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Study on the structure and properties of inclusion
complexes of large ring cyclodextrin and aromatic
compounds

Chuan Cao, 2 Pingping Huang, Jing Guo and Deming Li*

We successfully used co-precipitation to integrate four common aromatic compounds with different
functional groups into macrocyclic dextrin, and we provided a detailed description of the inclusion
complexes that occurred. Combining X-ray diffraction (XRD), Fourier transform infrared spectroscopy
(FTIR), and nuclear magnetic resonance hydrogen spectroscopy (*H NMR) allowed for confirmation of
the inclusion complexes’ formation. The thermal stability of the aromatic compounds is also supported
by the inclusion complexes' higher structural stability. In the industrial and culinary sectors, LRCD is
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1. Introduction

As some of the most popular biopolymers in food, pharma-
ceutical, and medical applications, cyclodextrins outperform
other polymers in terms of biocompatibility, bioactivity,
homogeneity, and bioadhesion. They have also been found to
have excellent rheological and biomucoadhesive properties,
which facilitate the design and development of a wide range of
practical and economical sustained-release and drug delivery
systems.! Large ring cyclodextrin (LRCD) has a hydrophobic
channel-like big cavity shape, is readily soluble in water, can
form inclusion complexes with a variety of guest molecules, and
has a wide range of potential uses in the food science,
biotechnology, and pharmacy domains. In biotechnology,
LRCD has been applied as a coating to enhance paper.*
Chemically modified LRCD (CDy) has been shown to have
a higher chemiluminescence efficiency when combined with
a fluorescein analogue.® Furthermore, some unstable or insol-
uble pharmacological compounds can be dissolved and stabi-
lised by LRCD. The development of inclusion complexes
between CDy and several guest molecules was investigated by
Ueda and his group. They discovered that CDo was superior to o-
CD in solubilization and could further increase the solubility of
digoxigenin and spironolactone.* Meanwhile, CDg can form an
inclusion complex with Cep,® and its solubility in water is better
than that of y-CD.® Rutin and thymoquinone are delivered
concurrently to aid in wound healing using cyclodextrin and
a PVP-stable nanocrystalline gel.” Additionally, other studies
have examined LRCD with varying levels of polymerisation
embedded in nystatin, ibuprofen, flurbiprofen, and butyl ben-
zoic acid, which improved the drug's stability and utilisation
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anticipated to function effectively as a solid matrix carrier for encapsulating aromatic chemicals.

rate. In order to reduce the entropy of the system,® LRCD, which
has a degree of polymerisation ranging from 22 to 100,
combines with iodide and other substances to form a complex.
The degree of polymerisation of LRCD, the structure of host-
guest molecules, the hydrogen bonds and van der Waals forces
of host and guest molecules, and the size of intermolecules have
all been linked to the complex development of LRCD, according
to a number of studies.’ Using cyclodextrin glucosyltransferase
(CGTase), Cao synthesised macrocyclodextrins (LR-CDs, CD9-
CD22) from rice starch and used them as embedding agents for
a-tocopherol and Litsea cubeba essential oil. Enhancing o-
tocopherol's thermal stability using microencapsulation can
regulate the essential oils' delayed release and extend the anti-
bacterial activity’s duration. An excellent wall material for
embedding essential oils is LRCD.'>* The present findings offer
an experimental foundation for the use of LRCD in food pres-
ervation and the delivery of functional active ingredients.
However, they also highlight the need for additional research,
as the majority of previous studies have concentrated on the
inclusion effect of a single kind of guest molecule (like phenols
and essential oil mixtures) with LRCD, leaving the precise
interaction and inclusion mechanism between aromatic
compounds with various functional groups and LRCD unclear.

