 <0.05 57.19 ± 0.68 <0.01 54.98 ± 0.36 <0.02

CA 43.61 ± 2.17 <0.01 44.35 ± 3.00 <0.05 44.47 ± 2.86 <0.0003 42.49 ± 1.59 <0.007

MD 71.07 ± 7.00 <0.57 51.04 ± 3.33 <0.09 75.60 ± 2.78 <0.27 81.40 ± 12.92 <0.624

1) Percentage loss (%) of samples was calculated using Figs. 3.47-3.50. 

2) P values vs. control (free FSV). Significant was taken as p<0.05. 
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Table 3.30.  Estimated degradation rate constants (Kd) and half-life (t1/2) obtained from photo-degradation data of 

FSV 

Guest 

molecules 

Host 

molecules 

Concentration of host molecules 

10 mM 20 mM 30 mM 40 mM 

Kd (10-2 / min) t1/2 (min) Kd (10-2 / min) t1/2 (min) Kd (10-2 / min) t1/2 (min) Kd (10-2 / min) t1/2 (min) 

VA 

C 0.86 ± 0.007 81.07 ± 0.67                   

CD 0.30 ± 0.028a 232.08 ± 21.88 0.25 ± 0.014a  277.70 ± 15.71 0.30 ± 0.028a 232.08 ± 21.88 0.36 ± 0.014b 192.69 ± 7.57 

CA 0.39 ± 0.028a 178.20 ± 12.92 0.34 ± 0.014b  204.04 ± 8.49 0.30 ± 0.021a 235.57 ± 16.93 0.25 ± 0.014a 277.70 ± 15.71

MD 0.50 ± 0.035b 140.39 ± 10.03 0.47 ± 0.035c  149.50 ± 11.37 0.54 ± 0.057b 129.07 ± 13.52 0.57 ± 0.028c 121.75 ± 6.04 

VD 

C 0.78 ± 0.028 88.92 ± 3.22                   

CD 0.32 ± 0.021a 220.55 ± 14.85 0.28 ± 0.021a 252.81 ± 19.50 0.29 ± 0.007b 243.28 ± 6.04 0.25 ± 0.000a 277.25 ± 0.000

CA 0.42 ± 0.021ab 167.24 ± 8.55 0.40 ± 0.021b 175.73 ± 9.44 0.23 ± 0.014a 301.94 ± 18.57 0.25 ± 0.021a 283.98 ± 24.59

MD 0.46 ± 0.071b 152.49 ± 23.44 0.44 ± 0.028b 157.86 ± 10.15 0.36 ± 0.014c 192.69 ± 7.57 0.31 ± 0.007b 227.32 ± 5.27 

VE 

C 0.78 ± 0.021 89.47 ± 2.45                   

CD 0.23 ± 0.007a 308.22 ± 9.69 0.37 ± 0.014a 187.47 ± 7.17 0.38 ± 0.014b 182.53 ± 6.79 0.39 ± 0.014b 177.84 ± 6.45 

CA 0.29 ± 0.000a 239.02 ± 0.00 0.34 ± 0.014a  204.04 ± 8.49 0.29 ± 0.007a 243.28 ± 6.04 0.27 ± 0.014a 257.07 ± 13.47

MD 0.42 ± 0.057b 166.55 ± 22.43 0.53 ± 0.057b 131.53 ± 14.04 0.56 ± 0.035c 125.15 ± 7.97 0.59 ± 0.035c 118.70 ± 7.17 
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Table 3.30. continued 

Guest 

molecules 

Host 

molecules 

Concentration of Host molecules 

10 mM 20 mM 30 mM 40 mM 

Kd (10-2 / min) t1/2 (min) Kd (10-2 / min) t1/2 (min) Kd (10-2 / min) t1/2 (min) Kd (10-2 / min) t1/2 (min) 

VK 

C 0.78 ± 0.057 89.10 ± 6.46                   

CD 0.31 ± 0.021a 227.81 ± 15.84 0.29 ± 0.007a 243.28 ± 6.04 0.31 ± 0.028a 224.53 ± 20.49 0.36 ± 0.028b 193.14 ± 15.17

CA 0.33 ± 0.014a 210.24 ± 9.01 0.31 ± 0.028a 224.53 ± 20.49 0.36 ± 0.035a 196.23 ± 19.54 0.24 ± 0.028a 290.83 ± 34.27

MD 0.41 ± 0.021b 171.38 ± 8.98 0.44 ± 0.057b 158.85 ± 20.42 0.57 ± 0.028b 121.75 ± 6.04 0.63 ± 0.042c 110.27 ± 7.43 
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3.4. CONCLUSIONS 

 

The results obtained in this study drew conclusion as follows:  

 

1. Cycloamylose (CA) was enzymatically produced and confirmed the inclusion 

complexes (IC) with iodine, sodium dodecyl sulfate (SDS), and lysolecithin (LL) 

as model core materials. 

 

• CA with degree of polymerization (DP) from 23 to 45 was produced by 

treating TAαGTase on amylose.  

 

• The IC formation capability of CA was confirmed with iodine, SDS, and LL 

using isothermal titration calorimetry (ITC) and nuclear magnetic resonance 

(NMR). The maximum iodine absorption increased with CA, indicating the 

interaction of iodine with the hydrophobic core of CA. The thermodynamic 

data obtained using ITC revealed that the binding of average 2-3 molecules of 

SDS and one molecule of LL to each CA molecule. ROESY spectra evidenced 

that CA was capable of forming V-amylose type IC with SDS and LL.  

 

2. The complex formation capability of CA with various guest molecules, such 

as quercetin, polyphenol oxidase substrates (PPOS), and fat-soluble vitamins 

(FSV), was investigated mainly in terms of its physicochemical characteristics to 
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solubilize and stabilize those molecules.  

 

• The aqueous solubility of quercetin was enhanced to about 4-fold in the 

presence of 6 mM of CA. XRD and DSC results revealed the disappearance of 

crystalline peaks and melting endotherms of quercetin after reacting with CA 

due to the complex formation between quercetin and CA.  

 

• The complex formation capability of CA with PPOS was characterized using 

fluorescence spectrometry, ITC, and NMR. The binding process was 

spontaneous and thermodynamically-favored with the binding of 

approximately 4-7 PPO molecues to one CA molecule. NMR analyses revealed 

that the phenolic moieties of PPOS were partially included in the CA cavity 

through relatively weak binding. The stability of PPOS indicated that CA 

prevented PPOS from reacting with oxygen and enzyme by forming IC.  

 

• Water solubility of FSV increased in contrast of CD and MD at higher 

addition levels. In order to confirm the formation of IC between CA and FSV, 

fluorescence spectrometry, XRD, DSC, FT-IR, and NMR analyses were 

conducted. Fluorescence intensity of FSV increased with CA addition, 

indicating inclusion complexation between them. The 2D ROESY spectra 

revealed that polyene side chain of vitamin A, the bulk of vitamin D, phytyl 
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side chain of vitamin E, and the part of benzene ring of vitamin K were 

located in the hydrophobic cavity of CA, respectively. The photo-stability of 

vitamin A, D, E, and K were significantly improved after complexation with 

CA compared to that of pure FSV. 

 

In conclusion, CA, as an efficient carrier molecule, can be highly promising to 

improve solubility and stability of various functional food and pharmaceutical 

materials, if proper targets and preparation conditions were met. These results 

will be available as the important information in various industrial applications.  

 

 

 



202 

4. COMPLEX FORMATION CAPABILITY OF FRACTIONATED 

CA OF DIFFERENT DP 

 

4.1. INTRODUCTION 

 

Cycloamylose (CA) is cyclic α-1,4-glucans capable of forming hydrophobic 

cavities in aqueous solutions whose sizes and shapes are determined by the 

number of glucose units forming the macrocycles. Usually, CA with 17 more 

than several hundred glucose units can produced by disproportionation 

enzyme(s) acting on amylose (Takaha et al., 1996). Additionally, CA can be 

fractionated by use of various chromatographic methods. Koizumi et al. (1999) 

reported the purification of a new series of cyclic α-(1→4)-glucans (DPs 9-31) 

from a mixture of cyclization products formed in the early stage of the action of 

cyclodextrin glucanotransferase (CGTase) on synthetic amylose by use of 

repeating reverse-phase chromatography. Ueda et al. (2002) also reported that 

CA18-21 purified with HPLC consisted of several steps using an ODS column 

and an NH2 column. However, only a few of them were studied because of 

difficulties in purification and preparation of CA in reasonable yields (Koizumi 

et al., 1999; Ueda et al., 2002; Taira et al., 2006). 

