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Abstract 

The paper presents a study regarding the nanoencapsulation of the unsaturated fatty acids (oleic, linoleic, 
and linolenic acids) in β-cyclodextrin (βCD) and a correlation of the differential scanning calorimetry 
(DSC) analysis with the energetic data obtained by molecular mechanics modeling of the interaction. The 
interaction energy between the fatty acid and βCD was in the range of 1.8-8.4 kcal/mole (evaluated by 
DSC) and the formation of the complex was confirmed by corroboration of the DSC results with those 
from the theoretical studies. Most probable, the molecular inclusion compound have been formed by a 
hydrophobic interaction between the hydrophobic moiety of the acid and the inner cavity of the βCD and 
by H-bonds formation between the βCD hydroxyl groups and the corresponding rests from the carboxyl 
group, as revealed by the molecular modeling studies. 
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1. Introduction 
 
The protection of the bioactive compounds 
against the environmental, alimentary, or 
biological degradative factors (air/oxygen, 
light/UV radiation, humidity etc.) is a 
major problem due to the degradation 
products (especially those oxygenated) 
which have a negative impact to the human 
health. In the case of the unsaturated fatty 
acids, the epoxydes and hydroperoxydes, 
which can be formed in the presence of the 
oxygen, can lead to free radicals and 
interact with nucleic acids or proteins from 
the organism [1, 2]. The linear epoxydes 
(like those resulted by epoxydation of the 
oleic, linoleic, and linolenic acids) can 
easily penetrate the cell membrane and 
interact especially with the DNA [3]. 
  
 

 One of the best matrices used to protect and 
controlled release of the bioactive 
molecules are cyclodextrins (CDs), which 
are natural cyclic oligosaccharides, 
containing six (αCD), seven (βCD), eight 
(γCD), or more glucopyranose moieties. 
Cyclodextrins have structures like truncated 
cones, with hydrophobic inner cavities, 
which can accommodate geometric 
compatible bioactive molecules by van der 
Waals interactions, providing stable 
complexes (molecular inclusion 
compounds, supramolecular systems) with 
very good protecting properties [4, 5]. 

Cyclodextrins were used especially for drug 
and food additive complexation in order to 
improve the solubility, the stability, to mask 
disagreeable odor and taste, and to provide 
systems with controlled release of the 
encapsulated biomolecules. 
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In the pharmaceutical field, some studies 
were performed on the solubilization of the 
trimethoprim, sufadiazine, and 
sulfamethoxazole by molecular 
encapsulation in CDs and modified CDs 
[6], the encapsulation of the alkylparabens, 
carbamazepine, and oxyphenbutazone in 
natural CDs [7-9], or the complexation of 
the barbiturates or steroids with modified 
CDs [10, 11]. In the case of barbiturates, 
molecular dynamic studies were performed 
in order to evaluate the encapsulation 
process. A very interesting review was 
recently published on the possibility of 
application of the cyclodextrins in food 
industry, authors reviewing over than 14 
years of determinations on the flavoring 
compounds/βCD complexes [12]. 

Our previous studies revealed that the 
bioactive molecules are thermally degraded 
in the presence of air and humidity and the 
molecular encapsulation of the 
biomolecules enhances the stability of 
these molecules and reduces the probability 
of the generation of oxygenated 
compounds [13]. In our study, three 
complexes between C18 unsaturated fatty 
acids (oleic, linoleic, and linolenic acids) 
and βCD were obtained and characterized 
by differential scanning calorimetry (DSC). 
In order to evaluate de complexation 
process, a theoretical molecular mechanics 
modeling was performed. 

2. Materials and methods 
 
Materials. Oleic acid (99%, reagent grade), 
linoleic acid (99%, reagent grade), and 
linolenic acid (>70%, natural) were 
purchased from Fluka Chemie AG (Swiss). 
β-Cyclodextrin used for encapsulation was 
obtained from Merck&Co., Inc., New 
Jersey. 
 
Nanoencapsulation.  

The nanoencapsulation of the fatty acids 
with β-cyclodextrin was performed 
according to [13]: 0.05 mmole of β-
cyclodextrin (671 mg) was dissolved in 8 
ml distilled water at 50±1°C in a 
thermocontrolled minireactor, equipped  

 with reflux condenser, and then 5 ml 
ethanolic solution of oleic, linoleic, or 
linolenic acid (the weight corresponding to 
fatty acid : βCD molar ratio of 1 : 1) were 
slowly added under continuous stirring. The 
solution was then stirred another 15 minutes 
and slowly cooled at 20°C in about 4 h. The 
crystallization was perfected in refrigerator 
at 4°C for 24 h. The complex was filtered, 
washed with ethanol and dried in exicator. 
 
