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Abstract: Phytosterols (PS), that is vegetable sterols, are compounds widely recognized for lowering 
the absorption of cholesterol and decreasing cancer risk, with βsitosterol, stigmasterol and campesterol 
being the most abundant. As PS is poorly soluble in aqueous solutions, many approaches have been 
proposed to increase their solubility and bioavailability. β-cyclodextrin (β-CD) could be used to in-
crease PS aqueous solubility because of its capacity to entrap a variety of hydrophobic guest molecules 
in its cavity. In this work, the formation of β-CD/PS inclusion complexes was confirmed by differential 
scanning calorimetry (DSC), electrospray ionization-high resolution mass spectrometry (ESI-HRMS) 
and Fourier transform infrared spectroscopy (FT-IR), while structural characteristics were determined 
by one- and two-dimensional nuclear magnetic resonance (NMR) techniques. Results confirmed 1:1 
binding stoichiometry, which suggests the total inclusion of rings and chains of the different PS. The 
hypothesis of folding of the lateral chains into the cavity may be supported by the multiple correlations 
observed in the nuclear Overhauser effect spectroscopy (NOESY) and rotating-frame nuclear Overhau-
ser effect spectroscopy (ROESY) spectra. 
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1. INTRODUCTION 

 Phytosterols (PS), i.e. plant sterols and stanols, are struc-
turally similar to cholesterol but exclusively synthesized by 
plants, and include β-sitosterol (βS), campesterol (C) and 
stigmasterol (S) in the largest proportion in most sources. 
The interest in studying PS was initially sparked by their 
effectiveness in reducing the absorption of dietary choles-
terol and thus offering protection from cardiovascular dis-
eases [1-4]. PS is adsorbed proportionally to cholesterol but 
to a much lesser extent (5). The most prevalent PS, βS has 
been well documented in medical research and has been re-
ported to possess cholesterol-lowering properties. Some 
studies have also demonstrated that daily consumption of βS 
is associated with decreased cancer risk [6,7].  
 Controlled dietary studies in animals suggest that PS may 
offer protection against breast, colon and prostate cancer, 
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among others. An interesting hypothesis which may account 
for this protective action is that PS induces apoptosis or pro-
grammed cell death in proliferative tumor cells [7]. 
 Although PS is widely found in the normal diet, the 
amounts usually acquired are barely adequate to render sig-
nificant health benefits. The natural background intake of 
free PS and phytostanols from plant products, including 
seeds, nuts and vegetable oils, has been estimated to be 
within a range of 150-400 mg/day. As the cholesterol-
lowering effects of free PS and phytostanols reach a plateau 
at approximately 2g/person per day, these compounds be-
come interesting food supplements and ingredients in food 
formulation. The use of PS, phytostanols and their esters is 
regulated in numerous countries including the EU, USA, 
Australia and New Zealand, either as food additives/ 
ingredients or as supplements [8]. However, the incorpora-
tion of these compounds in food and their administration as 
therapeutic tools is still limited because they are more easily 
soluble in fats and oils than in aqueous solutions. Therefore, 
many approaches have been proposed to increase the solubil-
ity or bioavailability of PS, such as PS ester synthesis, emul-
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sion formulation and nano-size dispersion [9-12]. These ap-
proaches enable the convenient incorporation of PS as food 
additives without adverse organoleptic effects.  
 Along the same lines, molecular encapsulation could also 
be used to increase the aqueous solubility of poorly soluble 
compounds and to enhance their bioavailability and stability 
[13, 14]. In particular, cyclodextrins (CD) can be employed 
as encapsulation agents because of their capacity to entrap a 
variety of hydrophobic guest molecules of suitable size in 
their cavity, thus leading to the formation of inclusion com-
plexes [15, 16]. 

 CD is cyclic oligosaccharides containing six (α-CD), 
seven (β-CD) or eight (γ-CD) α -1, 4 glucopyranose units 
linked. Their molecules are shaped like truncated cones with 
a central cavity where the hydroxyl groups are oriented to 
the exterior of the cavity, with the secondary hydroxyl 
groups located in the larger opening and the primary ones in 
the smaller opening. The three-dimensional structure of CD 
molecules gives the outer surface a hydrophilic character and 
water solubility. In contrast, the inner cavity is lined by hy-
drogen atoms and glycosidic oxygen bridges presenting a 
relatively hydrophobic character. This cavity can receive 
other lipophilic guest molecules, provided they have the cor-
rect size and shape.  

 As α-, β- and γ-CD have now generally recognized as 
Safe (GRAS) status and have been recently approved as ad-
ditives in the EU, CD can be easily used in the food industry 
[16]. Also, CD is used as drug carriers in the pharmaceutical 
industry to enhance the solubility and stability of bioactive 
molecules and has been approved by the Food and Drug 
Administration (FDA) as being friendly to humans [15]. Af-
ter oral administration, the natural CD and their derivatives 
are susceptible to bacterial digestion in the gastrointestinal 
tract. Whereas α- and β-CD are predominantly digested by 
bacteria in the colon, γ-CD is rapidly digested by salivary 
and pancreatic α amylase. On the other hand, after parenteral 
administration, CD is mostly excreted unchanged in the urine 
via glomerular filtration [17]. For these and other reasons, 

