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Food  grade  biopolymers,  such  as  dextrin,  have  been  suggested  as  a technological  solution  for  the  con-
trolled delivery  of  health  promoting  substances.  The  main  focus  of  this  work  is to  improve  the stability  of
poly-unsaturated  fatty  acids  (PUFAs)  and  controlled  release  by encapsulating  with  helical  spring  dextrin
(SD). The  encapsulation  was  formed  between  SD with  a DP  of  62  and  �-linolenic  acid  (ALA)  or  linoleic
acid  (LA)  at 60 ◦C  and characterized  by  WXRD,  DSC,  TGA  and  SEM.  Under  conditions  which  simulated  the
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ncapsulation
oly-unsaturated fatty acid

human  environment  of  the gastrointestinal  system,  21.7%  and  18.5%  of SD–ALA  and  SD–LA  were  released,
respectively.  A molecular  dynamics  simulation  indicated  that  the  space  of  helix  cavity  for  ALA–SD  com-
plex  was  larger  than  that for LA–SD  complex.  This  research  work  supports  the  idea  that  these  complexes
not  only  can  improve  the stability  of ALA  and  LA,  but  also  can  achieve  the  targeted  delivery  of  functional
lipids  or  other  bioactive  components  to the  small  intestine.
olecular dynamic simulation

. Introduction

Poly-unsaturated fatty acids (PUFAs; e.g., omega-3 and omega-6
nsaturated fatty acids) are fatty acids, which contain more than
ne double bond in their backbone. The omega-3 and omega-

 series PUFAs play a significant role in health promotion and
isease prevention by generating potent modulatory molecules
or inflammatory responses, including eicosanoids (prostaglandins,
nd leukotrienes), and cytokines (interleukins) and by affecting the
ene expression of various bioactive molecules (Kapoor & Huang,
006). However PUFAs have low chemical stability during manu-
acturing, storage and consumption. Besides, PUFAs are also very
ensitive to auto-oxidation, generating oxidation products which
ave a negative effect on the sensory characteristics of the final
roducts.

Encapsulation technology, in which tiny particles or droplets

re surrounded by a functional coating, has been developed as an
ffective approach to controlling flavor, color or preserving proper-
ies (Ahmed, Akter, Lee, & Eun, 2010; Wulff, Avgenaki, & Guzmann,
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2005; Ziani, Fang, & McClements, 2012). Therefore, this technol-
ogy is a good alternative to avoiding the auto-oxidation of PUFA by
using common, inexpensive and safe food ingredients (Augustin &
Hemar, 2009). In this respect, using carbohydrate biopolymers for
encapsulation is one of the most effective tools for improving the
delivery of functional compounds in foods (Champagne & Fustier,
2007).

In the last 30 years, there was  a progressive increase in
the number of publications related to cyclodextrins (CDs) (Dick,
Rao, Sukumaran, & Lawrence, 1992; Nair & Dismukes, 1983;
Panichpakdee & Supaphol, 2011; Trapani et al., 2003) of which
�-CD (Bom et al., 2002; Neoh, Yoshii, & Furuta, 2006), �-CD
(Arun, Jayaram, Avirah, & Ramaiah, 2011; Choi, Ruktanonchai,
Min, Chun, & Soottitantawat, 2010) and �-CD (Kayaci & Uyar,
2012; Purkayastha, Das, & Syed Jaffer, 2008) are widely used
as encapsulation. The inclusion of a guest in a CD cavity con-
sists basically of a substitution of the water molecular by the
hydrophobic guest (Astray, Gonzalez-Barreiro, Mejuto, Rial-Otero,
& Simal-Gándara, 2009). In recent years, the application of amy-
lose in food-grade delivery system has gained increasing attention
due to its biodegradability and availability, which make it a good