Gessler et al. (1999) reported on structures of several cyclic glucans of 

different size (CA9, CA10, CA14, and CA26) that unlike common CD, CA was 
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not annular in shape. Specifically, CA9 exhibits a distorted boat-like shape, and 

CA10 and CA14 exhibit an elliptical macrocyclic ring folded in a saddle-like 

shape. The crystal structure of CA26 is of particular interest in terms of the 

geometry of the hydrophobic cavity. CA26 has channel-like cavities composed 

of two short V-amylose helices in antiparallel orientations (Gessler et al., 1999; 

Ueda, 2002; Nimz et al., 2003; 2004). These peculiar structures allow various 

guest molecules to be included in the cavity via multiple weak interaction (e.g. 

van der Waals interactions, hydrogen bonding, dipole-dipole interactions, and 

hydrophobic effects) to form what is called inclusion complexes (IC) (Larsen., 

2002). Thus, CA demonstrates different IC capability because they have a 

variety of structure and cavity size depends on DPs. In contrast to the some 

studied on the CA having below DP9, the complex forming properties of the 

vast range of CA having more than DP9 were still to a great extent unknown.  

β-Carotene (BC) is one of a group of natural chemicals known as carotenes or 

carotenoids which are responsible for the red/orange color of many fruits and 

vegetables such as carrots, pumpkins, and sweet potatoes. It is a precursor of 

vitamin A and plays an important role in metabolism and human health 

maintenance (Fernández-García et al., 2012). However, BC is a highly 

unsaturated molecule and thus, can easily be degraded by heat, light, and 

oxygen during the manufacture and storage. In addition, limited water 

solubility of BC has lowered its bioavailability and hampered its applications. 
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Recent years, several studies performed to improve the solubility and stability 

of BC such as IC with CD. However, until now, there were no studies reported 

for the IC of BC with CA as well as CA26.  

In this section, the enzymatically produced CA was individually 

fractionated depending on DPs using optimized conditions and confirmed IC 

capability with model core material. Furthermore, functional IC of BC were 

prepared with CA26 having higher capability to IC and characterized with 

respect to water-solubility and stability. 
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4.2. MATERIALS AND METHODS 

 

4.2.1. Materials 

HPLC solvents (water and methanol) were of LiChrosoly quality and 

obtained from J.T. Baker (Phillipsburg, NJ, USA). β-Carotene (BC, ≥ 97.0% 

purity, 22040) was purchased from Sigma-Aldrich (St. Louis, MO, USA). The 

others used the same materials as section 3. 

 

4.2.2. Fractionation of CA23-CA45 

For fractionation of CA having DP 23- 45 from CA produced, high-

performance liquid chromatographic (HPLC) was performed with a Sunfire C18 

octadecyl silica (ODS) column, which helps obtain better separation that is able 

to resolve compounds with minor differences in polarity from closely related 

chemical structures (Taira et al., 2006). The HPLC system used for this study 

was composed of a Waters 600 pump and Waters 410 refractive index detector 

(Waters Co., Milford Massachusetts, Ireland). The conditions of HPLC for 

fractionation of CA were shown in Table 4.1. The CA powder (3%, w/v) was 

dissolved in distilled water, stirred at least one hour at RT, and filtered through 

a 0.45 μm syringe filter. Then, the CA solution was loaded onto Sunfire C18 

column (10um, 30 x 250 mm: for fractionation, 5um, 4.6 x 250 mm: for testing 

purity, Waters Co., Milford Massachusetts, Ireland). In order to optimize the 
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fractionation conditions, different conditions of column, eluent buffer 

concentration, and sample concentration were performed onto HPLC system. 

Several cycles of fractionation were repeated and then the final samples were 

collected, precipitated with ethanol, and concentrated under freeze-dried. 

 

4.2.3. Identification of CA23-CA45 

In order to confirm the successful fractionation of each CA molecule, the 

cyclic structure and the molecular mass of CA23-CA45 were measured using 

HPAEC, 1H NMR, and MALDI-TOF MS analyses under the same condition of 

the method section 3.2.3. 

 

Table 4.1. Conditions of HPLC for the fractionation of CA 

 Semi-preparative HPLC Scale-up HPLC 

Instrument Prostar 210 pump Waters 600 pump 

Detector Prostar 355 differential 
refractive index detector 

Waters 410 differential 
refractive index detector 

Column SunfireTMC18 
(5 μm, 4.6×250 mm) 

SunfireTMC18 
(10 μm, 30×150 mm) 

Eluent buffer 4% (v/v) methanol 4% (v/v) methanol 

Injection 
volume 

100 μL 10 mL 

Flow rate 0.5 mL/min 20 mL/min 
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Table 4.1. Information of SDS, BC, and CA26 used in this study 

Compound name 
Sample 

code 

Molecular 

formula 

M.W. 

(g/mol)

Chemical structure  

and atom numbering 

Solubility 

in water 
Reference

Cyclohexaicosaose CA26 (C6H12O6)26 4216 

 

 

about  

53 mM 

Nimz et al. 

(2004) 

Sodium dodecyl 

sulfate  
SDS NaC12H25SO4 288.38 

 
about  

520 mM 

Taira et al. 

(2006) 

β-Carotene BC C40H56  536.87 insolubility  - 
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4.2.4. Confirmation of inclusion complexes of CA23-CA45 with SDS 

The confirmation of IC of CA23-CA45 with SDS was identified using ITC and 

NMR, carrying out under the same method of the section 3.2.4.2. 

 

4.2.5. Complex formation capability of CA26 with β-carotene 

The complex formation capability of fractionated CA confirmed with β-

carotene (BC) as guest molecules and its general information was displayed in 

Table 4.2.  

 

4.2.5.1. Phase solubility studies 

Accurately weighted amounts of BC, in excess with respect to saturation, 

were added to brown vials containing CD, CA, and CA26 in 1 mL ethanol : 

water (5:95 v/v) solution at various concentrations, respectively, and kept 

protected from light and oxygen. The sealed vials were shaken on a mechanical 

shaking water bath at a speed of 180 rpm for 3 days. After equilibration for 2 hrs, 

samples were centrifuged at 3,000 rpm for 10 min. After filtration, the 

supernatant was submitted to UV/Vis spectrophotometric analysis at the 

wavelength of 454 nm in order to quantify the amount of dissolved BC.  

 

4.2.5.2. Preparation of inclusion complexes 

The solid inclusion complexes (IC) were prepared by a freeze-drying (FD) 
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method according to the following the procedure described in the method 

section 3.2.5.3.2. The prepared IC) and the physical mixtures (PM) together with 

pure BC and different host molecules (CD, CA, and CA26) were then subjected 

to a series of physicochemical analyses.  

 

4.2.5.3. Characterization of inclusion complexes 

Additional information on the complication efficacies of the CA toward guest 

molecules were obtained using XRD, DSC, FT-IR, SEM, and NMR. 

 

4.2.5.3.1. XRD, DSC, FT-IR, and NMR 

The procedures of XRD, DSC, FT-IR, and NMR were mentioned in the 

method section 3.2. 

 

4.2.5.3.2. Focused Ion Beam-Scanning electron microscopy (FIB-SEM) 

Surface morphologies of CA, CA26, PM, FD, and BC samples were 

examined by a FIB-SEM (Helios NanoLab 650, FEI Co., Eindhoven, The 

Netherlands). Samples were dispersed onto carbon tabs (double-adhesive 

carbon-coated tape) adhered to aluminum stubs. Further, these sample stubs 

were coated with a thin layer (30 Å) of gold by employing Polaron-E 3000 

sputter coater. Samples were subsequently examined by SEM at an accelerating 
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potential of 2 kV and photographed under various magnifications (at x5,000, 

x10,000, and x30,000) with direct data capture of the images onto a computer.  

 

4.2.5.4. Stability of inclusion complexes 

The stabilities of the IC of CA26, CA, and CD were tested through a visual 

observation and quantitative analysis using UV/Vis spectrophotometer. The 

effects of UV light and oxidation on the stability of the IC were studied as a 

function of time at various specific conditions. In addition, the stability of each 

complex was determined with respect to the BC and different host molecules  

 

4.2.5.4.1. Photo-stability of inclusion complexes 

To evaluate the effects of light, a UVA lamp (366 nm) was used as an 

illumination source, which irradiated at a distance of 10 cm as described in the 

method section 3.2.5.3.4. At predetermined times, 0, 30, 60, 90, 120, 180, 210, and 

240 min, the samples, after dilution in 50% (v/v) ethanol, were analyzed to 

detect changes in the percentage of BC. The photo-degradation of BC was 

analyzed using UV/Vis spectrophotometer. 

 

4.2.5.4.2. Oxidative stability of inclusion complexes 

To determine the complexation effect over the antioxidant activity of BC, 200 
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μM ethanolic BC stock solutions were prepared, their DPPH radical scavenging 

ability was calculated by the DPPH assay, and compared with that obtained 

with the complexes. This method was shown in detail as described in the 

method section 3.2.5.2.3.1. Kinetic measurements were carried out at every 5 

min for 1 hrs and solutions were prepared by mixing with 900 μL of 0.1 μM 

DPPH solutions with 200 μM BC or complex solution. For DPPH radical 

scavenging activity, all complexes were obtained by mixing different 

concentrations of the BC solution (40, 80, 120, 160, and 200 μM) with 10 mM CD, 

CA, and CA26 solution, and kept 30 min at RT protected from light. For this 

assays 100 μL of the complex solutions were mixed with 900 μL of DPPH 

reagent and absorbance was recorded at 525 nm using a UV/Vis 

spectrophotometer.  