CD is now widely employed in pharmaceutical, cosmetics, 
food and chemistry industrial sectors [17, 18]. 
 The suitable characterization of CD esterols and steroids 
inclusion complexes and the assessment of their formation in 
the solid state require joint use of different analytical tech-
niques, whose combined analysis may enable an appropriate 
and in-depth understanding of host-guest interactions [19]. In 
this context, the objectives set out in this work were first to 
obtain a mixture of inclusion complexes formed by β-CD 
and a mixture of PS-rich in βS with minor amounts of S and 
C. Secondly, we aimed to establish stoichiometric host-guest 
relationships in each of the inclusion complexes formed, 
elucidating the mode in which PS is included in the β-CD 
and whether the process involves any degree of selectivity 
according to PS structural differences. This analysis may 
pose operational obstacles, as obtaining a mixture of inclu-
sion complexes with a concentration and molar ratio of PS 
similar to those presented by the original mixture, prepared 
according to the range of concentrations recognized as their 
nutritional contribution, requires each of the complexes to be 
prepared separately and then mixed in the desired molar ratio. 
Spectroscopic tools used to characterize inclusion complexes 
and demonstrate host-guest interaction included differential 
scanning calorimetry (DSC), electrospray ionization-high 
resolution mass spectrometry (ESI-HRMS), Fourier-transform 
infrared spectroscopy (FT-IR) and one- and two-dimensional 
nuclear magnetic resonance (NMR) techniques. 

2. RESULTS AND DISCUSSION 

2.1. GC Analysis 

 In previous work, we studied (see Experimental) the ef-
fect of process parameters on EE as the concentration ratio 
of PS (mixture of PS-rich in β-S with minor amounts of S 
and C) and β-CD, temperature, time and speed of agitation. 
EE was determined by GC analysis of PS (mixture) concen-
tration and by the phenolphthalein method quantifying the 
free β-CD in the solution. A high 75% encapsulation effi-
ciency (EE) was reached for PS in β-CD. 

  
Fig. (1). DSC thermograms of β-CD, PS, β-CD-PS PM and β-CD-PS inclusion complexes. 
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2.2. DSC Analysis 

 DSC thermograms of β-CD, PS, β-CD-PS PM (physical 
mixtures) and β-CD-PS inclusion complex are shown in Fig. 
(1). 
 DSC can be used to measure the interaction between two 
components, as thermograms have been shown to change 
when guest molecules are included in the CD cavity. The 
points of melting, boiling and sublimation usually shift to a 
different temperature or disappear within the temperature 
range at which the CD is decomposed [20].  
 In the current analysis of β-CD, two endothermic peaks 
were observed in the thermogram centering at 91.36ºC and 
321.67ºC, the first of which is assigned to the loss of crystal 
water from β-CD [21]. Likewise, analysis of the pure PS, 
complex and PM- i.e. both components not subjected to the 
process conditions for complex formation- revealed thermo-
grams showing complex DSC curves different from those of 
the unreacted reagent mixture. The endothermic peak for PS 
at 134.72ºC corresponds to the melting point. Complex for-
mation was proven by the absence of a sharp peak in the 
temperature range investigated, which was however present 
in the PM. 

2.3. ESI-HRMS analysis  

 Figure (2) shows the area of interest of the ESI-HRMS 
(positive mode) β-CD/PS inclusion complex spectrum. 
 ESI-HRMS is a relatively soft ionization technique used 
for the analysis of biomolecules, which has become effective 
in determining molecular noncovalent interactions [22, 23]. 
This technique has therefore provided an opportunity to 
study the formation of inclusion complexes of CD with dif-
ferent organic molecules and several drugs [24, 25].  

 In the present study, the comparison of experimental and 
theoretical data confirms the presence of three inclusion 
complexes which have the same host-guest stoichiometric 
ratio, i.e. 1:1. These data support the conclusion that, al-
though βS is a major component in the mixture of PS used, 
experimental conditions also allowed to find the inclusion 
complexes of PS to a lesser extent (S and C). This evidence 
receives further support from information obtained in the 
comparative NMR analysis of samples of free β-CD, the 
mixture of PS used as starting material and the correspond-
ing inclusion complexes. 

2.4. FT-IR Spectroscopy Analysis 

 Figure (3) shows the FT-IR spectra for the β-CD, PS, β-
CD-PS PM and inclusion complexes.  
 FT-IR spectroscopy is used to analyze CD complex for-
mation, as the bands for the guest and host molecules change 
intensity and position on complex formation [26-29].  
 An absorption band was also observed belonging to the 
valence vibrations of the C–H bonds in the CH and CH2 
groups, with a maximum at 2926 cm−1. The absorption bands 
from the deformation vibrations of the C–H bonds in the 
primary and secondary alcohol groups of β-CD and PS were 
observed in the region 1420–1300 cm−1. The bands from the 
valence vibrations of the C–O bonds in the ether and hy-
droxyl groups of the CD were observed in the region 1210–
1020 cm−1. The absorption bands belonging to the deforma-
tion vibrations of the C–H bonds and the pulsation vibrations 
of the glucopyranose cycle were observed in the region 950-
800 cm−1. Broad signals were observed with maximums at 
1647, 1666, 1645 and 1640 cm−1 for the four samples (Figs. 
3A, B, C and D), which reflect the δ-HOH bending of water 
molecules attached to CD, the PM and the complex [29b]. 