A class of chemical molecules with unique scents, antibac-
terial qualities, and antioxidant capabilities were known as
aroma compounds. Citral and delta-decalactone smelt like
lemon and peach, and carvone had strong antibacterial prop-
erties against both germs and fungi. Furthermore, the food and
chemical industries made extensive use of aroma compounds
for a variety of purposes, including baking, candies, drinks,
active packaging, fruit and vegetable preservation, and as
components of food flavourings and cosmetic perfumes.”
During processing and storage, embedding is the best method
to minimise evaporative losses and lower their volatility. The
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complexes that are created when LRCD and aromatic chemicals
interact can reduce the volatility of aroma compounds and
produce a steady release of hydrophobic active ingredients that
are tiny molecules.

The aroma compounds chose four C10 aromatic molecules
with different structures (acid, lactone, ketone, and aldehyde) as
the core material, and LRCD was chosen as the wall material.
These molecules are open-chain monoterpenes (citral, Cit),
cycloalkyl molecules (carvone, Car), lactone molecules (3-deca-
nolide, Dec), and straight-chain alkyl molecules (n-decanoic
acid, Decd). With the inclusion of essential oils and tocopherol
as the foundation for earlier research, this study provides a new
scientific basis for food flavor preservation and stable delivery of
functional fragrances by revealing for the first time at the
molecular level the specific interaction law between LRCD and
aromatic compound functional groups. The acquired data can
be used to investigate the atomic stability of LRCD and to gain
an intuitive understanding of the interactions between LRCD
and guest molecules.

2. Experiment

2.1. Materials

Aladdin Reagent Co., Ltd supplied citral, carvone, decanoic
acid, and d-decanolactone; LRCD (CD9-22) was made in the lab
by combining CGTase and pullulanase from rice starch; the
published article has full manufacturing instructions,* the
degree of polymerisation of the lab-produced LRCD in our work
is 9-22 because the degree of polymerisation of LRCD mixes
manufactured from glutinous rice starch is primarily concen-
trated in the CD9-CD22 range.Sinopharm Chemical Reagent
Co., Ltd supplied the other chemicals.

2.2. Preparation of LRCD

Add 5% w/v glutinous rice starch and acetic acid buffer (0.01 M,
PH 5.5) to a 500 mL conical flask. After 30 minutes of boiling
and stirring, the mixture should cool to 55 °C, add 100 U g~ " of
pullulase, and incubate for 12 hours at 55 °C and pH 5.5. After
10 minutes of boiling, the mixture should cool to 60 °C, add 8 U
g ' of CGTase, and then incubate for an additional two hours at
60 °C and pH 5.5 to produce LRCD. Fill the bottle with 250 mL
of ethanol, lets it sit at room temperature for 12 hours, and then
centrifuge it for 10 minutes at 5000 rpm. The dried LRCD is
obtained by collecting the pellet, washing it with anhydrous
ethanol, and then vacuum-drying it at 40 °C.

2.3. Sample preparation

The mixture was prepared using the previously described
procedure, with some adjustments.*® LRCD solution chilled to
25 °C is mixed with a mixture of aroma compounds and abso-
lute ethanol (1:2 v/v), and the aroma compounds are mixed
with the LRCD at a molar ratio of 1: 2. Then, vortex the mixture
for five minutes. After being stored at 4 °C for 12 hours, the
complex was obtained by centrifuging it for 15 minutes at 5000
r min~", collecting the precipitate, The inclusion complex is
obtained by freeze-drying the precipitate after it has been
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cleaned with anhydrous ethanol. For later usage, keep the cla-
thate in a drier set at 25 °C.

In order to prepare the physical mixture, the LRCD is initially
ground in a mortar according to the ratio used to create the
inclusion complex. After that, aromatic compounds are added
to the prepared LRCD, and with scraping, the physical mixture
is evenly mixed.