 

4.2.6. Statistical analysis 

For statistical analysis, one way-ANOVA test was used to determine the 

significance of differences between means. A p-value <0.05 was considered to 

indicate a statistically significant result. All data are expressed as the means ± 

standard deviation and conducted using the SPSS program version 21.0 (SPSS 

Inc., Chicago, IL, USA) 
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4.3. RESULTS AND DISCUSSION 

 

4.3.1. Fractionation of CA23-CA45 

 

4.3.1.1. Optimization of fractionation procedure  

First of all, in order to fractionate CA depending on DP, a variety of 

conditions (different column, eluent buffer concentration, and sample 

concentration) were optimized through semi-preparation HPLC. As can be seen 

from Fig. 4.1(a), compared to eluent buffer conditions, there were clear 

fractionated peaks obtained when used 4% (v/v) methanol as eluent buffer, in 

contrast, other conditions (6, 8, and 10 % methanol) were hardly fractionated. In 

the case of column, the separate ability of the Sunfire C18 column was greater 

than that of Nova pack C18 column (4 μm, 3.9 x 250 mm) (Fig. 4.1(b)). In order to 

figure out the maximum sample concentration to be separable, high 

concentration of CA was used, providing the best resolution at 30 mg/mL of 

CA concentration (Fig. 4.1(c)). Therefore, the fractionation condition was chosen 

as optimized parameters (Sunfire C18 column, 4% methanol, and 30 mg/mL of 

CA concentration) and used for scale-up.   
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Fig. 4.1. Chromatograms of CA for the optimization of fractionation by HPLC. Chromatographic condition: (a) column 

condition, (b) eluent buffer concentration and (c) CA concentration; flow-rate, 0.5 mL/min; detector, refractive index. 
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4.3.1.2. Fractionation of CA23-CA45 

CA with a range of DP was fractionated using HPLC system on Sunfire C18 

column with optimized condition. A Sunfire C18 column (ODS-AQ column) 

helps obtain better separation and is able to resolve compounds with minor 

differences in polarity from closely related chemical structures which are often 

difficult to achieve using conventional C18 columns (Taira et al., 2006). After 

these cycles were repeated, the final sample was collected and concentrated 

under freeze-drying.  

The chromatogram of fractionated CA was shown in Fig. 4.1. The fractionated 

each peak exhibited a singlet peak on the chromatograms obtained by HPLC. 

To confirm the purity and DPs of each peak, HPAEC and MALDI-TOF MS were 

further carried out (Figs. 4.3 and 4.4). The molecular weights of each cyclic α-

(1→4)-glucan obtained in this study were consistent with the calculated values 

of CA23-45. The yield of CA23-CA45 was about 10-30 mg from 750 mg of sized-

fractionated CA (Table 4.3). These results strongly suggested that twenty-three 

kinds of cyclic-glucans with DPs 23-45 (CA23-CA45) were individually 

fractionated from CA by HPLC system. In previous work, CD10-CD17, CD18-

CD21, and CD36-CD39 were purified from CA mixture by HPLC with an ODS 

column and an NH2 column, which used to compensated the problem for peak 

tailing of ODS column (Motohama et al., 2001; Ueda et al., 2002; Taira et al., 
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2006). However, the purification method was a complicated procedure which 

required several steps. In this study, the more simple procedure utilized with 

Sunfire C18 ODS column to fractionate CA having DPs 23-45 from CA. The 

Sunfire C18 ODS column provides sharp peaks to reduce peak tailing, high 

sensitivity, and scale-up capability, which helps obtain better purification and 

save time.  

 

 

Fig. 4.2. Fractionation of CA using a Sunfire C18 column (10 μm, 30 × 150 mm). 

Numbers above peaks indicated the DPs confirmed by MALDI-TOF. 

Chromatographic conditions: flow-rate, 20 mL/min; detector, refractive index; 

eluent, 4% (v/v) methanol. 
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Table 4.3. The yield of fractionated cyclic α-(1→4) glucans 

Peak No. DP Yield (%) Peak No. DP Yield (%) 

1 23 0.7 15 37 2.3 

2 24 1.7 16 38 2.1 

3 25 3.2 17 39 1.9 

4 26 3.8 18 40 2.0 

5 27 3.3 19 41 1.9 

6 28 4.5 20 42 1.5 

7 29 3.3 21 43 2.4 

8 30 1.6 22 44 1.3 

9 31 1.8 23 45 1.7 

10 32 2.9 24 46 1.4 

11 33 1.7 25 47 1.3 

12 34 1.9 26 48 0.8 

13 35 2.1 27 49 0.9 

14 36 2.3 28 50 0.5 

 

Previous research for the physicochemical properties of LR-CD reported that 

LR-CD has good solubilities in water solution unlike linear-α-(1→4)-glucans 

(Koizumi et al., 1999). Therefore, it should be also possible to fractionate CA 

with DPs higher than 45. Recently, to develop further application of CA, there 

was an increase in research into the fractionation and purification from CA 

(Ueda et al., 2002; Taira et al., 2006). However, it is difficult to investigate of an 

effective purification or fractionation methods for CA, because of low yields, 
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high cost and troublesome, which prevents the advance of CA chemistry (Ueda, 

2004). Overcoming these problems will lead to the further development of CA. 

 

4.3.2. Identification of CA23-CA45 

The DP and the molecular mass of CA23-CA45 were measured using HPAEC, 

1H NMR, and MALDI-TOF MS.  

 

4.3.2.1. HPAEC 

In order to confirm the successful fractionation of each CA molecule using a 

repeating HPLC, the distribution of CA23-CA45 was measured using HPAEC. 

As can be seen from Fig. 4.3, each peak was slightly overlapped, but the signal 

was detected individual peak fraction.  

 

4.3.2.2. NMR  

The 1H NMR spectra and chemical shifts of CA23-CA45 indicated for each of 

the six glucose protons with those of conventional CD (CD6-CD7) (Table 4.4). 

Comparison of 1H NMR chemical shifts suggested a change in their structure 

between CD6 and CD7. This result indicated that glucose residues of the 

individual molecules were identical and supported the cyclic structures of these 

glucans.  
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Fig. 4.3. HPAEC elution profiles of fractionated CA23-CA45 using prep-HPLC. 

Numbers above peaks indicated the DPs. 
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Table 4.4. 1H NMR chemical shifts (ppm) of cyclic glucans in D2O at 298.2K 

DP 1H 2H 3H 4H 5H 6H 

6 5.0676 3.6547 3.9937 3.5965 3.8485 3.8631 

7 5.0850 3.6723 3.9771 3.5971 3.8699 3.8902 

23 5.4052 3.6730 3.9824 3.6415 3.8462 3.8727 

25 5.4137 3.6835 3.9924 3.6632 3.8670 3.8850 

26 5.4092 3.6813 3.9901 3.6632 3.8646 3.8834 

30 5.4062 3.6731 3.9795 3.6521 3.8511 3.8708 

35 5.4078 3.6736 3.9782 3.6530 3.8489 3.8699 

38 5.4196 3.6849 3.9894 3.6657 3.8599 3.8817 

40 5.4070 3.6729 3.9765 3.6534 3.8467 3.8686 

45 5.4056 3.6713 3.9742 3.6524 3.8441 3.8664 

 

4.3.2.3. MALDI-TOF MS 

A final confirmation on the molecular mass of fractionated CA was 

determined by MALDI-TOF MS which detected individual peak from each 28 

fraction. The molecular weights of CA23-45 agreed with the theoretical values 

of CA23-CA45 calculated from (C6H10O5)n, assuming a molecular weight of 162 

g/glucose unit, where n is the number of D-glucose unit (Fig. 4.4). These results 

strongly suggested that twenty-three kinds of cyclic-glucans with DPs 23-45 

(CA23-CA45) were individually fractionated from CA mixture using HPLC 

system.  
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Fig. 4.4. MALDI-TOF-MS analysis of individually-fractionated cyclic glucans 

using HPLC systems. The number above each peak indicated the molecular 

mass (in daltons) of the molecules plus 23 Da (sodium ion) and the DPs. 
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Recently, to develop further application for CA, there was an increase in 

research into the fractionation and purification from CA (Ueda et al., 1996, 2002; 

Endo et al., 1997). However, there are two problems that remain to be solved. 

First, mass production is still difficult, and second, the fractionation of CA is 

very expensive and troublesome.  

 

4.3.3. Confirmation of inclusion complexes of CA23-CA45 with SDS 

 

4.3.3.1. ITC 

Aliquots of SDS solution were injected sequentially into a 1.48 mL reaction 

cell initially containing buffer alone or fractionated CA solution. As shown in 

Fig. 4.5(a), the heat of each injection peak was integrated and plotted against 

molar ration of components. These were then fitted to the appropriate binding 

model enabling the calculation of stoichiometry (n), the binding affinity (Ka), the 

enthalpy change (ΔH), and entropy change (ΔS) (Fig. 4.5(b)). 