 
 
Fig. (2). Zone of the ESI-HRMS in a positive mode which rendered m/z (Z = 1) ratios [Da] of the β-CD-PS inclusion complexes spectra plus 
sodium [M + Na]+. 
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Fig. (3). FT-IR spectra of A: β-CD, B: PS, C: β-CD-PS PM, and D: β-CD/PS inclusion complexes. 
 

Table 1. FT-IR signals of β-CD, PS (guest/s) and the inclusion complexes. 

Wave Number (cm-1) 
Functional Group 

β-CD Guest/s Inclusion Complexes 

Changes  
Δν  (cm-1) 

ν(O-H) 3369  3369 0 

ν(O-H)  3408 3369 -39 

ν(=C-H) (shoulder)  3042 Not observed --- 

ν(C=C)  1652 1637 -15 

ν(C-H) (deformation)  1464 1458 -6 

ν(C-H) (deformation) 1411  1421 10 

ν(C-H) (deformation)  1373 1379 6 

ν(C-O) 1157  1155 -2 

ν(C-H) (deformation, glucopyranose cycle) 947  941 -6 

 
 The FT-IR spectrum of PS mixture (Fig. 3B) shows the 
following characteristic bands: 3408 (O-H); shoulder at 3032 
(=CH); 2957, 2926, 2866 and 2853 (C-H bonds correspond-
ing to CH and CH2 groups); 1652 (C=C); 1464-1300 (C-H, 
deformation vibrations) and 936 (OH) cm−1.  
 The analysis of the spectrum of inclusion complexes 
(Fig. 3D) presented difficulties due to overlapping host and 
guest signals. However, this may constitute evidence of their 

formation on the basis of displacement of diagnostic signals 
(Table 1). 
 Table 1 shows increases and decreases in position bands, 
Δν [cm-1]. The increase was due to the insertion of a cyclic 
part into the electron-rich cavity of β-CD, which increases 
the density of the electron cloud and leads to an increase in 
frequency. The decrease in frequency between the inclusion 
complex and its constituent molecule was due to changes in 
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the microenvironment which lead to the formation of hydro-
gen bonding and the presence of van der Waals forces during 
their interaction to form the inclusion complex. On the other 
hand, the FT-IR spectrum of PM imitated the characteristic 
peaks of β-CD and βS/S/C, which can be regarded as a sim-
ple superimposition of those host and guest molecules. Thus, 
the FT-IR spectra conclusively proved the formation of in-
clusion complexes. 

2.5. NMR Analysis 

 Host-guest interactions were also studied through the 
comparison of one- and two-dimensional NMR spectra of β-
CD, PS and inclusion complexes recorded at 500.12 and 125 
MHz for 1H and 13C, respectively, shown in Fig. (4). All 
spectra were acquired on samples prepared with the same 
solvent mixture (DMSO d6/CDCl3 85:15 % v/v) in order to 
obtain consistent and comparable results, as different sol-
vents or solvent mixtures may have rendered non compara-
ble results due to the so-called specific and non-specific ef-
fects of the solvent on the molecules of a sample [31a-c]. In 
addition, spectroscopic 1H-NMR data reported for choles-
terol were recorded in DMSO d6, to primarily establish the 
changes observed in the proton H(1´-4´), H3´(OH), H6´, 
H18, H19 and H21 (Fig. 4) [32d]. To assign the 1H and 13C 
nuclei 1-7 and 18´-29´ for the case of βS and S, and the nu-
clei 1´-7´ and 18´-28´ of the same isotopes for C (Fig. 4), we 
used bibliographic information showing spectra of free PS 
[31e-f]. As the latter was acquired in CDCl3 as the only sol-
vent, the information obtained from them was used with 
guidance. 
 The data obtained from the one-dimensional 13C and two-
dimensional NMR spectra of β-CD and inclusion complexes 
allowed us to establish a single signal for each of the C nu-
clei in the inclusion complex, which may indicate that the 
interactions of the different guests with the same host were 
similar from a magnetic point of view. This assertion is 
based on bibliographical information reporting the high sen-
sitivity of 13C nuclei to minimum conformational changes 
which could be generated in free CD by the formation of 
inclusion complexes. As a next step, and on the basis of the 

bibliographical evidence mentioned above, the signals corre-
sponding to protons H1-6 and H2´, 3´ and 6´(OH) (Fig. 5) of 
the free host were assigned before and after complexation 
[31]. 
 Scientific research has long focused on CD complexes by 
observing the chemical shifts of protons H3 and H5 inside 
the cavity of α-CD in the presence of residues of different 
molecules, for example, due to the anisotropic effect of an 
aromatic ring. A host-guest interaction leads to a change in 
the δ of hydrogens due to complexation [32,34a], which pro-
vides first evidence of the guest inclusion in the CD cavity 
[33]. 
 In addition, the chemical shift variance of proton NMR 
proves that host and guest molecules interact with each other 
and form a complex. In this regard, it has been concluded 
that partial inclusion of the guest inside the cavity occurs 
when Δδ H3 > Δδ H5, while total inclusion takes place when 
Δδ H3 ≤ Δδ H5 [32, 34a]. As an example, the host-guest 
interactions of the inclusion complex [34a] Genistein/β-CD 
can be analyzed through the differences between proton 
chemical shifts of both species [35]. 
 

 
 
Fig. (5). 
 