2.4. Measurement of encapsulation efficiency

By measuring the aroma compounds at various wavelengths
using a UV-Vis spectrophotometer** and computing the com-
plex's aromatic compound concentration using the method-
ology described in the literature,'> encapsulation efficiency (EE)
was ascertained(d-decanolactone 206 nm, Citral 238 nm, carv-
one 245 nm,After the reaction of decanoic acid with bromo-
cresol green-ethanol solution to form a colored complex, the
wavelength is 620 nm). The standard curve regression equation
for ethanol solutions of various aroma compounds was plotted
after the aromatic compound/LRCD complex was dissolved in
95% ethanol for 24 hours and the supernatant was collected by
centrifugation at 5000 r min~* for 15 minutes.
The EE is calculated according to the following formula:

EE — Content of intercepted active compounds
~ Initial content of active compounds

x 100 (1)

2.5. Analysis of complexes

2.5.1. FT-IR. FT-IR spectroscopic analysis was carried out
using the sample and potassium bromide pellet (1 : 100, w/w).*®
In an agate mortar, combine the complex powder with dried
potassium bromide crystals, ground them completely, and then
press them into thin sheets to create a liquid aromatic powder.
Aroma compounds are dropped in the middle of potassium
bromide crystals.

2.5.2. XRD. According to previous method,””*® X-ray
diffractometry was used to determine the sample's crystal
structure. The scanning area was 0-50°, and the scanning rate
was 2° min~'. MDI Jade 6.0 software was used to record the
samples' crystal type and crystallinity.

2.5.3. 'H NMR spectra. Using the earlier technique, an
NMR spectrometer measured the samples’ "H NMR spectra.**
D,0 (0.5 mL) is used to dissolve the sample. In ppm, chemical
shift (6) is expressed. Calculated Chemical Displacement
Difference (Ad) based on the following formula: A6 =
6(complex) — d(free).

o(free) is LRCD, ¢(complex) is the chemical displacement of
the clathrate's hydrogen protons, and Aé is the chemical
displacement difference.

The hydrogen proton's chemical shift.

2.5.4. Thermodynamic analysis. With a nitrogen flow of 50
mL min~", the samples' thermodynamic characteristics were
examined using a Netzsch integrated thermal analyser at a rate
of 15°C min~" from 50 °C to 600 °C.*

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.6. Statistical analysis of data

Three parallels were used for all of the aforementioned studies,
and the mean + standard deviation was used to express the
results. For the study of significant differences (P < 0.05), SPSS
statistical software version 21.0 was utilised.

3. Results and discussion

3.1. Examine the effects on encapsulation of aromatic
chemicals embedded in LRCD

Fig. 1 illustrates the encapsulation effectiveness of the
complexation of several aroma compounds with LRCD.
Through enzymatic modification, starch is transformed into CD
molecules with stable physicochemical characteristics that can
combine with a range of organic substances to form complexes.
Complexing organic molecules with CD can change their solu-
bility, make them more stable in the presence of heat, light, and
oxidation, and decrease their volatility.>® Due to its special cavity
structure, cyclodextrin can form inclusion complexes by
encasing guest molecules inside it. The figure shows that the
embedding efficiency varies between 39.18% and 78.99%, with
carvone having the highest embedding rate and d-deca-
nolactone having the lowest. The primary causes of the varia-
tion in embedding efficiency are as follows: functional groups
have varying affinities for CD, and molecules in solution either
form inclusion complexes or retain them in solution in varying
amounts depending on their equilibrium point.** The
substance and LRCD interact differently, and the guest mole-
cule's physicochemical characteristics and chemical structure
alter.”” The physical mixture's low encapsulation that we saw
could be the result of the sample's guest molecules’ adsorption
mistakes.

(I LR-CDs complex
aor _ physical mixture

) T Cce

he

Encapsulation efficiency (%)

a ab b b

0 S e

B:Citral D:carvone

A:d-decanolactone C:decanoic acid

Molar ratio of macrocyclodextrin to aromatic compounds

Fig. 1 Encapsulation efficiency of different aromatic molecules
complexed with LRCD (there were substantial differences in small
letters (p < 0.05)).