The analysis of thermodynamic data using ITC indicated that the binding 

stoichiometry (n) values of fractionated CA molecules with SDS increased from 

about 2 to 3 as DP increased from 23 to 45, implying that the binding of average 

two or three molecules of SDS to one cyclic glucans molecule occurred. This 

suggested that not all of fractionated CA molecules were capable of binding 

SDS molecules. This is close to the value of one SDS molecule bound per 
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approximately 9 glucose units in CA. The interaction between CA and 

surfactants suggested that the possibility of multiple loop conformation in CA 

might lead to the conclusion that several SDS molecules could bind to one 

molecule of CA. A study that used molecular dynamics (MD) simulation to 

indicative the structure of CA molecules also suggested that the existence of 

more than one cavity in CA and referred conformations in water solution for 

the CA with DP from 24 to 29 (Ivanov and Jaime, 2004; Gotsev et al., 2007). 

All values of binding constant (Ka) and enthalpy change (ΔH) lie in the range 

from 3.1 to 5.9 x 104 M-1 and -2.3 to -2.5 x 103 kcalㆍmol-1, respectively, except for 

those of DP 26 (CA26) (Figs. 4.6 and 4.7). CA26 showed exceptionally large Ka 

(11.4 x 104 M-1) and ΔH (-7.7 x 103 kcalㆍmol-1), which might be attributed to the 

structural stability of CA26 bound with SDS by forming stable double 

hydrophobic cavities. However, we have great difficulty in explaining their true 

cause. A more detailed investigation is required to obtain a clear conclusion.      

The enthalpy changes for all of the inclusion processes were negative, 

showing that the complex process was enthalpy-driven. These results obtained 

from this study suggested that the thermodynamic parameters were dependent 

on the different structures of the host and guest molecules. When hydrophobic 

chains of SDS inserted into fractionated CA molecules, different number of 

confined water molecules will be freed into the bulk aqueous phase.  
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Fig. 4.5. (a) ITC data for the titration of 8 μL aliquots of 1.88 mM SDS into 

reaction cells containing 0.05 mM of fractionated CA at 25°C. 36 injections of the 

SDS solution were made at 5 min intervals. (b) Data point obtained by 

integration of the injection peaks and the titration curve (solid line) obtained by 

fitting the data points. 
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Consequently, different amounts of energy will be released during these host-

guest interaction processes. Here, we mainly noticed that in CA26-SDS complex, 

the negative value of ΔH was evidently larger than that of others complex. In 

other words, the formation of structure in which as SDS with CA26 molecules 

was most enthalpic beneficial (or most stable) that cannot be completely 

explained with hydrophobic interactions between the host and the guest as well 

as solvent effect. This observation could explain that the CA26-SDS complex 

was not simply linked with a hydrophobic chain, but there were some kinds of 

interaction. In general, to form the IC, there is a need to four energetically 

favorable interactions; hydrophobic interactions, van der Waals interaction, 

release of high energy water molecules from the CD cavity, and hydrogen 

bonding (Szejtli and Osa, 1996; Del Vale, 2004). 

For the complexation of CA23 to CA45 and SDS, ΔS were positive, except for 

those of CA26 (Fig. 4.7) and made evidently larger contribution to the negative 

change of ΔG than the heat effects did. In other words, the inclusion 

complexation of CA26-SDS complex was predominantly driven by enthalpy 

while the complexation of others was entropy-driven with varying positive 

entropic contributions. However, the complexation of CA26-SDS showed 

exceptionally negative (-2.90 kcalㆍmol-1) value. It was attributed to another 

factor causing a negative ΔS as well as a negative ΔH with the formation of IC. 
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That was the hydrophobic interaction reducing by predominant binding forces 

characterized by negative ΔS and ΔH, which often causes enthalpy-entropy 

compensation when host-guest supramolecular structure was formed 

(González-Gaitano et al., 2002) and confines the motion freedom of the host and 

guest molecules by Van der Waals interaction, and cause an entropy decrease. It 

was the directly host-guest interaction that evidently made the total ΔS of 

formation of the CA26-SDS complex negative. Using the simple qualitative 

argument that a surfactant strongly bound with in CD cavity had lose some 

freedom of motion, one expects it to had a lower entropy than if it were weakly 

bound within the cavity (Eli et al., 1999). Moreover, there may be intramolecular 

and intermolecular hydrogen bonds between CA26-SDS, which might be due to 

some entropy decrease (Sun et al., 2006; Qu et al., 2007). Previous studies 

suggested that the low aqueous solubility of CA9, CA10, CA14 and CA26 was 

caused by high crystallinity (Taira et al., 2006) that derived from the continuous 

intramolecular and intermolecular hydrogen bonds between adjacent D-

glucopyranose units and its high crystal lattice energy (Frömming and Szejtli, 

1994). Therefore, there might be intra molecular and intermolecular hydrogen 

bonds between CA26-SDS, which might be also due to some entropy decrease 

(Sun et al., 2006; Qu et al., 2007). This thermodynamic data obtained here could 

explain that the different entropy change result in this different stability of the 
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IC and interpreted in terms of the crystal-like structure of CA26 (Gessler et al., 

1999). A study that used ITC to investigate the complex formation between 

CA21 to CA31 and triiodide (I3-) suggested that a large unfavorable entropy 

change obtained for CA26 might be caused in part by a decrease in the 

conformational flexibility of the CD (Kitamura et al., 1999).  

The negative values of ΔG change, decided by ΔH and ΔS, indicated that 

complex formation of CA23 to CA45 and SDS in aqueous solution was generally 

a spontaneous processes. All complexations with SDS were almost the same 

because of enthalpy-entropy compensation, although the values of ΔH and ΔS 

were evidently different. In conclusion, these results obtained from this study 

suggested that the thermodynamic parameters were dependent on the different 

structures of the host and guest molecules. When SDS molecules penetrated 

into the cavity of CA molecules with different DP, the degree of restriction of 

CA molecules mobility and the amount of SDS bound to CA molecules with 

different DP could be different depending on DP of CA, consequently, 

depending on the size of cavity. In conclusion, these results indicated that the 

thermodynamic parameters of binding depended on DP of CA, which could 

cause different 3D conformation in an aqueous solution.  
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Fig. 4.6. DP dependences of (a) stoichiometry (n) and (b) binding constants (Ka) 

for CA23-CA45. 
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Fig. 4.7. DP dependences of ΔH, -TΔS, and ΔG for CA23-CA45. 

 

4.3.3.2. 1H NMR 

NMR can provide valuable information included confirmation of complex 

formation, calculation of the stoichiometry and stability constant and the 

definition of the geometry of the new host-guest compound, especially the 

orientation of the guest molecule in the host cavity (Djedaïne et al., 1990; 

Salvatierra et al., 1996).  

The 1H NMR spectra of CA and CA23-CA45 were shown in Fig. 4.8, 

respectively. The proton positions were assigned based on previous reports 

(Gjerde et al., 1996). There was no peak overlap between CA and CA23-45 in the 

1H NMR spectrum. Significant differences in chemical shifts were observed 
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when SDS introduced into CA molecules solution. These spectra were 

conclusively shown that the alkyl chain of the SDS molecule inserted into the 

cavity of fractionated CA molecules. In all cases, the 1H NMR spectra revealed 

that the chemical shifts of all protons in fractionated CA molecules moved to 

either up or down field in the presence of SDS, indicating the interactions due to 

proximity between protons of fractionated CA and SDS. Interestingly, the 

largest 1H chemical shift variations were observed for CA26-SDS, confirming 

the most stable interaction of CA26 with SDS compared to CA with other DPs 

(Fig. 4.9). Spectrum of CA26 showed dramatically broadening of peaks in the 

presence of SDS, especially in the region of 3.82-3.92 (located H5 and H6 

protons) and 3.65-3.76 ppm (located H2 and H4 protons). It seems that it was 

most likely a distribution of chemical-shift values due to the folding of CA26 

from a single helical structure to a more compact structure, that is, the crystal-

like structure of CA26, leads to broadening or chemical shift of protons in terms 

of conformational flexibility.  

The cause of these results was not known specifically. If we only observe the 

stability of the complexes by comparing the values of Ka using ITC (Fig. 4.6), 

CA26-SDS complex was the most stable one, which might be in good 

accordance with the NMR analysis. However, further studies concerning the 

structure and binding stability of CA is needed to verify this hypothesis. 
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Fig. 4.8. 1H NMR spectra of (a) fractionated CA molecules alone, and (b) CA23-

CA45 with SDS solution. All samples recorded using D2O as solvent. 

(a) (b) 
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Fig. 4.9. 1H chemical shift changes (Δδ = δcomplex - δfree) caused by fractionated 

CA-SDS interaction. 