carbohydrate biopolymer candidate for the development of ingre-
dients of food (Arvisenet, Le Bail, Voilley, & Cayot, 2002; Fanta,
Kenar, Byars, Felker, & Shogren, 2010; Jouquand, Ducruet, & Le Bail,
2006). Amylose can include many ligands (e.g. alcohols, aromatic

dx.doi.org/10.1016/j.carbpol.2012.11.037
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:xmxu@jiangnan.edu.cn
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ompounds, lipids and emulsifiers) (Yamashita, 1965; Yamashita
 Hirai, 1966; Yamashita & Monobe, 1971) with different heli-
al conformations (61, 71, 81 helical conformations) through steric
tructural change (Conde-Petit, Escher, & Nuessli, 2006; Gelders,
uyck, Goesaert, & Delcour, 2005; Lalush, Bar, Zakaria, Eichler, &
himoni, 2005). The mechanism by which lipids interact with amy-
ose is that helical amylose has a central hydrophobic cavity in

hich the hydrocarbon chain of the ligand can reside (Mikus, Hixon,
 Rundle, 1946).

In recent years, the V-type crystalline complex has been investi-
ated as a delivery system for bioactive compounds (Lesmes, Cohen,
hener, & Shimoni, 2009; Zabar, Lesmes, Katz, Shimoni, & Bianco-
eled, 2010) because of its resistance to hydrolysis. The hydrolysis
f V-type complexes can be regarded as a two-stage process. In
he first stage, the amorphous regions, or links of the helices, are
eadily hydrolyzed (Jane & Robyt, 1984). The second stage, crys-
alline regions, is slower because the crystalline layers are resistant
o amylolysis (Gelders et al., 2005; Heinemann, Zinsli, Renggli,
scher, & Conde-Petit, 2005). Resistance to enzymes (e.g., pancre-
tic �-amylase) increases with amylose DP and lipid chain length
Gelders et al., 2005). In addition, the hydrolysis rate of the com-
lex in vitro depends on the enzyme activity. For enzymes with

ow activities, such as enzymes in the oral cavity, only the amor-
hous material is degraded. In the gastrointestinal tract, however,
nzymes are more active and present at higher concentrations than
n the oral cavity. These gastrointestinal enzymes can hydrolyze
redominantly type I amylose-inclusion complexes to a greater
xtent (Heinemann et al., 2005). Thus, complexes can be used as

 tool for slow release of desired compounds in the gastrointestinal
ystem (Conde-Petit et al., 2006).

Various efforts have made in the development of food-grade
elivery systems, which offer the possibility to fabricate products
hat protect bioactive compounds through processing and storage
hile controlling and targeting their release in the human gastroin-

estinal tract (McClements & Li, 2010; Lesmes & McClements, 2009;
elikov & Pelan, 2008). Furthermore the use of simple and low-cost
rocesses and ingredients in the manufacture of such delivery sys-
ems has also been of interest (Risch and Reineccius, 1995). ‘Spring
extrin’ (SD), as we had introduced (Xu et al., 2012), is a linear,
oly-disperse saccharide, featuring a repeating (1-4)-�-d-glucose
nit. SD is obtained from the hydrolysis of starch with debranching
nzymes or amylose with �-amylase, which is low cost. The basic
tructure of SD is the same as the helical structure of amylose. Since
mylose can be used as a food-grade delivery system (Dimantov,
reenberg, Kesselman, & Shimoni, 2004), it follows that SD may
lso be used as a potential food-grade delivery system.

The objectives of the present study were to: (a) exploit the pos-
ibility of using molecular inclusion complex formed by SD as a
ossible solution for the delivery of PUFA to the consumer; and (b)
lucidate the complexes interplay between SD and PUFA by molec-
lar dynamic (MD) simulation in order to extend previous studies
n complexation which have not used MD  simulation (Gelders et al.,
005; Lesmes et al., 2009).