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

3.2. FT-IR analysis

The FTIR spectra of the LRCDs, physical mixes, inclusion
complexes, and aroma compounds are shown in Fig. 2. C=0
stretching vibrations are represented by the characteristic peaks
of d-decanolactone and carvone at 1777 and 1671 cm™*, C-O-C
stretching vibrations by the peak at 1181 cm™ ', and ketone
groups connected with C-C stretching vibrations by the peak at
1100 em™". The stretching vibrations of the methyl and meth-
ylene groups® are linked to the peaks between 1200 and
1400 cm ™, whilst the CH stretching vibrations of the methyl
group are represented by the peaks between 2858 and
2930 cm™'. Unlike LRCD, the spectra of their inclusion
complexes hardly show the distinctive peaks of 3-decanolactone
(1777 em™ ) and carvone (1671 cm™ '), suggesting that the guest
molecule and wall material are complexed. The formation of the
inclusion complex is confirmed by the newly detected peaks in
the embedding at 1636 cm™ ' and 1633 cm™ ', which show the
formation of hydrogen bonds between the hydroxyl group of the
LRCD and the carbonyl group of esters and ketones.

The stretching vibration of CH is indicated by the two
separate bands of citral at 2820 and 2720 cm ™', whereas the
stretching vibration band of C=0 was visible at 1670 cm ™.
Decanoic acid's FTIR spectra show characteristic bands at
around 937, 1713, and 2925 cm ™. The C=0 and OH vibrations
in carboxylic acids are represented by the peaks at 1713 and
937 em ™!, respectively, whereas the CH-H stretching vibration
bands from -CH,- and -CH; are observed at 2855 and
2925 cm™ ', respectively.* The inclusion complex's spectrum
was quite similar to that of capric acid, but the carbonyl peak is
much reduced, and a new peak appears at 1024 cm ™', indi-
cating that most of the capric acid was complexed. The forma-
tion of successful inclusion complexes between LRCD and the
capric molecule is further indicated by the shift of carbonyl
resonance to higher wavenumbers (937 to 1024 cm™'). The
disruption of hydrogen bonds between the carboxyl groups in
the capric acid molecule and the formation of hydrogen bonds
between the carbonyl and hydroxyl groups of dextrin are
responsible for the change in the carbonyl resonance region.
This allows the guest molecule to be encapsulated within the
cavity structure of dextrin.>

Previous reports indicate that the incorporation of guest
molecules diminishes both the motility and signal intensity of
the encapsulated molecules.>**” The alterations observed in the
characteristic bands of the guest molecule, including reduc-
tions, disappearances, and the broadening of peak intensity,
can be ascribed to the constraints imposed on the tensile
vibrations of the guest molecule within the confines of the CD
cavity. This phenomenon suggests the formation of an inclu-
sion complex between the guest molecule and the wall mate-
rial.”. Furthermore, the absorption bands corresponding to the
O-H bend (3308 cm™ "), OH bend (1641 cm™ "), and C-O-C bend
(1030 cm ™) of the glycosidic bond exhibited minimal variation
when compared to LRCD. The findings indicated that the
characteristic peaks of LRCD and aroma compounds were
present within this complex. The reduction in the peak signal of
the two components suggests a molecular interaction; however,

RSC Adv, 2025, 15, 34039-34048 | 34041
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Fig. 2 FTIR spectra of LRCD (A), physical mixture (B), inclusion complex (C) and free aroma compounds (D).

the vibrational frequency band remains unchanged. This
phenomenon contrasts with the embedding observed between
small CDs and guest molecules, where alterations in the
signature peaks of guest molecules are generally mentioned.*®

The physical mixture's distinctive absorption bands reveal
the overlaid combination of the LRCD's and the aromatic
compound's unique spectrum characteristic peaks, suggesting
minimal molecular interaction. The stretching of C=0, O-H,
and C-H, respectively, was assumed to be the cause of the
distinctive bands seen in the FT-IR spectra of aroma
compounds at 1750, 955, and 2928 cm™ "> The stretching of
O-H and C-O-C is assumed to be the cause of the distinctive
bands seen in the LRCD's FTIR spectra at 3308 and 1030 cm ™,
respectively. Furthermore, the characteristic peak related to OH
was extended and changed from 3321 to 3308 cm ™" when the
inclusion complex was compared to LRCD. This suggests that
there was a notable increase in the hydrogen bonding between
LRCD and aromatic molecules.