 

4.3.3.3. 2D ROESY 

The ROESY experiments, application of NMR advanced techniques, can 

obtain rather detailed picture of the geometry of the host-guest complex in 

solution (Redenti et al., 1992). As the S3 (-(CH2)9-) protons were resolved from 

the bulk of the SDS protons, with peaks and shoulders at 1.35 ppm, indicating 

an especially strong interactions with H3, H5, and H6, coated within the CA26 

cavity and relatively less intense interactions with H2 and H4. The outlying 

peaks due the S4 proton at 0.95 ppm and the S2 proton at 1.75 ppm interacted 

weakly with H3, H5, and H6 protons of CA26; however, there were no weak 

cross-peaks to other CA26 protons. 
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In conclusion, the ROESY spectrum of CA26 with SDS complexes suggested 

that the alkyl chain of the SDS molecule was inserted into the hydrophobic 

cavity of CA26. Because the whole chin is too long (approximately 1.7 nm long) 

to be included in one CA molecules at once, the presence of cross peaks 

between interior cavity protons of CA and the whole SDS chain indicated that 

there was either a multitude of IC structures or multiple complexation or both. 

Furthermore, the host-guest interaction should be considered as a dynamic 

process in which different parts of the guest molecule could be alternatively 

included in the CA cavity.  
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Fig. 4.10. The 600 MHz ROESY spectrum of the CA26 with SDS in D2O at 298.2K. 
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Fig. 4.11. ROESY cross-peak, expanded and amplified from Fig. 4.10, of CA26 

with SDS molecule. 

 

4.3.4. Complex formation capability of CA26 with BC 

 

4.3.4.1. Phase solubility studies 

The phase solubility diagram of BC with different host molecules (CD, CA, 

and CA26) was shown in Fig. 4.12. The solubility of BC with different host 

molecules could be detected from the UV/Vis spectral changes when separately 

prepared solutions of host molecules in DW and BC in ethanol were mixed. The 

solution of BC with host molecules (orange/yellow color), prepared in 5% (v/v) 

ethanol, showed a considerable change in color compared to BC solutions in 
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organic solvents (red/orange color).  

According to the phase solubility diagram results, it was observed that the 

type of host molecules used influences greatly the BC solubility. In the case of 

CD, the solubility of BC was increased linearly up till 20 mM concentration, 

attaining a plateau thereafter, suggesting no further increase in the solubility 

with further addition of CD. CD often gave rise to B type curves due to its poor 

water solubility (approximately 16.5 mM) (Pandya et al., 2008). In contrast to 

CD, the solubility of BC with CA was increased consistently as a function of 

host concentration over the concentration range under study, therefore, 

exhibited solubility diagram phase type AL, indicating the formation of soluble 

IC. Above all CA26 increased significantly the solubility of BC with a rise in the 

concentration of CA26, which could be seen that the apparent solubility of BC 

was enhanced due to the formation of more stable complex. It was thought that 

CA26 formed a more compact structure with BC molecule than CA having a 

variety of DP. It could not detect at high level of CA26 concentration, since the 

amount of the fractionated CA26 was insufficient to be measured. However, 15 

mM of CA26 was added in BC solution, the solubility of BC was similar to 

solubility result adding 30 mM of CA. The solubility of BC increased with 

increasing host concentration in the following order CD < CA < CA26. 

According to the results, the solubility of BC was enhanced up to about 8-fold 
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and 6-fold in the presence of 15 mM of CA26 and CA, respectively, compared to 

that of pure BC.  

In conclusion, in terms of solubility enhancement, CA26 was more efficient 

than CD and CA in the BC molecules. The poor aqueous solubility of BC 

considerably limits its use in nutraceutical and cosmetic application. Therefore, 

the remarkable enhanced solubility of the BC with CA26 by complexation will 

be available as the important information in various industrial applications. 
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Fig. 4.12. Phase solubility diagrams of BC at different host concentrations: CD, 

CA, and CA26. 
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4.3.4. 2. Characterization of inclusion complexes 

Changes in the physicochemical properties of BC after its complexation 

served as parameter for the test to confirm the formation of IC, since the 

products obtained by mixing the BC and host molecules were not necessarily 

leads to the formation of IC with increased solubility. Therefore, in this study, in 

order confirm the formation of IC between CA26 and BC, XRD, DSC, FT-IR, 

SEM, and NMR analyses were conducted. 

 

4.3.4.2.1. XRD 

Using the technique of the XRD, complex formation was verified. Fig. 4.13 

showed the XRD patterns of (a) CA, (b) CA26, BC, its mixtures, and complex 

forms, respectively. In the X-ray diffractogram of BC powder, sharp peaks 

appeared at diffraction angles of 2θ at 12, 15.1, 16.7, 18.8, 21.7, and 24.8°, 

suggesting that BC was a crystalline material. The XRD pattern of BC was 

consisted with the previous data (Kim et al., 2013). The XRD spectra of CA26 

did not show any diffraction peak but a broad band which was similar to that of 

CA displaying an amorphous pattern (Fig. 4.13(b)). Crystallinity peaks of BC 

were still obtained from the PM of CA and CA26, indicating that some small 

diffraction peaks appeared together with the broad band. All of these small 

peaks were identical with pure BC diffraction pattern although the intensities 

were much weaker.  
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Fig. 4.13. XRD patterns of BC and its inclusion complexes with (a) CA and (b) CA26. 
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In contrast, there characteristic peaks of BC were not obtained from the 

complex form (FD), revealing that BC was present in the cavity of CA or CA26. 

These XRD results were consistent with the DSC results. The interaction of BC 

with CA or CA26 might be decreased the crystalline order and crystallite size of 

BC effectively, and this will be more advantageous for nutrient delivery than 

pure BC. Previous studies suggested that the amorphous structure of BC 

complexation increased its solubility because the solubility of amorphous form 

of a material was higher than its crystalline counterpart (Gupta et al., 2004).  

 

4.3.4.2.2. DSC 

The evidence of the interaction between BC and CA or CA26 was supported 

using DSC. The thermal carves of (a) CA, (b) CA26, BC, its mixtures, and 

complex forms were shown in Fig. 4.14, respectively. CA showed an endotherm 

at 65.68°C corresponding to its dehydration (Fig. 4.14(a)). The thermogram of 

the CA26 presented a relatively small broad endothermic effect from 23°C to 

115°C, with maximum at around 68.51°C, which was due to the CA26 

crystallization water loss by evaporation (t<100°C) (Fig. 4.14(b)). A sharp 

endothermic signal was observed close the 315°C corresponding to the melting 

point of CA26, followed by endo-effects that were related to thermal 

degradation in 315°C.  
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The BC thermal behavior observed by DSC was characteristic of an 

anhydrous and crystalline compound, being visible an intense and well defined 

endothermic peak 183.52°C, corresponding to the BC melting temperature, 

being generally known at 180-182°C. It was also observed that the BC fusion 

peak was at 255°C, and then thermal stability until 400°C. These results agreed 

with literature data (Huynh, 2012). 

DSC curve of the PM was a superimposition of individual components of BC 

and CA or CA26. The reduction of PM melting peak size could be justified by 

the lower energy requirement for the occurrence of this physical phenomenon, 

since the BC amount was lower.  

However, the DSC curve of the FD indicated a complete disappearance of the 

endothermic peak corresponding to the BC solid-liquid transition. On the FD, 

the peak of CA and CA26 shifted to 56.52°C and 66.18°C, respectively. The shift 

of CA and CA26 peak to lower temperature, its broadening and reduction was 

definitely a strong evidence of a disorder happened in the water molecules 

inside cavity, that was probably caused by the presence of CA and CA26. 

Similar DSC results were also observed in the case of β-CD (data not shown). 

Moreover, as evidenced by Vertzoni et al. (2006), the disappearance of the drug 

melting endothermic peak might be attributed to the inclusion in the cavity, 

suggesting the formation of IC.  
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Fig. 4.14. DSC thermograms of BC and its inclusion complexes with (a) CA and (b) CA26. 
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4.3.4.2.3. FT-IR 

Structural changes of the IC of BC with CA or CA26 were identified using FT-

IR spectra to examine whether or not inclusion occurred. Fig. 4.15 showed the 

comparison between the FT-IR spectra obtained for (a) CA or (b) CA26, BC, its 

mixtures (PM), and complex forms (FD). The FT-IR spectra of CA26 were 

similar to those of CA as described in the section 3.3.4.3.3.4. Furthermore, the 

pattern of the FT-IR spectra of PM and FD with CA26 (Fig. 4.15(b)) were also 

similar to those of CA (Fig. 4.15(a)). Important changes in the OH bonds 

stretching region (3000–3500 cm-1) of CA or CA26 were more pronounced in the 

IC compared to that of the PM. The band was shifted to new position in the 

complex spectrum (from 3340 to 3315 for the BC-CA complex and from 3330 to 

3326 cm-1 for BC-CA26 complex, respectively) (Table 4.5). These changes 

seemed to be related to the complex formation between the OH groups of the 

host and guest molecules. In general, from FT-IR results, it could be suggested 

that a IC between long alkyl chain group of BC and –OH group of CD was 

occurred (Zaibunnisa et al., 2011).  