 The present work also studied the qualitative effects of 
complex formation and the degree of guest inclusion in the 

 
 
Fig. (4). Structures of cholesterol, β-sitosterol (βS), stigmasterol (S) and campesterol (C). 
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host cavity, in this case, β-CD. The 1H-NMR spectra be-
tween 3.000 and 6.000 ppm of β-CD and its association with 
PS in the inclusion complex in DMSO d6/CDCl3 (85:15 % 
v/v) are shown in Fig. (6).  
 As the fields were around 500 MHz, only the anomeric 
protons (H1) exhibited enough separation from the others for 
an approximate first-order analysis of the 1H-NMR spin sys-
tem. Coupling constants for the other glucose protons can be 
accurately obtained by automated analysis of proton NMR 

spectra through global spectral deconvolution (GSD) as re-
ported in the literature [34b, 36, 37]. 
 1H-NMR chemical shifts of the inclusion complex and 
the variance across those of β-CD are listed in Table 2.  

 Considering the values of Δδ for H3 and H5 and the bib-
liographic information mentioned above [34, 36], total inclu-
sion may be concluded of PS in β-CD. On the other hand, 
given the size and conical shape of the β-CD cavity, different 

 
 
Fig. (6). 500 MHz 1H-NMR spectra of free β-CD (A) and PS inclusion complexes (B) in DMSO d6 (15 % CDCl3) solvent mixture. 
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Table 2. Proton 1H-NMR chemical shifts corresponding to β-CD and inclusion complexes. 

Chemical Shifts (δ) [ppm] 
Nucleus 

β -CD (Free) Inclusion Complexesa 
Δδb 

H-1 4.814 4.807 -0.007 

H-2 3.300 3.315 0.015 

H-3 3.642 3.662 0.020 

H-4 3.331 3.324 -0.010 

H-5 3.561 3.582 0.021 

H-6 3.646 3.666 0.004 

H-2´(OH) 5.660 5.648 -0.022 

H-3´(OH) 5.660 5.645 -0.015 

H-6´(OH) 4.440 4.375 -0.065 
aAverage values of the chemical shifts observed for inclusion complexes with different PS.  Δδb = δ(complex) - δ(β -CD (free)).  
 

  
Fig. (7). Schematic representations of the conformations envisaged for the 1:1 (Types A and B). 
 
types of the complex may have formed. As a first possibility, 
the side chain may be located toward primary alcohol groups 
outside the host (hydrophilic part); as a second possibility, 
the chain may be located close to the secondary face (hydro-
phobic part), inside β-CD. The remaining four types of com-
plexes which could have been formed by one mole of host 
and guest [31] were ruled out considering the results ob-
tained in mass spectrometry and elemental analysis. The 
results of the latter were used only to roughly estimate the 
composition of the sample. 
 Additionally, the values of Δδ for H3 and H5 of the free 
β-CD and the inclusion complexes may raise two structures 
in which each of the PS are included in the CD cavity. 
 Depending on guest conformations inside the host cavity, 
the cyclic part of PS may be closer to the small opening of 
the CD, with the side chain closer to the larger opening 
(Type A). A second option may be thought to have the oppo-
site conformation (Type B) (Fig. 7). 
 As the PS mixture used as starting material had βS as its 
main component and minor amounts of S and C, the reaction 
product did not prove to be a single inclusion, but a mixture 
of three complexes whose existence and identity were evi-
denced from the data obtained through ESI-HRMS. This tool 
proved highly useful due to structural similarity among the 
three guests, mainly in the case of βS and C, whose struc-
tural differences are based on the degree of substitution of 

the side alkyl chain linked to the cyclic part of PS. In con-
trast, the identification of S with reference to the other two 
PS was less complex, as the side chain presented unsatura-
tion in position 22, whose identification yielded vital infor-
mation from the two-dimensional NMR experiments.  
 As mentioned above, working on a PS mixture and their 
inclusion complexes rather than a single pure compound 
caused difficulty in NMR studies on samples. For these rea-
sons, only partial proton and carbon attributions were ob-
tained (Table 3).  
 In order to perform a more detailed analysis, each PS, 
either free or being part of the inclusion complex, was di-
vided in the form shown in Fig. (1), i.e. a cyclic part and a 
so-called side chain. Additionally, each spectrum was di-
vided into six regions which can be observed in Fig. (8). The 
first spectral region between 0.6 and 0.7 ppm (Z1) contains 
the signals assigned to protons H18 (C), H18 (βS) and H18 
(S). The second section (Z2) (0.7-0.85 ppm) contains the 
signals assigned to protons H28 (C), H26-27 and 29 of three 
PS. In a third zone (Z3) between 0.86 and 1 ppm approxi-
mately, signals can be assigned to protons H1a, H19 and 
H21, corresponding to three PS, as well as those signals as-
signed to protons H24 (βS and S) and H22a (βS and S). Be-
tween 3.20 and 3.30 ppm (Z4), signal was observed corre-
sponding to proton H3 (βS, S, C). The signals assignable  
to the PS showing the greatest displacement (Z5) are those 
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Table 3. 1H and 13C NMR chemical shifts corresponding to free PS and inclusion complexes. 