34042 | RSC Adv, 2025, 15, 34039-34048

3.3. Crystal structure of aromatic compound inclusion
compounds with embedded LRCD

Each ordered structure formed by aroma compounds/LRCD
complexes has a distinct X-ray diffraction pattern and varying
degrees of crystallinity (Fig. 3). The structural formulae of the
chosen aroma compounds are listed in Table 1. We chose
aroma compounds with distinct functional groups to form
complexes with LRCD for investigation because of the signifi-
cant similarities in crystal structure and thermal characteristics
between complexes generated with other aroma compounds.
With 3-decanolactone complexes, the LRCD displays distinctive
peaks at 6.9°, 10.8°, and 17.2°. There are two spikes (about
10.8°, 17.2°) and two neighbouring peaks (around 13.8, 14.2).
The most probable explanation is that the guest molecule
embeds itself in the helical centre cavity due to the intermo-
lecular van der Waals force interaction and hydrogen bonds
between the hydrocarbon chain and the internal helical cavity.**

The complex guest molecular structure is stabilised by the
van der Waals forces molecules interaction between the inner
spiral cavity and the short Cé6-based aliphatic short chain in 8-

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 X-ray diffractograms of the inclusion compound of LRCD with
different aroma compounds. (abcd stands for physical mixture, ABCD
stands for inclusion complex, where A is 3-decanolactone inclusion, B
is Citral inclusion, C is decanoic acid inclusion, D is carvone inclusion).

decolide. The lactone ring occupies a large helical space, and
there is more space between the helices. The lactone guest may
be partially contained in the cavity and appear between the
helices, forming the corresponding structure. The LRCD's large
primary peak of the 3-lactone complex and comparatively low
crystallinity may be explained by this. In contrast, samples
containing complexes of LRCD and capric acid showed
comparable peaks at 6.8°, 11.2°, and 17.3°. Because they are
linear ligands with a lower cross-section and occupy less space,
decanoic acid molecules (also known as linear alkyl chains) are
only found in the helical cavity, which promotes a densely

Table 1 Structural characteristics of aroma compounds

Molecular
Aroma compounds Structural formula formula
d-Decalactone % C10H150,

o}
Citral C10H160
s
OH
Decanoic acid V\/\/\/\H/ C10H00,
(e}
0

Carvone C10H140

© 2025 The Author(s). Published by the Royal Society of Chemistry
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packed crystal structure between the helix and the linear
ligand.*

The LRCD complexes with citral and carvone showed distinct
diffraction peaks. According to Nimz's research, alcohols and
acids can both donate and accept hydrogen bonds, whereas
aldehydes can only accept them. This means that both alcohols
and acids’ oxygen atoms can form hydrogen bonds at the helical
inlet, but citral has fewer interactions with aldehyde groups,
which results in comparatively weak stability and crystallinity.**
Carvone complexes have been observed to exhibit diffraction
patterns similar to those of alcohols and aldehydes, despite the
fact that the six-membered litones in carvone are larger than
those of menorolide. It's possible that the guest molecule's
functional group structure interacts with the LRCD molecule,
and that the primary forces for the creation of clathrates in the
solid state are van der Waals forces, hydrogen bonds, and
electrostatic forces.*