The IR spectrum of the BC in Fig. 4.15 was characterized by principal 

transmission peaks at 2917, 1701, and 1391 cm-1 and this was in agreement with 

previous reports (Schlücker et al., 2003; Zaibunnisa et al., 2011). The variation of 

chracteristic IR absorption bands of BC was summarized in Table 4.5. C-H 
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aliphatic band were apparent in the 2917 cm-1 region, as can be observed in all 

spectra. The bands of the FD exhibited a differential profile compared to those 

of the PM. And, the same profile was shown between BC-CA and BC-CA26 

complex forms. The major peaks at 1707 cm-1 and 1391 cm-1 that corresponding 

to C=C stretching and C-H bonds bending vibrations were the important 

characteristic IR bands of BC. Analyzing the PM spectrum was revealed that 

there was a partial overlap of the individual spectrum of BC and CA26 

mentioned previously, thus suggesting that there was no chemical interaction 

between these groups. However, the spectra of characteristic bands of BC were 

significantly reduced and not presented in the FD. The reduction and 

disappearance of the C=C characteristic bands of BC confirmed the hypothesis 

of the complexation occurred between the olefinic region of BC within the 

hydrophobic cavity. The changes in intensities and wavenumbers were the 

results of the restricted stretching vibration because of the CA26 cavity. These 

occurrences suggested a weakening of the interatomic bonds as a consequence 

of an altered environment around these bonds upon complexation (Crupi et al., 

2007). The IR patterns of the complexes however were dominated by the CA 

vibrational bands. Structurally, CA26 is huge in size as it was built up from six 

or seven D-glucose units composed a relatively stable helix therefore its 

significant control on the IR profiles of the complexes should be expected.  
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Fig. 4.15. FT-IR spectra of BC and its inclusion complexes with (a) CA and (b) CA26. 
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Table 4.5. Comparison of the principal differences between PM and FD in the FT-IR absorption spectrum 

 
Infrared bands (cm-1) and assignments 

OH stretching C-O stretching C=C stretching CH bending 

CA crystals signals 3340 1260-1000 -   

BC-CA signals FD 3315 1260-1000 D1) R2) 

  PM 3330 1260-1000 1800-1600 1364 

CA26 crystals signals 3330 1260-1000 -   

BC-CA26 signals FD 3326 1260-1000 D R 

  PM 3328 1260-1000 1800-1600 1364 

1) The signal was disappeared in the spectrum.  

2) The signal was reduced in the spectrum. 
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Furthermore, this finding suggested that only part of BC was encapsulated in 

the CA26 cavities. The disappearances of several guest signals can be 

considered as a confirmation of the formation of the FD systems (Crupi et al., 

2007; Cannavà et al., 2009)  

 

4.3.4.2.4. FIB-SEM 

Morphological changes were investigated by SEM. The photomicrographs 

observation, presented in Fig. 4.16, revealed the presence of irregular shape 

crystals of BC (Fig. 4.16(a)) and amorphous forms characteristics of CA (Fig. 

4.16(b)). CA consisted of holey elliptical or spherical entities with large particles 

had smooth surface containing smaller particles that observed the different 

morphology from CD, showing larger parallelogram shape (Montassier et al., 

1997). The PM microscopic observation revealed the presence of each 

constituents, maintaining their original morphology, with the BC crystals 

adhered onto the CA surface (Fig. 4.16(c)), not revealing, apparently, 

interactions between BC and CA. However, the SEM photographs of FD 

showed aggregation into irregularly shaped amorphous particles and loss of 

smooth surface in which the original morphology of both the components were 

disappeared.  

The photomicrograph of CA26 showed a similar shape and smaller size than 

those of CA (Fig. 4.17(a)). In the PM, the characteristic BC particle, when mixed 
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with CA26, consisted of amorphous entities, with some similarities with the 

original morphology of BC and containing some particle adhered to their, the 

same as CA results (Fig. 4.17(c)). Following IC of BC with CA26, the 

photomicrograph showed a change in particles morphological appearance, with 

loss of the CA26 spherical shape and loss of the BC typical shown (Figs. 4.17(a) 

and 4.17(b)). The photomicrograph of FD was shown globular form with porous 

surface and reduced size of the particles. A drastic change in the morphology 

and shape of the BC particles were observed in the FD (Fig. 4.17(d)). Hence 

changes in the particle shape and size suggested an apparent interaction 

between BC and CA26. These observations were consistent with the XRD and 

the DSC data discussed previously.  

(a) (b)

(c) (d)

 

Fig. 4.16. FIB-SEM photograph (magnification x10000) of (a) CA, (b) BC, (c) PM, 

and (d) FD.  
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(b)

(d)

(a)

(c)

 

Fig. 4.17. FIB-SEM photograph (magnification x10000) of (a) CA26, (b) BC, (c) 

PM, and (d) FD. 

 

Morphological changes can be used as evidence to verify interactions 

between molecules (Ding et al., 2010). From the SEM images of the complexes, 

the disappearances of the morphologies of the raw materials were also observed. 

In other words, the change of the particle shape and aspect in both of the 

complexes, indicated the presence of a new solid phase as a result of reduction 

of crystallinity habitus changed in those IC systems. Although SEM studies 

were inadequate to confirm the IC formation, the particle form changes in 

appearance and size was a strong indication for the IC formation (Fernandes et 
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al., 2002). Therefore, the data obtained from SEM were added to previous 

results, suggesting the IC formation from the processing of the BC and CA by 

FD method.  

 

4.3.4.3.5. 1H NMR 

To ascertain the structure of the IC between BC and CA or CA26, 1H NMR 

spectroscopy studies of free BC and its complex forms were therefore 

undertaken. The difference in proton chemical shift values between free BC and 

complex forms were shown in Tables 4.6 and 4.7. The NMR spectra of both the 

samples of CA and CA26 in the presence of BC complexes showed only the 

resonances of the glucose units giving rise to sharp, high-resolution multiplets, 

while no high-resolution peaks assignable to BC could be detected, conforming 

what was previously reported in the case of the BC-CD system only (Mele and 

Selva, 1997). The chemical shift change data for CA and CA26 protons in the 

presence of BC was only obtained the protons H3, H5, and H6 of CA because 

the signal of H4 and H2 protons were overlapped with DMSO-d6 signal. The 

signals of the protons H3, H5, and H6 which oriented inside the cavity were 

shifted to upfield for all of the complexes with similar value between CA and 

CA26 (Table 4.6).  

The spectrum of BC in aqueous solution was similar to that reported 

previously (Wernly and Lauterwein, 1983; Strohschein et al., 1997). The 1H 
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NMR spectra showed signals for the olefinic regions of BC between 5.3-7.2 ppm, 

which were very weak signals, whereas strong signals of CH3 group onto the 

chain was observed at 2.1 ppm. Protons of CH2 group of cyclic ring (or β-ionone 

ring) were shown as a broad area between 1.0-1.7 ppm. The chemical shift of BC 

showed pronounced changes typical of complexation in BC protons, especially 

olefinic region of BC proton, with either shielding (with CA) or deshielding 

(with CA26) effects (Table 4.7). It can be seen from the Tables that the chain 

protons of BC exhibited larger chemical shifts were all entered into the cavity of 

CA and CA26, because of the diminished freedom of rotation caused by the 

penetration of BC molecule into the hydrophobic cavity. In addition, CA26, in 

comparison with the CA, induced the large chemical shift change of BC protons. 

This observation could be attributed to the deeper inclusion of BC inside the 

cavity of CA26 and was in agreement with the reported above NMR (with SDS) 

conclusions. Also, these observations were consistent with the FT-IR data 

discussed previously. In the FT-IR study, the C=C characteristic bands of BC in 

the complex forms underwent disappearance, indicating that the chain of BC 

was influenced by the presence of CA26.  
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Table 4.6. 1H NMR chemical shifts change (Δδ) for CA and CA26 protons in the 

presence of BC in DMSO-d6 

Protons 
Δδ (ppm) 

CA CA26 

3H -0.0042 -0.006 

5H -0.0049 -0.0068 

6H -0.0059 -0.0051 

 

Table 4.7. Complexation-induced chemical shift change (Δδ) of BC in the 

presence of CA or CA26      (Units: ppm) 

Protons of BC δfree  
CA CA26 

δcomplex  Δδ  δcomplex  Δδ  

Cyclic 

ring 

1 1.9170  1.9329  0.0159  1.9287 0.0117  

2 1.6861  1.6863  0.0002  1.6866 0.0005  

3 1.2136  1.2236  0.0100  1.2239 0.0103  

4 1.0125  1.0128  0.0003  1.0127 0.0002  

5 0.8403  0.8423  0.0020  0.852 0.0117  

olefinic 

regions 

6 5.7487  5.7422  -0.0065  5.7365 -0.0122  

7 5.3317  5.3232  -0.0085  5.3421 0.0104  

8 5.5547  5.5486  -0.0061  5.5651 0.0104  

9 7.1989  7.1920  -0.0069  7.2101 0.0112  

10 6.3406  6.3325  -0.0081  6.3285 -0.0121  

11 6.1570  6.1505  -0.0065  6.1671 0.0101  

12 6.6495  6.6400  -0.0095  6.6625 0.0130  

13 2.0854  2.0965  0.0111  2.1102 0.0248  

Δδ = δcomplex – δfree. 
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4.3.4.3.6. 2D ROESY 

In order to support the 1H NMR resuts, the ROESY study determined. As can 

be seen from Fig. 4.18, no cross-peaks assignable to BC could be detected that 

the signal of BC protons was relatively weaker than those of CA26 protons, 

conforming what was previously reported in the case of the BC-CD system 

(Mele & selva1997; Strohschein, 1997). They demonstrated that the BC-CD 

interaction can had a neat amphiphilic character due to the hydrophilic hosts 

and the hydrophobic guest. In this case it was postulated that the observed 

NMR signals were only due to the free CD molecules which were in fast 

exchange, on the NMR timescale, with the micelle-bound host molecule. 