1H 13C 

Chemical Shifts (δ) [ppm] Chemical Shifts (δ) [ppm] 
Assignmenta 

(1H and 13C) 
Free Phytosterols Inclusion Complexes 

Δδ 
Free Phytosterols Inclusion Complexes 

Δδ 

1´a 0.968 0.966 -0.002 36.685 36.631 -0.054 

2´a 1.323 1.320 -0.003 

2´b 1.670 1.655 -0.005 
31.040 31.036 -0.004 

3´ 3.258 3.249 -0.009 69.773 69.714 -0.059 

3´´(OH) 4.476 4.493 0.017 --- --- --- 

4´a-b 2.094 2.079 -0.015 41.916 41.858 -0.058 

5´ --- --- --- 140.925 140.970 0.045 

6´ 5.222 5.223 -0.001 12.240 120.428 0.008 

7´a 1.888 1.888 0.000 

7´b 1.464 1.439 -0.025 
31.091 31.001 -0.090 

18C 

18βS 
0.629 0.631 0.002 11.301 11.512 0.201 

18S 0.649 0.651 0.002 11.450 11.693 0.243 

19C 

19βS 
0.925 0.926 0.002 

19S 0.928 0.929 0.001 

18.637 18.808 0.171 

20C 

20βS 
1.316 1.325 0.009 35.211 35.199 -0.012 

20S 1.995 2.006 0.011 39.680 39.683 0.003 

21C 0.865 0.867 0.002 18.529 18.667 0.138 

21βS 0.876 0.878 0.002 18.407 18.447 0.040 

21S 0.973 0.975 0.002 20.698 20.688 -0.010 

22S 5.114 5.117 0.003 137.843 137.875 0.032 

22a βS-C 0.992 0.995 0.003 

22b βS-C 1.282 1.290 0.008 
33.078 32.998 0.080 

23S 4.980 4.978 -0.002 128.422 128.572 0.150 

24βS 0.891 0.894 0.003 45.083 45.098 0.015 

24S 1.488 1.488 0.000 50.364 50.323 -0.041 

24C 1.163 1.164 0.001 37.997 38.006 0.009 

25βS 1.616 1.612 -0.004 28.433 28.337 -0.096 

25C 1.446 1.462 0.016 31.107 31.198 0.091 

25S 1.325 1.379 0.044 31.091 31.244 0.153 

26βS 0.792 0.795 0.003 19.444 19.429 -0.015 

26C 0.725 0.731 0.006 17.063 17.132 0.069 

27βS 0.771 0.774 0.003 18.520 18.554 0.034 

28C 0.728 0.731 0.003 14.899 14.963 0.064 

29βS 0.804 0.806 0.002 11.442 11.487 0.045 

29S 0.758 0.751 -0.007 11.734 11.785 0.051 

(26S, 27C-S) 0.735-0.820 0.740-0.840 0.005-0.020 ---- ---- ---- 
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Fig. (8). A and B. 1H-NMR spectra corresponding to free PS (top) and inclusion complexes (bottom).  
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corresponding to protons H22-23 (S), H3´(OH) and H6´, 
corresponding to three PS. 
 An automatic deconvolution analysis was performed on 
each of the zones, in order to improve the assignment accu-
racy and results in quality. Also, for validation purposes, a 
comparative analysis was carried out between the biblio-
graphical information [32] on 1H and 13C NMR spectra per-
formed on chloroform of the three PS separately and the PS 
mixture used here. It was possible to verify that the relative 
chemical displacements for the different nuclei of protons 
and carbons respected the same pattern of relative order in 
the zones mentioned above. The deconvolution analysis 
yielded similar results in the pattern of partition of signals 
and coupling constants, the only differences being observed 
in displacement values for the same nucleus, due to the effect 
of the solvent used. Therefore, given the consistency ob-
tained, bibliographical data on magnetic resonance was used 
as an additional tool to the two-dimensional resonance spec-
tra to perform the above-mentioned assignments. 
 Worth pointing out, the sixth zone analyzed (Z6) was that 
between 1.000 and 2.300 ppm, approximately, where the 
corresponding signals for the rest of proton nuclei which 
have not been previously mentioned can be found. Symbols 
(*) in Fig. (8B) indicate signals corresponding to the CD 
rather than PS. 
 The comparative analysis of region Z5 of 1H-NMR spec-
tra in Figs. (8A and 8B) allowed to check for selectivity in 
the process of inclusion of S with respect to β-S. Results 
validity stemmed from the fact that the areas of the signals 
observed at 5.222 and 5.223 ppm in the spectra 8A and 8B, 
respectively, represent the total number of H6 proton nuclei 
present in cycle B of the three PS, while the areas of signals 
assigned to protons H22 (5.117 ppm) and H23 (4.978 ppm) 
correspond only to S. It should be made clear that compari-
son validity relies on a relative criterion, and that delay time 
used in the sequence of pulses to obtain spectra satisfied the 
condition that T1 should be shorter than delay time between 
pulses. 
 