. Materials and methods

.1. Materials

Commercial maize starch was obtained from the local mar-
et (Wuxi, China) and stored at 50% relative humidity (Derycke
t al., 2005; Jovanovich, Zamponi, Lupano, & Anon, 1992) and

3 ◦C for 48 h before used. Linoleic acid (LA, 18:2 omega-6),
-linolenic acid (ALA, 18:3 omega-3), �-amylase from porcine pan-
reas and pancreatin from porcine pancreas, were purchased from
igma–Aldrich (Shanghai, China). Methanol, 1-decanol, n-hexane,
rs 92 (2013) 1633– 1640

ammonium thiocyanate, hydrochloric acid, sodium hydroxide,
sodium acetate–acetic acid, sodium nitrate, potassium hydrox-
ide, sodium phosphate, sodium dihydrogen, phosphate, 1-butanol,
isoamyl alcohol and dehydratedalcohol were obtained from China
National Medicines Corp., Ltd. (Shanghai, China).

2.2. Preparation of spring dextrin

Amylose was  purified as previously described (Takeda, Hizukuri,
& Juliano, 1986). The purified amylose was  hydrolyzed with �-
amylase and the molecular weight was controlled by the duration
of hydrolysis. The DP of SD was determined by the size-exclusion
high-performance liquid chromatography (SE-HPLC). The SD (0.1 g)
was dissolved in NaOH (0.5 mol/L, 2 mL)  and diluted to 100 mL
before incubation at 45 ◦C for 2 h. The solution was subsequently
filtered with a 0.22-�m filter, and a volume of 10 �L (w/w, 0.1%)
was injected into the HPLC system for analysis. The HPLC system
comprised of a Waters 2410 pump equipped with auto-sampler
and differential refractive index detector (Waters, Model 410, Mil-
ford, MA,  USA). An ultrahydrogel linear column (7.8 mm  × 300 mm,
Waters) was  used, and the column temperature was  maintained
at 37 ◦C. The mobile phase was sodium acetate–acetic acid buffer
(0.05 mol/L, pH 5.0) containing sodium nitrate (w/w, 0.02%) and the
flow rate was 0.9 mL/min.

2.3. Preparation of SD–PUFA complexes

SD (300 mg)  was dissolved in 20 mL  of preheated (90 ◦C) KOH
(0.1 mol/L), then cooled to 60 ◦C and pH was maintained at 4.7
under gentle stirring, using 2.0 mol/L HCL. ALA or LA was  subse-
quently added, and the resulting suspensions were kept in a water
bath shaker at 60 ◦C to allow complexation under gentle stirring for
24 h. The complexes were separated from the suspensions by cen-
trifugation (2000 × g, 20 min) and the wet pellet was  washed using
a mixture of ethanol and water (v/v, 50%). The complex was  then
lyophilized (Labconco Corp., USA) for 24 h (cold-trap temperature
−50 ◦C). The yield of the complex was  calculated according to the
following formula:

yield (%) = (complex, mg)
[(SD, mg)  + (PUFA, mg)]

× 100. (1)

2.4. WXRD, DSC and TGA – molecular level investigations

XRD patterns were obtained using a Bruker D8-Advance XRD
instrument (Bruker AXS Inc., Germany). The samples (0.8 g) were
pressed into a pellet (10 mm × 25 mm).  The diffractograms were
collected under the conditions of 40 kV and 30 mA,  with the scan-
ning angle 2� from 3◦ to 30◦ at a scanning rate of 0.6◦/min.

The thermal properties of the complexes were analyzed using
a Perkin-Elmer Pyris 1 DSC instrument (Perkin-Elmer Inc., USA). A
sample (2.0 mg)  was added to 6.0 �L of distilled water and sealed
in aluminum pans. After equilibration overnight, the solution was
scanned from 30 to 130 ◦C in the calorimeter at 10 ◦C/min.

Thermogravimetric analysis was conducted with a Mettler
Toledo TGA/SDTA851E (Mettler Toledo Corp., Zurich, Switzerland)
and STAR software (version 9.01) was used to analyze the thermal
stability of the complexes. The operations were performed from
50◦ to 400 ◦C at 10 ◦C/min under nitrogen. A sample mass of 2 mg
was maintained throughout the test.