3.4. 'H NMR analysis

We examined the structural characteristics of the inclusion
complex made up of LRCDs and aromatic molecules using
hydrogen nuclear magnetic resonance (‘H NMR) spectroscopy;
Fig. 4 displays the correlation spectra. This technique is well
known for its capacity to identify minute alterations in the
proton chemical environment brought on by host-guest inter-
actions and is a reliable way to confirm that inclusion
complexes® are formed. We discovered a number of spectrum
characteristics that were crucial to the inclusion complex's
successful development when we compared the "H NMR spectra
of pure LRCD, free aromatic compounds (citronellaldehyde,
carvone, d-decanolactone, and n-capric acid), and their corre-
sponding inclusions: first, inconsistencies in the proton
chemical shift of LRCD were revealed by the inclusion spectra.
In particular, the LRCD lumen's protons (Ad = 0.05-0.12 ppm)
were considerably displaced in comparison to pure LRCDs.*
When guest molecules enter the LRCD cavity, their hydrophobic
aromatic groups act as a shield, interacting with both the guest
molecule’s electron density and the surface electron 7 density
of the inner cavity, which is rich in C-H bonds. This is the cause
of this displacement. Second, additional evidence is provided
by variations in the proton signal of aromatic compounds. In
the free state, for instance, the aldehyde-based protons of citral
show a low field displacement of roughly 0.10 ppm (6 = 5.77
ppm). In the LRCD cavity, the citral-aldehyde group that is
partially exposed to polar water in the free state experiences
a higher shielding effect. Changes in the electronic environ-
ment of guest molecules during inclusion are reflected in these
shifts. Furthermore, compared to free aromatic compounds
normalized based on a proton signal of roughly 3.28 ppm in the
LRCD, the peak intensity of guest molecules in the complex
spectrum varies significantly. This suggests that the guest
molecules move during inclusion, which is consistent with their
confined state within the LRCD cavity. The creation of the
inclusion complex was strongly confirmed by the combined
study of spectrum features: the retention of the LRCD backbone
signal, the decrease in guest proton intensity and the change in

RSC Adv, 2025, 15, 34039-34048 | 34043
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chemical displacement, and the proton displacement of the
cavity in the LRCD. When coupled with the complimentary
findings of FTIR.

3.5. Thermodynamic analysis

3.5.1. Thermo gravimetric analysis (TGA). The TG curves of
the physical mixture and the inclusion complex are displayed in
(Fig. 5), illustrating the variations in thermal stability brought
about by the polarity, size, and binding force of the molecule

34044 | RSC Adv, 2025, 15, 34039-34048

between the LRCD and the guest for several guest molecules.
The complex's thermal stability is increased by the interaction
with LRCD. Decanoic acid and its complexes with straight-chain
alkyl molecules exhibit better thermodynamic stability and
higher cleavage temperatures. This could be because the longer
alkyl chains interact more strongly with the inside of the helix
due to their higher hydrophobicity, which increases their ability
to reside in the hydrophobic cavity and necessitates more heat
to break the hydrophobic interactions. Additionally, the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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decanoic acid has a higher cleavage temperature because it has
more binding sites thanks to the carboxyl group and more
hydrogen bond formation. Tight packing between helices and
the creation of dense crystal structures are made possible by
linear ligands with smaller cross-sections since they take up less
space and are exclusively found in the helical cavity.** The
lactone ring of d-decanolactone may be sterically prevented
from accessing the deeper helical cavity when entering a single
helix, in contrast to acids, thus lactone inclusion complexes (8-
decanolactones) are lower than linear alkyl chain molecular
inclusion complexes.** Lactones can be found both inside and
between the helices due to the larger “head” of the lactone ring
and the smaller “tail” of the alkyl chain, which prevents the
helices from being firmly stacked.** A wider hole is needed to
accommodate the identical six-membered naphthenic group
found in carvone. Because of the helix's open configuration,
there will be less chance of future nucleation, which will restrict
thermal stability and crystallisation. Since citral contains many
double bonds and these bonds can break when heated, the
figure shows that free citral has the lowest thermal stability.
Because cyclodextrin is thermally stable and some residues are
remained at high temperatures, the embedding material can be
seen above 600 °C with only 15% to 20% remaining. The
essential oil is shielded by the embedding structure, which also
delays its breakdown; inorganic salts, metal ions, and other
contaminants with high thermal stability are present in the
sample; there are measurement errors in thermogravimetric
analysis related to heating rate control, sample consistency, and
instrument precision.