 The approximate proportions of inclusion complexes β-S 
and C derivatives and free PS mixture could not be assessed 
using a similar analysis as described above, as the signals 
corresponding to protons of β-S and C overlapped. In order 
to roughly calculate the relationship between H21 nuclei 
present in the Z3 region of the three PS in their free form 
(Fig. 8A) and the corresponding inclusion complexes (Fig. 
8B), analyses focused on the areas of each signal obtained 
from the GSD, which revealed similar molar ratios of β-S, C 
and S before and after encapsulation. 
 In addition, the signals described above for regions Z1 
and Z5 lead to the conclusion that the experimental condi-
tions applied in the preparation of the inclusion complexes 
rendered a mixture with a percentage composition similar to 
that of free PS. These results confirm the absence of host 
selectivity about the PS components of the original mixture 
in the molar ratio used. As mentioned above, this lack of 
selectivity is considered an advantage, as a PS mixture could 
be encapsulated with a fixed component ratio which would 
not be affected by the inclusion reaction. 

 To continue with the analysis of the results obtained from 
the one- and two-dimensional NMR techniques, some con-
cepts already described in the literature should be taken into 
account, namely: 

a) Variations in the chemical displacements of the dif-
ferent nuclei, both in host and guest, are explained 
by the field theory, which interprets these findings as 
a consequence of the difference in dielectric envi-
ronment [31,34b]. 

b) Complexes with aliphatic guest molecules lacking 
strong shielding tensors show only small and diffi-
cult to rationalize shielding effects on both host and 
guest. Nevertheless, the shift changes can be used 
not only to determine association constants but also 
[34b] to help determine possible intracavity inclu-
sion. 

c) The claim that Δδ H3 > Δδ H5 implies partial inclu-
sion of the guest inside the cavity while Δδ H3 ≤ Δδ 
H5 implies total inclusion [32,34] may be based on 
the CD cavity shape. A higher degree of inclusion 
(defined, for the purposes of this work as the depth 
of insertion of the host molecule in the CD cavity of 
the host) means greater interaction with the H5 nu-
cleus, which results in greater differences in the shift 
observed for this proton in the inclusion complex. 

d) The interpretation of 13C NMR screening changes 
poses obstacles associated to the pronounced sensi-
tivity of carbon shielding toward even minor con-
formational distortions (Fig. 9). Nevertheless, carbon 
atoms of guest molecules which are located deeper 
in the cavity generally seem to undergo shielding, 
whereas those closer to the large opening of the CD 
tend to be deshielded by complexation [31f,34b 38, 
39]. 

e) Cholesterol was used as a model compound due to 
its similarities to PS (S, C and β-S), as far as the A-D 
cycles are concerned. On the basis of this analogy, 
bibliographical information can be found on the ap-
plication of molecular modeling [40] in which cho-
lesterol interacts with the β-CD in a conformation 
where cycle A is located in the small opening of the 
host cone, and a hydrogen bond can be formed be-
tween the H6´-(OH) and oxygen atom in the 3-
position of the A cycle of the guest. This interaction 
should be reflected in a greater chemical shift for 
H3´´-(OH) nuclei, while H6´-(OH) nuclei may suffer 
an opposite effect. Provided the analogy used is 
valid, the same evidence should be obtained in the 
case of PS S, C and β-S. 

 Using the concepts mentioned in the analysis of the ex-
perimental data observed in one- and two-dimensional NMR 
spectra, Tables 2, 3 and Fig. (9), we could extract important 
information referring to the form in which the different PS 
may interact with the β-CD. First, Table 2 shows that Δδ H3 
(0.020 ppm) ≤ Δδ H5 (0.021 ppm), which, as mentioned 
above (concept c), allows to conclude that the degree of in-
clusion of the PS in the host was total, in agreement with 
models reported in the literature [32, 34]. The second inter-
esting observation arises from the changes undergone by Δδ 
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of H3´´-(OH) and H6´-(OH) (in absolute value). The magni-
tude of the changes might support the hypothesis of a Type 
A PS conformation (Fig. 7). In addition, the sign of the dis-
placements could coincide with the results obtained in the 
computational analysis reported for cholesterol, where a hy-
drogen bond might be generated between the oxygen atom 
located in the 3' position of the PS and the H6´-(OH) of β-
CD [40]. Finally, the 13C NMR (Fig. 9) and heteronuclear 
single-quantum correlation (HSQC) spectra of the complex 
mixture presented a single signal for each of the carbon nu-
clei. 
 

 
 
Fig. (9). 13C NMR spectra corresponding to free β-CD (top) and 
inclusion complexes (bottom). 
 
 On the basis of these bibliographical data indicating that 
the variations in carbon chemical displacements present pro-
nounced sensitivity of carbon shielding toward even minor 
conformational distortions [34b38, 39], it may be concluded 
that the conformations of each PS within the cavity of the β-
CD were similar. Relating these experimental observations 
with respect to the host and concept d mentioned above, it 
could even be argued that the conformational changes gener-
ated by the inclusion of each PS were also similar. In addi-
tion, the greater variations in Δδ were those corresponding to 
the nuclei of carbon C-5 and C-3, which is consistent with 
the Δδ of H3 and H5. However, the latter is valid only when 
comparing variations corresponding to the C-bonded H nu-
clei, as the greatest variation was observed for nuclei H6´-
(OH) (see Table 2 and Fig. 6A-B). 