2.5. Microscopic level investigation using SEM
The microscopic complexes were examined by SEM. SEM micro-
graphs were obtained using a JEOL SEM (5400 model) from dry
powders plated with gold at an acceleration voltage of 15 kV.
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.6. Oxidative stability tests

The oxidative stability was evaluated by measuring peroxide
alues (POVs) after the SD–ALA and SD–LA had been stored at 60 ◦C
or different time according to ISO method (ISO 3976). Briefly, LA or
LA was dissolved in methanol/1-decanol/n-hexane (3:1:2, v/v/v,
.6 mL)  solution, ammonium thiocyanate solution (300 mg/mL,
.05 mL)  and iron (II) chloride solution (3 mg/mL, 0.05 mL). The
bsorption was measured using a 722 grating spectrophotome-
er (Shanghai Precision and Scientific Instrument Corp., Shanghai,
hina) at 500 nm after at 10 min  hold at room temperature. To make

 standard curve for quantitative analysis, a series of iron standard
olution was measured using the before mentioned method with-
ut the addition of ferrous chloride solution. The peroxide value of
he fat, POV, was expressed as millimoles of oxygen per kilogram,
y using the following equation:

OV = mc − mc0

m × 55.84 × 2
(2)

here mc and mc0 are the iron weight (�g) of the test sample and
ample blank on the iron standard curve, respectively; m is the
eight (g) of LA or ALA in the test sample; the atomic weight of

ron is 55.84. The iron standard solution (1 g/mL) was prepared
y first dissolving reduced iron powder in hydrochloric acid, and
hen diluted to obtain a series of solutions containing 5 �g, 10 �g,
5 �g and 20 �g of Fe3+, respectively, using methanol/1-decanol/n-
exane (3:1:2, v/v/v) solution. It was worth noticing that, the POV
f the LA or ALA in the complex was determined after ultrasonic
xtraction using methanol/1-decanol/n-hexane (3:1:2, v/v/v) solu-
ion as solvent.

.7. Enzymatic digestion-release analysis

.7.1. Stability in simulated stomach conditions
The complexes (15 mg)  were incubated with 1 mL  of HCl (pH

.5) for 2 h at 37 ◦C under continuous stirring (15 rpm). The extents
f ALA and LA release following the incubation under acidic
onditions were measured by extracting the reaction medium
ith hexane (6 mL), and followed by gas chromatography (GC)

nalysis. Stability of samples was studied in triplicate. A GC (GC-
010, Shimadzu, Japan) equipped with a fused-silica capillary
olumn (PEG-20M, 30 m × 0.32 mm × 0.25 �m).  The temperature
rogramming was 120 ◦C for 1 min, then ramped at 10 ◦C/min to
50 ◦C, and maintained for 2 min. Inlet and detector temperatures
ere 250 ◦C. The nitrogen carrier gas flow rate was 2.4 mL/min,
ydrogen flow rate to the detector was 25 mL/min, airflow rate
as 400 mL/min, and the flow rate of nitrogen makeup gas was

5 mL/min.

.7.2. Digestion-release in simulated intestinal conditions
The release of ALA and LA from the complex samples was

etermined through hydrolyzing the samples under simulated gas-
rointestinal conditions according to the previous methods (Lesmes
t al., 2009). A total of 20 mg  of each powdered sample was  sus-
ended in 2 mL  of PBS pancreatin solution and allowed to digest at
7 ◦C for 0, 6 and 24 h. The amount of ALA and LA in the residual
ydrolysate was measured after extraction with hexane, followed
y GC quantitative analysis. The digestion-release of samples was
tudied in triplicate. The release was quantified as follows:

elease percentage
= weight of the released PUFA
weight of the PUFA in the corresponding complex

× 100%

(3)
Fig. 1. XRD curves of SD complexed with PUFA: (a) ALA and (b) LA. Degree of
crystallization is indicated on the curve.