Although the ROESY results did not show any cross-peak between BC and 

CA26, it is noteworthy that changes were observed in protons on the internal 

regions of the CA26. It was hypothesized that in the IC, the BC molecules were 

contained inside the CA cavity and stabilized by van der Waals forces and 

hydrophobic interactions, which is supported by Oliveira et al. (2011). 

Furthermore, BC was a molecule with olefinic regions, and was able to form 

hydrogen bonds with in the CA cavity. Zaibunnisa et al. (2011) used a similar 

explanation for the formation of IC between BC and CD. For long carotenes 

such as BC, the CD migrated to the extremities through the secondary hydroxyl 

side. The CD migrated through the primary hydroxyl side, suggesting that 
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more than one host molecule would be liely to interact ith such long carotens. 

Based on Raman spectroscopy analysis and molecular modelling, Oliverial et al. 

(2011) could demonstrated the overall distortion in the backbone of carotene 

upon inslucion in the CD. Carotene, which has bulky groups at the ends and 

consequently lower backbone flexibility, it was suggested a structure for the IC 

found close to the ends of the guest molecule.   

 

 

Fig. 4.18. ROESY spectrum of the CA26 with BC molecule. 
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4.3.5. Stability of inclusion complexes 

Despite its biological activities, BC was not widely applied in practical use. 

Since BC was an unsaturated compound with double bonds, it is easily 

damaged by heat, light, and oxidation during production and storage, causing 

the loss of its biological activity (Chen et al., 2007; Fernández-García et al., 2012). 

Therefore, in this section, the effect of photo-stability and oxidative stability of 

BC on complexation was confirmed.  

 

4.3.5.1. Photo-Stability of CA26 with β-carotene  

The decomposition of uncomplexed BC was found to be very marked upon 

exposure to UVA light (the main source of light during manufactoring, storage, 

and handling). As shown in Fig. 4.19, the photo-degradation of BC with 

different host molecules (CA and CA26) was compared to that of the pure BC. 

After 4 hrs of irradiation, the free BC compound was rapidly degradated by 

more than 90%, resulting in an irreversible loss of efficacy. In the case of 

complex forms, the concentration of BC was decreased more slowly than pure 

BC. As can be seen from Table 4.8, the percentage loss (%) of complex forms 

was declined about 53-60% that no significant differences were observed among 

them. 

The effect of IC of BC with different host molecules on the photostability of 

the BC was explored by studying the decomposition kinetics of the BC. The 
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photo-degradation of solid BC followed apparent first-order kinetics and this 

was in agreement with previous reports (Szente et al., 1998). Table 4.9 showed 

that the degradation constants (Kd) and half-life (t1/2) of pure BC were the 

values of 0.87 x 10-2 min-1 and 80.26 min, respectively, indicating quickly 

degradation than that of complex form. The photo-stability of BC was improved 

upon inclusion complexation with CD, CA, and CA26, showing 2.4, 2.2, and 2.6-

fold decreased of degradation constant (kd), respectively, compared to that of 

pure BC. This result of this study suggested that BC was highly protected 

against photo-degradation by IC. BC molecules, similar to VA, underwent 

degradation by isomerization at conjugated polyene long chain when exposed 

to light. What was known that UV irradiation of BC induced chemical changes 

to them that, in addition to producing photodecomposition products, could 

generate reactive oxygen species, induced lipid peroxidation, and possibly 

caused DNA damage (Fernández-García et al., 2012).  

In conclusion, there was a wide range of chemical and photochemical 

reactions that could be influence by CA as a consequence of the inclusion 

process, which can be attributed to the variety of physico-chemical 

transformations that occur upon the formation of IC. Among these 

photochemical reactions, the photo-degradation of BC molecules was of 

particular importance for the communities of the pharmaceutical industries, 
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and thus enhancing the photo-stability of these photosensitive functional 

molecules was essential.  
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Fig. 4.19. Photo-degradation curves of BC under UVA irradiation. 

 

Table 4.8. Comparative photo-degradation data for BC alone and its complex 

after 4 hrs of irradiation 

Host molecules Percentage loss1) (%) p2) 

C 92.57 ± 1.26  

CD 55.50 ± 4.31 <0.003 

CA 59.46 ± 5.71 <0.004 

CA26 53.75 ± 3.18 <0.002 

1) Percentage loss (%) of samples was calculated using Fig. 4.19. 

2) P values vs. control (free BC). Significant was taken as p<0.05. 
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Table 4.9. Estimated degradation rate constant (Kd) and half-life (t1/2) obtained 

from photo-degradation data of BC 

Host molecules Kd (10-2 / min) t1/2 (min) r 

C 0.87 ± 0.049b 80.26 ± 4.59 0.988 

CD 0.37 ± 0.064a 192.83 ± 33.62 0.987 

CA 0.40 ± 0.049a 176.87 ± 22.16 0.985 

CA26 0.33 ± 0.028a 210.82 ± 18.07 0.987 

 

4.3.5.2. Oxidative stability of inclusion complexes 

In order to confirm oxidative stability of BC with CA26, antioxidant activity 

was measured by DPPH radical scavenging method. The antioxidant activity of 

carotenoids was attributed to various mechanisms, main of which were 

prevention of chain initiation, binding of transition metal ion catalysts, 

decomposition of peroxides, prevention of continued hydrogen abstraction, 

reductive ability and radical scavenging (EI-Agamey et al., 2004). This 

experiment was used by DPPH radical scavenging method in order to calculate 

antioxidant activity of complexation.  

First of all, the UV-Vis absorption spectra of BC and DPPH in 50% ethanol 

were scanned, in order to check the red/orange color of BC effects the 

antioxidant measurement as shown in Fig. 4.20. There was no affect on DPPH 
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spectra at 525 nm, therefore, the absorbance at 525 nm was monitored as a 

function of time in the presence of different concentrations of BC.   

Shimidzu et al. (1996) detected the good DPPH radical scavenging activity of 

BC, which was equivalent to about 550 times that of α-tocopherol. The powerful 

antioxidant activity of BC was related to its structure with 11 conjugated 

carbon-carbon double bonds that can be oxidized to ο-quinone by free radical. 

However, free BC was particulary sensitive to oxidation, so it is important to 

stabilize the free BC. Therefore, in this section, antioxidant activity was studied 

whether the IC of BC with CD, CA, and CA26 have a effect on oxidative 

stability or not.  

The scavenging ability was measured as a relative DPPH radical scavenging 

activity between BC and its complex form. As shown in Fig. 4.21, apparent 

dose-dependent effects were observed for BC and its inclusion complexes, 

respectively. Previous studies on antioxidant activity of flavonoid indicated that 

for morin complexes the antioxidant activity increased due to stabilization of 

the radical inside the hydrophobic cavity (Jullian et al., 2008). However, for 

Luteolin complexes, the antioxidant activity was maintained, and for galangin 

the antioxidant activity was maintained with β-CD but decrease with DMβ-CD 

and HPβ-CD (Jullian et al., 2010). In the case of this study, scavenging activities 

of BC and its complex form were enhanced with the increase of concentration 
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among the evaluated range. At the same concentration, the difference between 

BC and its complex form was significant. All of complex forms exhibited 

stronger DPPH radical scavenging activity than pure BC. It was noticeable that 

the effect of complexation was more pronounced at higher concentration BC. 