The aroma compounds’' TG curves demonstrate that gasifi-
cation begins at 120 °C and vaporisation proceeds at a fairly
rapid rate. The compounds are fully vaporised at a temperature
of about 220 °C. Over 90% of weight loss happens between 150 °©
C and 250 °C due to the evaporation effect. The inclusion
complex has strong thermal stability, and encapsulation treat-
ment can greatly increase the thermal stability of aromatic
compounds. The inclusion complex exhibits three stages of
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Table 2 TGA of different aromatic molecules

Lose weight (%)

Sample 50-100 °C 100-200 °C 200-600 °C
A:3-decalactone 2.8 79.4% 16.9%
B:Citral 33.5¢ 61.2° 0.9°
C:Decanoic acid 1.72 33.8¢ 63.4°
D:Carvone 34.2° 60.1° 1.1°

Table 3 TGA of different aromatic molecules complexed with LRCD*

Lose weight (%)

Inclusions complex 50-150 °C 150-300 °C 300-600 °C
a:d-decalactone/LRCD 9.1° 15.0° 69.7°
b:Citral/LRCD 9.8" 22.6% 54.9°
c:Decanoic Acid/LRCD 6.6° 10.8¢ 64.3°
d:Carvone/LRCD 33.1° 1.24 55.7¢
LRCD 0.9¢ 13.1° 73.22

¢ Note: the statistical analysis was conducted using SPSS 21.0 software,
with a significance threshold of P < 0.05. Following the same column of
data, different lowercase letters indicate significant changes (P < 0.05),
whereas the same lowercase letters indicate no significant differences
(P> 0.05).

decomposition, as the image illustrates. In the first stage, the
mass loss from carvone reached almost 33%, while the mass
loss from LRCD-related surface water was around 10%. The
initial weight loss took place between 50 and 150 °C. The mass
loss in the second stage, which is associated with the evapora-
tion of the internal water and occurs at around 200 °C, is
between 10 and 20%. The mass loss of carvone is also lower
during this stage. The third stage, which may be connected to
the LRCD degradation, takes place at about 300 °C and involves
a mass loss of 50-70%.%¢ Tables 2 and 3 present the specific
mass loss. Furthermore, LRCD-aromatic complexes show lower
overall weight loss and slower weight loss rates than free aroma
compounds, indicating that molecules have more chances to
entanglement and aggregation at higher temperatures.’” We
can conclude that the inclusion complex improves thermal
stability and suggests that the inclusion complex is forming.
3.5.2. Differential scanning calorimetry(DSC). The DSC
curve showed an absorption peak between 50 and 100 °C, which
could be associated with the boiling of the guest species. The
transition temperature dropped a little after the inclusion
complex formed, and the action of cyclodextrin (CD) weakened
the intermolecular forces of the flavour compounds, which
decreased the boiling of the inclusion complex and widened the
loss peak. In addition, it is possible to destroy the crystalline
state of the substance and turn to an amorphous state, and the
crystallinity of the compound decreases. Fig. 6 displays DSC
graphs of the complexation of various aroma compounds with
LRCD. There are two stages to the heating process for the full
DSC analysis of the inclusion complex. The first is that as the
temperature rises from 50 °C to 200 °C, the endothermic peak

RSC Adv, 2025, 15, 34039-34048 | 34045
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Fig. 6 DSC of different aromatic molecules complexed with LRCD (abcd: aromatic compounds, ABCD matching to the complex) where A is 3-
decanolactone inclusion, B is citral inclusion, C is decanoic acid inclusion, D is carvone inclusion.

around 100 °C may be associated with water evaporation
because of the dissolution of hydrogen bonds that hold water in
the sample's crystalline zone. Second, there is a notable
exothermic peak at temperatures above 250 °C, indicating the
breakdown of the inclusion complex created by the guest
molecule and LRCD complexing. Citral exhibits a single endo-
thermic peak on the DSC curve, whereas other guest substances
exhibit two phases (endothermic and decomposition phases).
The evaporation of water molecules is responsible for one
endothermic peak at approximately 100 °C, while the decom-
position of its own structure results in an exothermic peak at
temperatures between 150 and 250 °C. When the DSC curves of
the claths and the guest molecules are compared, it can be
shown that the claths' decomposition temperature, which
ranges from 300 to 350 °C, is greater than that of the free guest