2.8. Molecular dynamics (MD) simulation

Molecular modeling is a convenient technique to predict
the behavior of polymers in solution. The interactions of two
enantiomers of PUFA with SD were simulated using the MD
module of the HYPERCHEM 8.0 software (Hypercube Inc., Water-
loo, Canada). The simulation was performed in a periodic box
(30 Å × 30 Å × 50 Å). All established models were energetically
pre-optimized and obtained using the Amber force field. The pre-
optimized configurations were heat to 333.15 K (60 ◦C) for 6 ps and
then simulate at 333.15 K for 10 ps at a step size of 0.0005 ps. The
pre-optimized configurations were equilibrated at this tempera-
ture, and then information on the equilibrium conformation was
calculated.

3. Results and discussion

3.1. Preparation of complex

The chain length has an effect on the encapsulation efficiency as
previously reported (Gelders, Vanderstukken, Goesaert, & Delcour,
2004). In order to achieve complexes, the isolated amylose was
hydrolyzed for 1 h with 1 U to control molecular weights. The DP
value of the SD prepared under the hydrolysis media was 62. From
previous literature, if the chain is too long, the conformation would
be disordered, resulting in faults in the crystal structure (Gelders
et al., 2004). Godet, Bizot, and Buléon (1995) also stated that an
amylose chain of DP 20 was too short to complex with a lipid.
Therefore, amylose hydrolysis was specifically controlled in the
present study. To compare the complexation efficiency of the two
complexes, their yields have been measured. Compared with the
SD–ALA complex, the yield of the SD–LA complex (58.3%) was
higher. The lower yield of the SD–ALA complex (45.8%) might be
caused by the three double bonds in ALA that was  likely a steric
hindrance (Nuessli, Sigg, Conde-Petit, & Escher, 1997). In previ-
ous study, it was  observed that cis-unsaturated fatty acids complex
poorly with amylose, giving low yields compared to fully saturated
fatty acids (Eliasson & Krog, 1985).

3.2. Characterization of complexes – WXRD, DSC and TGA

The formation of a V-type complex was verified by measuring
the X-ray diffraction of fine white powders obtained by centrifuga-

tion and lyophilization of prepared solutions and comparing them
to those determined in previous studies (Lalush et al., 2005; Le Bail,
Rondeau, & Buléon, 2005). The diffractograms (Fig. 1) confirmed the
formation of V-type (type I) structures as inferred from the three
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Table 1
Melting temperatures and enthalpies of DSC.

To (◦C)a Tm (◦C)a �H (J/g)a

SD–ALA 83.2 ± 0.7 91.7 ± 0.8 12.7 ± 1.7
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SD–LA 85.7 ± 0.9 93.4 ± 0.5 14.3 ± 2.6

a Data presented as the average standard deviation of three replicates.

road reflections at 7.5◦, 13◦ and 20◦. The degree of crystallinity
f SD–ALA was 43.2%, lower than that of SD–LA (67.6%). A similar
esult was obtained by Zabar, Lesmes, Katz, Shimoni, and Bianco-
eled (2009),  who reported that the increase of unsaturation was
nfavorable for the formation of amylose inclusion complexes.

The thermal behaviors of the complexes were studied using DSC.
he data on DSC of the complexes are presented in Table 1. The
elting enthalpies were 14.3 J/g for SD–LA and 12.7 J/g for SD–ALA,
hich were in agreement with previous reports (Gelders, Goesaert,

 Delcour, 2006; Zabar et al., 2010). Notably, the melting enthalpy
f the LA complex was higher than that of the ALA complex, sug-
esting that, the LA complex had a higher degree of crystallinity,
s can be seen in the WXRD results. A lower dissociation temper-
ture of the resulting complex was associated with a higher level
f unsaturation of the lipid complexed with the SD. This trend is
he same as that obtained by Putseys, Derde, Lamberts, Goesaert,
nd Delcour (2009).  Thereby, the number of double bonds in the
liphatic lipid chain has a distinct influence on the thermal prop-
rties of the complexes (Karkalas, Ma,  Morrison, & Pethrick, 1995;
abar et al., 2009).