 To better understand this experimental evidence, an anal-
ogy could be considered in the interactions taking place be-
tween the H6´-(OH) nuclei of the β-CD and H3´´-(OH) of 
the PS. Indeed, the abnormal Δδ of the latter, considering the 
variance experienced by the rest of the hydrogen nuclei of 
the PS in their free form with respect to their encapsulated 
form (see Table 3), may lead us to verify this hypothesis and 
accept β-CD/PS Type A interactions (Fig. 7). 
 Accepting a Type A configuration of the β-CD/PS inclu-
sion complexes critically requires the use of experimental 
and theoretical analytical tools to rationalize this finding as 
accurately as possible. A recent study [41] reports the forma-
tion of the β-CD/βS [ inclusion complex using βS as starting 
material of technical grade and of the same brand as the one 
used in the present study, although no lot number is reported, 
which hinders the comparison of results. These authors only 
report the formation of the βS inclusion complex without 
reference to the behavior of other PS which may have been 
present in the starting material. Moreover, the work cited 
does not show the complete proton magnetic resonance spec-
tra, which may have shown the presence or absence of sig-
nals corresponding to protons H23 and H22 corresponding to 
S, and the identification of other signals characteristic of S 
and C. However, the authors verify the stoichiometric ratio 
of β-CD/β-S in the inclusion complex by an experimental 
method different from that used in the present work. As a 
second relevant finding, the authors demonstrate by classical 
molecular dynamics calculations that the encapsulated cyclic 
head and complete encapsulated conformations were more 
stable than the encapsulated aliphatic tail. 
 In order to establish the type of complex formed between 
the β-CD and β-S, a comparative study was conducted be-
tween Ha-Hb correlations observed in nuclear Overhauser 
enhancement spectroscopy (NOESY) and rotating-frame 
nuclear Overhauser effect spectroscopy (ROESY) two-
dimensional NMR spectra of free host and the inclusion 
complex. Basically, these two experiments were based on the 
fact that when two nuclei, Ha and Hb, are closely located, 
either in the same molecule or due to intermolecular forces, 
nuclei local fields will disturb one another causing a dipole-
dipole coupling, which will have a null J-coupling but will 
change the spin-lattice relaxation time (T1) in the inter-nuclei 
environment. This dipole-dipole coupling will cause the 
splitting of the spin energy levels of both Ha and Hb, which 
causes the so-called nuclear Overhauser effects (NOE), de-
fined as the change in Ha resonance intensity when Hb reso-
nance is altered [34a].  
 NOE measurements can be made in both steady and dy-
namic states. In the dynamic measurement, Hb resonance 
will not be saturated during the mixing time, and NOE en-
hancement will depend on both nuclei magnetization ampli-
tudes after the evolution period t1. The main difference with 
the NOESY experiment is that NOE intensity enhancement 
will be described as three different peaks in the two-
dimensional spectrum, which can discriminate Ha-Hb cross-
peak correlation from peaks related to other changes in Hb 
resonance [34a]. 
 Another effect related to NOE, i.e. rotational Overhauser 
effect (ROE), gives rise to ROESY two-dimensional NMR 
spectra. The main advantage of ROESY experiments over 
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Table 4. Correlations H-H observed in NOESY and ROESY spectra of inclusion complexes. 

Entry (E) Correlation Hnβ-CD/HPh NOESY ROESY 

1 2/23S +  

2 6/3´´-(OH)  + 

3 6/23S +  

4 1/18βS,S,C  + 

5 1/(26,27,21) βS,S,C +  

6 3-(OH)/24C +  

7 6´-(OH)/3´´-(OH)  + 

8 3/(26,27,21) βS,S,C   

9 2´-(OH)/ (26,27,21,19,18) βS,S,C, 28C, 29βS,S + + 

10 3´-(OH) / (26,27,21,19,18) βS,S,C, 28C, 29βS,S  + + 

11 3/(26,27,21,19) βS,S,C  + 

11* 5/(26,27,21,19) βS,S,C  + 

12 2/3´´-(OH)  + 

13 5/ 3´´-(OH) + + 

14 3/ 3´´-(OH) +  

15 4/23  + 

16 4/6´  + 

17 3 and 5/1´a  + 

18 5/3´ + + 

19 3/3´ + + 

20 3/2´a  + 

21 5/2´a  + 

 
traditional NOESY is the use of the spin-lock condition, 
which consists in applying a strong, constant and coherent 
pulse at Hb Larmor frequency throughout the mixing time. 
 This pulse will saturate the Hb resonance, as magnetiza-
tion vector projections remain processing in the XY plane. 
Therefore, the ROE will not only be enhanced due to the 
longitudinal magnetization component interactions but also 
due to the interactions of transversal ones [34a], which 
makes ROESY suitable for structural studies of CD inclusion 
complexes. 
 Table 4 shows the signals corresponding to correlations 
1Ha-1Hb observed in the NOESY and ROESY spectra (Fig. 
10). Assignments were made on the basis of COSY, HSQC 
and heteronuclear multiple-bond correlation (HMBC), and 
guest spectra data reported [32]. 
 Table 4 shows only some proton-proton correlations out 
of the total observed in the NOESY and ROESY spectra. 
The most relevant correlations confirming our hypothesis of 
the existence of a Type A conformation were those corre-
sponding to entries (E) 9-11*, 13-14 and 17-21. In turn, the 
multiple remaining correlations observed in both the NOESY 

and ROESY spectra (Fig. 10) support the assumption that the 
lateral chain of the PS is folded in a certain way that allows 
its complete inclusion in the cavity of the CD, and thus give 
validity to the results obtained from the theoretical calcula-
tions reported. 