DSC analysis. Differential scanning 
calorimetry was carried out on a DSC 204 
Netzsch apparatus, with a temperature 
program of -50÷200°C, the heating rate 
being 4°C/min. The acquisition and the 
processing of the data were performed with 
the DSC 204 Netzsch-Acquisition Soft/2000 
and Netzsch Proteus-Thermal Analysis, ver. 
4.0/2000, respectively. The DSC analysis 
was performed for the pure βCD, for fatty 
acids, and for fatty acid/βCD complexes. 
The thermodynamic characteristics of 
complexes were evaluated by comparing the 
profile of these supramolecular systems 
with those of pure host (βCD) and guest 
(fatty acids) molecules (see below). 
 
Molecular modeling and conformational 
analysis. The molecular modeling of the 
unsaturated fatty acids, βCD, and fatty 
acid/βCD inclusion compounds (docking 
experiments) was performed using the 
MM+ molecular mechanics program from 
the HyperChem 5.1 package [14], with a 
RMS gradient of 0.005 kcal/mole and a 
conjugate gradient Polak-Ribiere algorithm. 
The start conformation of the β-cyclodextrin 
structure was constructed according to the 
bond length and angles determined by X-ray 
[5]. 

Due to the large number of flexible angles 
in the fatty acid structure, the 
conformational analysis using the 
Conformational Search program from the 
HyperChem 5.1 package was performed in 
order to obtain the minimum energy 
conformation, which can interacts with 
βCD. 
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The optimization program used for 
conformational analysis was the MM+, 
with Polak-Ribiere algorithm, RMS 
gradient of 0.005 kcal/mole, range for 
acyclic torsion variation of ±60° - ±180°, 
maximum acceptance criterion of 4 
kcal/mole above best, maximum iterations 
or optimizations of 500. Conformations 
were considered duplicate if the energy 
was within 0.05 kcal/mole, the distance 
between the corresponding atoms were 
lower than 0.5Å or the difference between 
the corresponding torsion angles was lower 
than 15°. 

The theoretical interaction energy 
(physically irrelevant values as absolute 
energy, but useful for comparison) between 
fatty acid and βCD was evaluated by the 
difference between the sum of the energies 
of these two molecules calculated as single 
compound for the most stable 
conformation and the energy of the 
complex. 

3. Results and discussion 

The fatty acid/βCD complexes were 
obtained with good yields of 86% in the  

 case of oleic acid, 74% for linoleic acid, and 
59% in the case of linolenic acid. 

The variation of the yields is probably due 
to a higher solubility of the polyunsaturated 
fatty acid/βCD complex or to a lower 
encapsulation of the C18:2 and especially 
C18:3 fatty acids in βCD. 

In order to evaluate the energy of 
interaction between the fatty acid and βCD, 
these two types of molecules were analyzed 
first as pure compounds. For the pure oleic 
acid the DSC analysis revealed two peaks. 
The main peak appear at 11.7°C, with an 
onset point to 7.0°C and the end point to 
13.9°C (Fig. 1); this peak correspond to the 
melt of the oleic acid. The second peak 
appears to -13.8°C and corresponds to an 
unknown transformation of the oleic acid 
crystals (Fig. 1).  

The melting points of the linoleic and 
linolenic acids are revealed by peaks at -
8.7°C and -14.5°C, with end points at -
7.1°C and -13.1°C, respectively (Fig. 1). No 
thermal effects were observed in the range 
of 40-180°C (where the dissociation of the 
complex or the dehydration of the pure βCD 
appears) for all fatty acids (not shown). 
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End: 13.9 °C

Onset: -13.1 °C

Peak: -8.7 °C

End: -7.1 °C
Onset: -18.8 °C

Peak: -14.5 °C

End: -12.8 °C [1][2][3]↑  exo

 
Figure 1 DSC analysis of the oleic, linoleic, and linolenic acids 
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The DSC analysis of the pure βCD 
revealed an endothermic peak in the range 
of 70-110°C, corresponding to the 
dehydration of the cyclodextrin (Fig. 2). In 
our previous studies [15-17] we evaluate 
the number of crystallization water 
molecules by thermogravimetry (βCD:H2O 
ratio of 1:14.05 up to 200°C). 

In the case of all complexes an 
endothermic large extra peak appears after 
the peak corresponding to the dehydration 
of βCD (above 100°C); that peak was 
attributed to the dissociation of the fatty 
acid/βCD complex. Some water molecules 
also appear in all complexes, as indicate by 
the DSC analysis (Fig. 2). In the case of 
oleic acid/βCD complex, a part of the 
ethanol used in the encapsulation process 
seems to be complexed by βCD (the first 
peak that appear in the Fig. 2). 

The goal of this study is to evaluate the 
dissociation (interaction) energy of the 
fatty acid/βCD complex and to demonstrate 
that the extra peak that appear in the DSC 
analysis correspond to this physical 
process. 

 Due to the profile of the extra peak, we 
cannot establish the correct base line that 
allows to calculate the endothermic peak 
area and forward the dissociation energy. 
Therefore, three types of base lines were 
used to evaluate this interaction energy: 
linear, tangential, and horizontal (from the 
right point).  