Thermogravimetric analysis was used to study the decompo-
ition pattern and the thermal stability of both the SD and the
omplexes. As can be seen in Fig. 2, the temperatures, at which ini-
ial weight loss (Ti) of ALA, LA, SD, SD–ALA and SD–LA complexes,
ere 141.2, 151.5, 267.3, 182.9 and 196.3 ◦C, respectively. The TGA

esults showed the differences in the thermal stability of the dif-
erent samples. Thermogravimetric curves of SD–ALA and SD–LA
omplex indicating that, the complexes were completely decom-
osed as one unified structure, because one steep step of weight

oss has been observed. These phenomena could be explained as
escribed by Yang, Gu, and Zhang (2009); namely that one-step
hermogravimetric curve of the amylose-conjugated linoleic acid
omplex (Ti 240.6 ◦C) has been observed. The thermogravimetric
urves of SD–PUFA were similar to that of the amylose-conjugated
inoleic acid complex, since the basic structure of SD is the same as
he helical structure of amylose. Differences in Ti between amylose-

onjugated linoleic acid and SD–ALA/SD–LA could be explained on
he basis of the chain length. Gelders et al. (2005) reported that
he dissociation temperature (Tp) of DP 60 was lower than that of

ig. 2. Thermogravimetric curves of ALA, LA, SD, SD–ALA and SD–LA complexes.
rs 92 (2013) 1633– 1640

DP 950 when different chain length amylose embedded glyceryl
monostearate at 60 ◦C.

3.3. Microscopic investigation – SEM

SEM images of complexes hosting both fatty acids were exam-
ined to study the microscopic attributes of the complexes. The
representative micrographs taken from samples produced at 60 ◦C
are shown in Fig. 3(a and b). Comparing SD–ALA and SD–LA, SD–ALA
appeared to be smaller, but with no distinct microscopic features,
and both of them had a lamellar structure. The complex hydrolyzed
with �-amylase in 1 h with 10 U as illustrated in Fig. 3(c and d).
Hydrolysis led to the formation of a porous structure, with pores
measuring approximately 1 �m in diameter. This phenomenon was
attributed to the amorphous regions that were easily hydrolyzed
(Heinemann et al., 2005).

3.4. Analysis of oxidative stability of complexes and enzymatic
digestion tests

It was reported that the oxidative stability of lipid can be
improved by inclusion with starch due to the limitation of oxygen
accessibility (Morrison, 1978). Gökmen et al. (2011) recently also
showed a reduction of flax seed oil oxidation during bread bak-
ing as a result of added V-amylose. Therefore, analysis of oxidative
stability was designed to verify the effect of complexation on the
oxidation stability of PUFA. The results of oxidative stability tests
are presented in Fig. 4a. After appropriate storage times (12 h, 24 h,
48 h and 72 h) at 60 ◦C, the POVs of ALA and LA extracted from com-
plexes were almost unchanged, while, the POVs of the both controls
increased rapidly, suggesting that, the complexes could improve
stability of ALA or LA. These results were in good agreement with
other studies using amylose as embedding material (Lalush et al.,
2005; Yang et al., 2009). Therefore, not only amylose but also SD can
improve oxidative stability of PUFA. All of these results indicating
that, the inclusion of PUFA by SD can decrease the PUFA oxidation
due to the inhibition of oxygen accessibility (Morrison, 1978).