3. EXPERIMENTAL 

3.1. Materials 

 β-CD (CAVAMAX® W7) was from ISP Technologies, 
Inc. βS (practical grade) used as guest was from MP Biomedi-
cals, Inc. (Lot. N° 6213K, Composition: β-S, ~40-60%; C 
~20-40%; S~5%), containing β-S as the major product and 
minor amounts of S and C in terms of percentage by mass 
(% wt./wt.). All other reagents and solvents used were of 
analytical grade. All experiments were carried out using ul-
trapure water. 

3.2. Inclusion Complex Preparation 

 β-CD (500 mg) was previously dissolved in 50 mL of 
distilled water at 40ºC in a water bath for the preparation of 
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inclusion complexes. PS mixture (186 mg) was slowly added 
to β-CD water solution with continuous agitation (300 rpm). 
The vessel covered with aluminum foil was stirred continu-
ously at the temperature indicated. The final solution was 
then refrigerated for 12 h at 5ºC. The precipitate complexes 
were recovered by filtration and dried, and the supernatant 
was lyophilized. Simultaneously, a physical mixture (PM) of 
β-CD and PS (molar ratio 1:1) was obtained as control by 
pulverization in a glass mortar. These powder samples were 
further analyzed by DSC, ESI-HRMS, IR spectroscopy and 
NMR.  

3.3. GC Analysis 

 PS content was analyzed by GC on a Shimadzu GC 2012 
Plus instrument, using a 30 m x 0.25 mm, i.d. 0.32 mm, 
0.25-µm film thickness Equity-5 fused silica capillary col-

umn by Supelco. The flow rate of nitrogen as a carrier gas 
was 1.3 mL/min, split ratio was 1:10 (v/v) and temperature 
of injector and detector (FID) were 280 and 300°C, respec-
tively. The oven temperature isotherm was 280°C. The sam-
ple injection volume was 1 µL. 

3.4. β-CD Determination 

 Vikmon modified method was used to quantify β-CD 
[20]. This method is based on the decrease in absorbance at 
550 nm due to the inclusion of phenolphthalein in β-CD. The 
decrease in absorbance is proportional to the amount of free 
β-CD. The working reagent was prepared with a stock solu-
tion of phenolphthalein 4 mM (1.0 mL), which was added 
ethanol (4.0 mL) and taken to 100 mL with a solution of 125 
mM Na2CO3. 

 
 
Fig. (10). NOESY (top) and ROESY (bottom) spectra of the inclusion complexes with H-H correlations of interest. 
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3.5. DSC Analysis 

 For DSC analysis of β-CD, PS, PM and the lyophilized 
samples, i.e. the inclusion complexes were measured on a 
Shimadzu DSC-50, scan rate 10/min, N2 atmosphere flow 50 
mL/min, aluminum crimp crucible and final temperature 
350°C. Analyses were performed at Instituto de Física La 
Plata, Universidad Nacional de La Plata (IFLP, UNLP), Ar-
gentina. 

3.6 ESI-HRMS Analysis 

 High-resolution mass spectra resulting from ionization by 
electrospray in the positive mode were acquired on a Bruker 
micrOTOF-Q II mass spectrometer. 

3.7. FT-IR Spectroscopy Analysis 

 FT-IR samples were prepared as KBr pellets, and their 
spectra determined on a Shimadzu IRPrestige spectrometer. 
Measurements were performed in the scanning range of 
4000-400 cm-1.  

3.8. 1H-NMR Analysis 

 One and two-dimensional NMR spectra were recorded on 
an Avance II Bruker 500 NMR spectrometer at 500 MHz. 
The β-CD, β-S/S/C mixture and supramolecular complexes 
were dissolved in DMSO-d6/CDCl3 (85:15). The measure-
ment temperature was 298 K. Chemical shifts (δ) were re-
ported in ppm and coupling constants (J) were reported in 
Hz. All one and two-dimensional spectra were recorded us-
ing the DMSO d6 signals as a reference (2.500 and 39.520 
ppm for 1H and 13C, respectively). 

CONCLUSION 

 In this work, β-CD was applied as a successful carrier for 
the incorporation of PS. The formation of inclusion com-
plexes between β-CD and the components of a PS mixture 
[34a] rich in β-S with minor amounts of S and C was con-
firmed and characterized by DSC, ESI-HRMS, FT-IR and 
one- and two-dimensional NMR techniques. The DSC ther-
mogram of the solid inclusion complexes did not provide a 
sharp endothermic peak around the PS melting point, which 
was, however, present in the PM, demonstrating the molecu-
lar encapsulation of the PS inside the β-CD cavity. The 1:1 
binding stoichiometry of the complexes was confirmed with 
ESI-HRMS examination. The data from 1H-NMR and FT-IR 
analysis showed that it was feasible to obtain inclusion com-
plexes of β-CD with the components of the PS mixture in the 
conditions established. Partial proof of the lack of selectivity 
in the inclusion process was obtained from the area ratio of 
signals corresponding to 1H nuclei, which were analyzed by 
two-dimensional NMR. Δδ H3 (0.020 ppm) ≤ Δδ H5 (0.021 
ppm) showed the degree of inclusion of each PS in the host 
and suggested that rings and chains of β-S, S and C were 
included into the β-CD cavity. The multiple correlations ob-
served in the NOESY and ROESY spectra support the as-
sumption that the lateral chains of the different PS fold to 
reach total encapsulation. 
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