This increment in the antioxidant activity was practically equal for the 

complexation, expects for those of 200 μM concentration. IC of BC and CA26 at 

200 μM concentrations showed significantly higher DPPH radical scavenging 

ability compared to the CD or CA complexes because of the stabilization of the 

radical in the cavity. Besides increasing the solubility of BC, CA26 might also 

have effects on their antioxidant ability. For this result, at 200 μM concentrations, 

DPPH radical reaction kinetics for free and complexed BC was measured at 

every 5 min for 1 hrs as shown in Fig. 4.22. It was also possible to observe that 

in all cases, the complex forms behaved as more quickly scavenging the DPPH 

radical than free BC at all time (Fig. 4.22(a)). The IC of BC with CA showed a 

lower scavenging activity than that of BC with CD until 20 min and then 

became higher. In all cases, the complex forms were pretty similar to the DPPH 

radical scavenging activity after 50 min. It was important to point out that this 

was the first study in which the antioxidant activity of complexed BC was 

measured. In conclusion, it was observed that the antioxidant activity of BC was 

influenced by complexation due to the active groups of BC interfered by host 
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cavities, there might be a modification in the redox behavior of the BC. 

According to Mortensen and Skibsted (1997), the electron rich conjugated 

double bond structure of BC was mainly responsible for its antioxidant 

property. In these NMR studies, olefinic region proton of BC with CA and CA26 

underwent upfiled and downfield shifts, indicating that its signal was 

influenced by the presence of CA and CA26, increasing the antioxidant activity 

of the BC-CA and BC-CA26 complex forms. It was also worth remembering that 

even though the olefinic region was the most important groups concerning the 

antioxidant activity of BC, β-inonoe ring was also likely to suffer the oxidation 

process (Mortensen and Skibsted, 1997). In conclusion, these results suggested 

that the use of CA and CA26 to improve the water solubility and stability of BC 

without sacrificing its activity was feasible. 
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Fig. 4.20. Absorption spectra of free BC and DPPH radical scavenging activities. 
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Fig. 4.21. DPPH radical scavanging activity of BC in the presence of 10 mM CD, 

CA, and CA26. Statistical difference (p<0.05) between free and complexed BC. 
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Fig. 4.22. DPPH radical reaction kinetics of BC in the presence of CD, CA, and 

CA26 measured at 525 nm.
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4.4. CONCLUSIONS 

 

The results obtained in this study drew conclusion as follow: 

 

1. Twenty-three different DPs of cycloamylose (CA) from 23 to 45 were 

individually fractionated using a repeating HPLC equipped with ODS 

columns. HPAEC, MALDI-TOF MS and NMR analyses confirmed the 

successful fractionation of each CA molecule. 

 

2. The IC formation capability of each CA molecule with SDS was measured 

using ITC and NMR. The thermodynamic data revealed that the strong 

binding of the SDS molecule to CA26 was observed, which might be 

attributed to structural stability of CA26 bound with SDS by forming stable 

double hydrophobic cavities. NMR results also showed the largest 1H 

chemical shift changes for CA26-SDS, confirming the most strong interaction 

of CA26 with SDS compared to CA of other DPs. 

 

3. The solubility of β-carotene (BC) was enhanced up to about 6 and 8-fold in 

the presence of 15 mM of CA and CA26, respectively. Using the techniques of 

XRD, DSC, FT-IR, SEM, and NMR, the IC formation between CA26 and BC 

was confirmed. The nature of interaction was suggested as the complexation 
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with olefinic region of BC interacting with the hydrophobic cavity of CA26. 

The photo-stability and oxidative stability of BC were improved upon 

inclusion complexation with CA26, compared to that of pure BC.  

 

In conclusion, the results of this study also will helpful from improving our 

understanding of CA26 interactions with functional materials. Therefore, CA 

has the potential in food, chemical, and pharmaceutical industries, which plays 

an important role in the stabilization and solubilization of large, insoluble or 

unstable hydrophobic guest molecules.  
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5. RECOMMENDATIONS FOR FUTURE WORK 

 

In this study, it was demonstrated that CA, as an efficient carrier molecule, 

formed stable inclusion complexes with various functional materials and 

greatly improved their solubility and stability. These results may have proven 

the feasibility of utilizing CA as a carrier molecule. However, for the better 

understanding and the practical application of CA in various industries, the 

following works are further required.  

 

1. As demonstrated in section 4, the thermodynamic parameters showed the 

different inclusion complex formation behavior of CA depending on their DP. 

Especially, CA26 showed exceptional properties compared to other CA. Further 

studies on the fractionated CA of different DP with a variety of guest molecules 

should be required as well as cost-effective fractionation methods.  

 

2. This study confirmed that CA improved in vitro parameters, such as solubility 

and stability of various guest materials by forming inclusion complexes. In 

order to access bioavailability of complexes, in vivo experiments are further 

needed.   

 

3. In this study, the inclusion complexes of CA with a limited numbers of 
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phenolic compounds and fat-soluble vitamins were studied. As shown in these 

studies, inclusion complexation performance was different depending on the 

molecular structure of guest molecules. Therefore, further studies on the 

complexation with a wider range of functional guest materials should be 

required. Accumulation of these data through continuous research will result in 

innovative application of CA in the various industries. 
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환형아밀로스를 이용한 기능성 포접복합체 개발 및 

물리화학적 특성 연구 

 

노 신 정 

 

국문 초록 

 

환형아밀로스(CA)는 환형덱스트린(CD)과 같은 cavity geometry를 가지

고 있어, 포접복합체를 형성하여 용해도가 낮고 불안정한 기능성 물질의 용

해도와 안정성 향상에 영향을 줄 수 있다. 이러한 CA는 CD와 다르게 높은 

용해도와 다양한 cavity 크기를 갖는다는 장점에도 불구하고 식품과 제약 분

야에서의 연구는 아직까지 미비한 상태이다. 따라서 본 연구에서는 효소적으

로 제조한 CA와 다양한 guest 분자의 포접 복합능을 구명하였으며 이를 이

용하여 용해도 및 안정성을 지닌 기능성 포접복합체의 형성 여부를 확인하였

다.  

아밀로스에서 TAαGTase를 이용하여 제조한 CA의 포접복합능 확인은 

iodine과 SDS, lysolecithin(LL)을 모델중심물질로 이용하였으며 등온적정

열량계(ITC)와 핵자기공명분광기(NMR) 측정 결과 소수성 부분이 CA의 

cavity 내부에 포접되어 복합체를 형성함을 확인하였다. Quercetin과 

polyphenol oxidase substrates(PPOS), fat-soluble vitamins(FSV)과 같
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은 기능성 물질과의 포접복합체 제조는 동결건조법을 이용하였으며, 포접복

합체 형성능 및 용해도, 안정성을 측정하였다. CA와의 비교물질로는 포접형

성이 가능하다고 알려져 있는 환형덱스트린(CD), 말토덱스트린(MD)을 사용

하였다. 기능성 포접복합체의 특성을 다양한 물리화학적 방법으로 분석한 결

과 CA는 quercetin, PPOS, FSV와 안정한 포접복합체를 형성함을 확인하였

다. 물에 대한 용해도는 CA가 존재할 경우 향상되었으며, 특히 고농도의 

CA에서 CD와 MD 보다 훨씬 높은 용해도 증가를 보였다. PPOS와의 포접복

합체는 산화안정성에 유의적인 영향을 주지는 못했지만, 4주 동안의 저장기

간 중 항산화 활성의 감소 속도를 지연시켰으며, 갈변을 일으키는 

polyphenol oxidase(PPO)의 활성을 저하시켜 효소적 산화에 대한 안정성이 

유의적으로 향상되었다. 복합체 형성에 의하여 FSV의 광분해 안정성 역시 

degradation constant(Kd)의 감소와 반감기의 증가를 보이며 유의적으로 향

상되었다.  

다양한 크기의 소수성 cavity를 가지고 있는 CA의 포접 복합 특성을 구명

하기 위하여 prep-HPLC를 이용하여 CA를 중합도(DP) 별로 분리하였다.  

DP23에서 45를 가진 23개의 분획물을 분리하여 모델코어물질인 SDS와의 

복합체 형성능을 ITC와 NMR로 확인한 결과 중합도가 증가할수록 binding 

stoichiometry(n)가 증가하였다. 특히 CA26은 다른 중합도를 가진 CA보다 

SDS와 구조적으로 안정한 포접복합체를 형성함을 알 수 있었고, SDS의 

hydrophobic alkyl chain 부분이 CA26의 cavity에 강하게 결합함을 확인하

였다. 베타카로틴(BC)과의 포접복합체를 제조하여 특성을 분석한 결과 BC
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의 olefinic region이 CA26의 소수성 cavity와 상호작용함을 확인하였다. 

CA26 존재 시 BC의 물에 대한 용해도는 CD와 CA 보다 상당히 증가하였

다. BC의 광분해 안정성과 산화안정성은 CA26과의 포접복합체 형성으로 모

두 유의적으로 향상되었다. 본 연구 결과, CA는 기능성 물질과 안정한 포접

복합체를 형성하여 용해도와 안정성을 향상시키는 효과적인 캐리어 물질임을 

확인하였으며, 이와 같이 높은 안정성과 용해도를 지닌 기능성 포접복합체는 

다양한 산업에 활용 가능할 것이며 중요한 정보를 제공할 것이라 생각된다.  

 

주요어: 환형아밀로스, 포접복합체, 4-알파-글루카노트랜스퍼레이즈, 

폴리페놀옥시다아제기질, 지용성비타민 
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