In this part of the study, the protection afforded by complex-
ation to ALA and LA from release in the stomach were tested by
incubating SD–ALA and SD–LA complexes in simulated stomach
conditions (pH 1.5, 2 h, 37 ◦C). The results are presented in Fig. 4b.
The extent of PUFA release correlated well with their double bonds;
i.e., as the number of double bonds increased, the release per-
centage increased. The effect of the number of double bonds on
the release percentage could be explained by the stereo-structure
change with the increasing number of double bonds (a less linear
ligand requires a wider helix cavity), as the results of DSC and TGA,
indicating that, the SD–LA complex was more stable than SD–ALA
complex. Eliasson and Krog (1985) also found that the resistances
of the complexes with respect to hydrolysis decreased with an
increased in the degree of unsaturation.

The results of controlled-release experiments are presented in
Fig. 4c. Over time, it the SD–ALA complex released its content more
rapidly than the SD–LA complex, however, it released much of
its content after 24 h. The release percentages increased with an
increased in duration of hydrolysis. SD–ALA released 21.7% after
hydrolysis for 24 h by pancreatin, whereas SD–LA released 18.5%.
The results suggest that the pancreatin hydrolyzed the complexes
(Gelders et al., 2005; Lesmes et al., 2009), and also confirm that
type I crystallinity complexes can be hydrolyzed (Heinemann et al.,
2005).
The basic structure of SD is the same as the helical structure of
amylose. Both of them can entirely complex with PUFA, and then
form V type crystals. In a previous study, Yang et al. (2009) con-
firmed that the amylose-conjugated linoleic acid (CLA) complex
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Fig. 3. SEM micrographs of complexes: (a) SD–ALA and (b) SD–LA. SE

an serve as a better vehicle for CLA delivery than the �-CD–CLA
omplex. This is because of the acid instability (stomach condition),
he poor solubility and inherent resistance to enzyme action (small
ntestine condition) of �-CD–CLA.

.5. MD  simulation analysis

MD simulation is widely used as a theoretical tool to study
olecular system at an atomic resolution (Chang & Violi, 2006;
opez et al., 2009), and can provide a detailed description of
ynamic behavior of a system to understand the structure and
ynamic of interest. WXRD and DSC confirmed the successful for-
ation of V-type complexes. To understand the mechanism in the

ig. 4. (a) POV changes in ALA and LA with incubation time at 60 ◦C. ALA control is free
imulated stomach conditions (pH 1.5, 2 h at 37 ◦C). (c) Enzymatically induced release of 
crographs of complexes after hydrolysis: (c) SD–ALA and (d) SD–LA.

self-assembly process, MD was  used to examine the phenomenon.
The present study monitored the potential energy to get the infor-
mation on the dynamic configurational equilibrium (Tian et al.,
2009) of SD–LA and SD–ALA. It should be noted that the potential
energy for the simulative systems at a constant temperature
(60 ◦C, after 10 ps) provided a reasonable description of the system
in a dynamic configurational equilibrium. Stable conformations
were obtained at 333.15 K (60 ◦C) after 16-ps MD  simulation,
according to the stable levels of total energy, potential energy, and

the simulation temperature finally has been achieved. The curves
of these parameters during the simulation SD–LA complex at
333.15 K in 16 ps are shown in Fig. 5a. The optimized conformation
reached equilibrium after approximately 8 ps at 60 ◦C (Fig. 6a). The

 ALA and LA used in complex preparation. (b) Amount of ALA and LA released in
ALA and LA from V-type crystalline structures.
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Fig. 5. (a) Curves of total energy, potential energy, and simulation temperature during a simulation performed at 333.15 K in 16 ps (LA) and (b) curves of total energy, potential
energy, and simulation temperature during the simulation performed at 333.15 K in 16 ps (ALA).

Table 2
Changes of single point energies of SD–LA and SD–ALA.