The temperature range used for evaluation 
was that corresponding to the start and end 
points obtained by using the linear base line 
(that are tangential in both points; see Fig. 3 
as example for the calculation of the 
interaction energy).  

The peak area was calculated in J/g, using 
the specific Netzsch Proteus program. 
Probably, the closest to the reality is the 
value determined by using the tangential 
base line. In order to compare the 
experimental dissociation energy with that 
obtained from the theoretical molecular 
modeling of the nanoencapsulation, this 
value was converted in kcal/mole, using the 
molar mass of βCD (1135 g/mole) (Table 
1). 

 
 

40 60 80 100 120 140 160 180
Temperature /°C

-0.90

-0.80

-0.70

-0.60

-0.50

-0.40

-0.30

-0.20

-0.10

DSC /(mW/mg)

pure beta-cyclodextrin (bCD)

oleic acid/bCD complex

linoleic acid/bCD complex

linolenic acid/bCD complex

[1][2][3]
[4]

↑  exo

 
Figure 2. DSC analysis of the pure βCD and complexes with oleic, linoleic, and linolenic acids 
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Figure 3. DSC analysis of the oleic acid/βCD complex; three ways to evaluate the interaction 
           energy, corresponding to linear, tangential, and horizontal base lines are presented. 

 
 
 
 

For the theoretical evaluation of the 
interaction energy, the most stable fatty 
acid conformation (all fatty acids having 
spiral backbone when the optimization was 
performed without solvent molecules) was 
orientated along to the Z axis (the axis that 
pass centers of the truncated cone bases of 
βCD), to both βCD faces (the large base 
with secondary OH-groups and the small 
base with primary OH-groups), with the 
hydrophobic moiety of the fatty acid 
pointed to βCD; the distance between the 
gravity centre of these two molecules was 
approximately 8Å.  

The best docking results were obtained in 
the case of orientation of the fatty acid 
conformation to the secondary OH-groups 
of the βCD.  

 The optimized conformations of the 
complexes indicate the formation of the van 
der Waals bonds between the inner cavity of 
the βCD and the hydrophobic moiety of the 
fatty acid structure and the formation of the 
H-bonds between the secondary OH-groups 
of the βCD and carbonyl or hydroxyl groups 
from the fatty acid carboxyl (Fig. 4). 
The theoretical interaction energy between 
the fatty acid and βCD decrease with the 
increase of the number of double bonds 
from the fatty acid structures, as shown in 
Table 1. This variation is in agreement with 
the variation of the interaction energy 
obtained from the DSC analysis and 
confirms that the extra peak that appear in 
the DSC analysis correspond to the 
dissociation of the complex. 
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Figure. 4 Molecular modeling (MM+) of the interaction of the oleic (up), linoleic (middle), and linolenic 
acids (down) (all bolded) with βCD; two representations (along to the OX-left and OZ-right axes) of the 

optimized conformations of complexes are presented 
 

The theoretical interaction energy between 
the fatty acid and βCD decrease with the 
increase of the number of double bonds 
from the fatty acid structures, as shown in 
Table 1.  

 

 This variation is in agreement with the 
variation of the interaction energy obtained 
from the DSC analysis and confirms that the 
extra peak that appear in the DSC analysis 
correspond to the dissociation of the 
complex. 

 
Table 1 Experimental (by DSC analysis using linear, tangential, and horizontal base lines) and theoretical  
      (MM+) interaction energy (kcal/mole) between fatty acids and βCD 

No Complex Elinear (DSC) Etangential (DSC) Ehorizontal (DSC) E (MM+) 
1 Oleic acid/βCD 6.56 8.37 24.62 25.49 
2 Linoleic acid/βCD 2.65 3.93 14.03 23.55 
3 Linolenic acid/βCD 1.86 2.05 9.58 20.98 
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4. Conclusion 

The unsaturated fatty acid/βCD complexes 
were obtained with good yields and the 
DSC analysis suggests the formation of the 
complex. The DSC analysis also indicates 
that a part of the encapsulated molecules 
can be ethanol (especially in the case of 
oleic acid/βCD complex) and water 
molecules. The peak corresponding to the 
dissociation of the complex (with energy 
assumed to be equal with the interaction 
energy) has an elongated profile and the 
interaction energy is difficult to evaluate. 
The use of the tangential base line seems to 
be more appropriate to evaluate the real 
energy. The experimental interaction 
energy (values in the range of similar 
physical interactions) of the oleic acid/βCD 
decrease to a half for the linoleic acid/βCD 
and forward for the linolenic acid/βCD. 
The same variation can be observed in the 
case of the theoretical interaction energy 
evaluated by molecular mechanics 
calculations. A forced linear correlation 
can be observed between the experimental 
and theoretical interaction energies that 
confirm the formation of the fatty 
acid/βCD complexes. 
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