34046 | RSC Adv, 2025, 15, 34039-34048

molecules. This can suggest that the claths' structure is more
stable, possibly because the guest molecules and LRCD form
the clathrates. However, the decomposition temperature of the
exothermic peaks varies due to the different structures of the
guest molecules. This finding is consistent with the results re-
ported by Gao et al.,** and the above analysis results are also in
agreement with those from TGA, indicating that the thermal
stability of aromatic molecules is enhanced when they form
inclusion complexes with LRCD.

4. Conclusions

LRCD was able to successfully encapsulate aroma compounds.
XRD, FTIR, NMR and TGA techniques were used to examine the
effects of different aromatic chemical compounds on the LRCD

© 2025 The Author(s). Published by the Royal Society of Chemistry
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clones and the changes in the cavity structure of LRCD.
Different aroma compounds exhibit consistent variations in
spatial conformation, crystallinity, and thermal stability, and
LRCD can embed tiny molecules to create compact clathrates.
The LRCD prefers to form a folded coil around the guest
molecule and has significantly less conformational mobility
when it is present. The creation of compact structures in the
inclusion complexes is facilitated by the greater contacts that
aromatic chemical molecules with long alkyl and cycloalkyl
chains, strong hydrophobic functional groups, and smaller
cross-sections have with CD cavities. The final guest molecule
was encapsulated in the CD cavity with low embedding after
complexes containing lactones or aromatic groups were folded
during the simulation. This was in accordance with the exper-
iment's findings, which showed that carvone had the highest
embedding efficiency and d-decanolactone the lowest aroma
compounds/LRCD inclusion complexes can increase the
thermal stability of aroma compounds, and inclusion
complexes are formed according to all analytical techniques.
Thus, complexation with LRCD can be an efficient way to
enhance the use of aroma compounds in the food and phar-
maceutical industries, and this study advances knowledge of
the interaction between LRCD and aroma compounds, which
may be utilised as a possible solid matrix carrier for the
encapsulation of aroma/flavor compounds in the food industry.

The study has a number of limitations in spite of these
revelations. In order to limit the generalizability of the findings
to aromatic compounds with longer carbon chains or more
complex functional group combinations (such as polycyclic
aromatics or compounds with heteroatoms), the study first
concentrated on four C10 aromatic compounds with particular
functional groups (aldehyde, ketone, lactone, and carboxylic
acid). The behavior of LRCD-aromatic complexes in dynamic
systems (such as simulated gastrointestinal environments or
food processing conditions with variable temperature, pH, and
mechanical stress) has not been defined because the experi-
ments were carried out in vitro under static conditions.

Future research should concentrate on the following areas in
order to overcome these constraints and increase the useful
uses of LRCD-aromatic complexes: increasing the range of
visitor molecules: to create a more thorough foundation for the
structure-activity relationship, LRCD complexation with
aromatic compounds of different carbon chain lengths and
functional groups (such as ethers, esters, or halogenated
aromatics) is being investigated. Assessing intricate dynamics
in dynamic systems: to confirm that LRCD-aromatic
compounds are suitable for industrial and biomedical appli-
cations, their stability, release kinetics, and bioavailability are
evaluated under physiological and food processing simulations,
such as high-temperature sterilization and gastric digestion.
Enhancing  intricate  preparation:  creating  scalable
manufacturing techniques for the large-scale synthesis of
LRCD-aromatic complexes and investigating modified LRCD
derivatives (such as alkylated or hydroxylated LRCD) to improve
guest specificity and encapsulation efficiency. Future studies
can improve the theoretical underpinnings of LRCD-based

© 2025 The Author(s). Published by the Royal Society of Chemistry
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encapsulation and hasten its adoption in industrial settings
by tackling these issues.
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