�E (kcal/mol) Non-bonded interaction (kcal/mol)a

�EHB �EVdW �EEF

SD–LA −502.9 ± 4.6 −82.3 ± 0.7 −476.8 ± 2.6 −11.6 ± 0.3
SD–ALA −453.2 ± 2.4 −69.3 ± 1.1 −401.1 ± 1.8 −11.8 ± 0.5

B atic fo
 symb

c
f
a
s
b
H
b
fi
h
s
c
s
f
t
c
c

F
L
o

I, bonded interaction; VdW, Van der Waals; HB, hydrogen bonds; and EF, electrost
a Values are means ± standard deviations from three experiments of simulation;

orresponding curves of the SD–ALA complex are obtained at 60 ◦C
or 16 ps and the optimized conformation (Fig. 5b) is in equilibrium
fter approximately 10 ps at 60 ◦C (Fig. 6b). Karkalas et al. (1995)
uggested that the non-linear structure of a lipid with cis double
onds makes insertion into the linear helix cavity more difficult.
owever, the carbon atoms adjacent to the double bond might
e able to rotate freely, leading to a rather linear structure. This
nding implies that complexation could still occur, but that a wider
elix cavity would be required, consisting of more than the usual
ix glucose units per turn. Putseys et al. (2009) also suggested that
is-unsaturated lipids have a kink in their lipid chain and are, thus,
ubject to steric hindrance inside the helix cavity. The MD  results
or the complexes with LA and ALA acids were in agreement with

his view. The MD  results have shown that LA–SD complex was
omposed of seven glucose residues per turn (Fig. 6a), and ALA–SD
omplex as closely packed helices with eight glucose residues per

ig. 6. (a) One of the possible conformations corresponding to interaction of SD and
A at 16 ps and (b) One of the possible conformations corresponding to interaction
f  SD and ALA at 16 ps.
rces.
ol ‘−’ before values means that the force is attractive.

turn (Fig. 6b). The different energies of the SD–LA and SD–ALA are
shown in Table 2. The change in magnitude of the �E  would be a
sign of the driving force toward complexation. The more negative
the interaction energy, the more thermodynamically favorable was
the complex (Yousef, Zughul, & Badwan, 2007). Notably, the �E  of
the SD–LA was  greater than that of SD–ALA which suggesting that,
the SD–LA was more stable than the SD–ALA, which is consistent
with the results obtained from the DSC and TGA analysises. As
shown in Table 2, some of the main non-bonded interaction forces
that may cause forming complex were analyzed by means of the
final single point calculation of energies. The results showed that
the value of �EH SD–LA was greater than �EH SD–ALA (the symbol ‘−’
in Table 2 represents the force orientation), which confirmed the
results of DSC and TGA (�HSD–LA > �HSD–ALA, Ti SD–LA > Ti  SD–ALA). It
was thus suggested that the hydrogen bond energy caused the for-
mation of SD–PUFA complex. VdW attraction, as another important
factor, showed the maximum value. The phenomenon was inter-
preted as the increase in VdW attraction probably resulting in the
formation of complex since this attraction always plays an impor-
tant role in promoting non-covalent association (Xie & Soh, 2005).
Finally, the electrostatic energy was  suggested as a minor factor
in comparison to the energy of hydrogen bonds. VdW attraction,
hence, is the primary driving force toward SD–PUFA complexation.

4. Conclusions

In our current research focus, we  proved that SD can complex
with �3/�6  PUFAs, and verifies the posibility of SD–PUFAs inclu-
sion complexes as a prospective delivery system for PUFAs. The
complexes, in turn, protect against oxidation and thermal treat-
ments, which were confirmed by oxidative stability tests, DSC and
TGA. Furthermore, the MD simulation indicates that a less linear
PUFA requires a wider helix cavity and SD–PUFA interactions were

stabilized mainly by van der Waals forces and hydrogen bonds. In
addition, controlled release tests showed that SD–PUFAs complexes
were not available to gastric digestion, but available under pancre-
atic conditions to release the included molecule. Thus, SD–PUFA
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ncapsulation complexes have potential for the delivery of PUFAs
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