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This study aims to synthesize a guest—host complex derived from rutin (Rut) and B-cyclodextrin (3-CD)
(denoted as [RutC B-CD]). The obtained substance was characterized by the FT-IR and DSC methods,
signifying the formation of an inclusion complex between Rut and B-CD. Complex formation increased
the antioxidant activity of rutin corresponding to the decrease of ECsq values from 1.547 x 107> mol L™*
to 1.227 x 107> mol L™ according to the DPPH free radical scavenging test. The rutin-B-CD interaction
energies were calculated in the vacuum and various solvents (e.g., water, ethanol, and dimethylsulfoxide)
utilizing an accurate and broadly parametrized self-consistent tight-binding quantum chemical method

” 202 (GFN2-xTB). The calculation results reveal the influence of solvent on the structural formation of the
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Accepted 3rd June 2024 rutin-p-CD complex. In both the vacuum and aqueous solution, rutin can enter into the small-sized
empty cavity of B-CD, albeit through different terminals, resulting in distinct preferential structures. The

DOI: 10.1039/d4ra02307b presence of organic solvents appears to reduce the interaction between rutin and B-CD, with the
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1 Introduction

Drugs generated from natural compounds are of increasing
interest because of their powerful therapeutic potential and
minimal adverse effects. Flavonoid-based compounds found in
many plants have strong biological activity, making them some
of the most promising classes of pharmaceuticals.* Because of
the ability to regulate immunological responses, viruses, and
carcinogens, flavonoids have been labeled “nature’'s biochem-
ical repairmen”. Flavonoid compounds have considerable
antioxidant activity due to unique features in their chemical
structure: (i) hydroxyl groups that bind to aromatic rings can
give hydro atoms, and (ii) aromatic rings (e.g., benzene rings,
hetero-element rings) and double bonds (e.g., C=C and C=0
bonds) create a conjugated system, stabilizing free radicals.
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interaction strength following the order: water > ethanol > dimethyl sulfoxide.

Rutin (quercetin-3-rutinoside, Rut), is a flavonol glycoside
composed of the flavonol quercetin and the disaccharide ruti-
nose.” Rutin, a well-known bioflavonoid, is found abundantly in
many natural plants such as tea, some fruits, buckwheat, etc. In
particular, the flower buds of Sophora japonica L. contain high
levels of rutin, which have great opportunities for use in the
pharmaceutical production.’

The antioxidants, containing rutin in the structural back-
bone, have proven precious biological activities.** For instance,
rutin has been found to resist various viruses (e.g., H5N1, HSV,
dengue, HIV and SARS-CoV-2) suggesting the potential appli-
cation of this compound in the biomedical field.*®* However, the
extremely low water solubility of rutin requires a large intake,
which can induce high toxicity at low bioavailability.

Numerous investigations have attempted to address the
mentioned issues. To this end, cyclodextrin (CD) has been recog-
nized as the outstanding capability to improve the solubility and
bioavailability through rutin-cyclodextrins complexes.®** Hereto-
fore, the complex has been synthesized via various methods (e.g.,
co-precipitation, wet grinding, kneading) and exhibited significant
enhancement of rutin's solubility.'**>** It has been found that the
direct hydroxyl groups-aromatic ring linkage, which is capable of
donating hydrogen atoms, promotes the capture of free radi-
cals.”" Min Liu and colleagues suggested that the increase of
quercetin antioxidant activity in complexes with the three cyclo-
dextrin derivatives was due to the enhancement of hydrogen
donation capacity after complexation.”® Thus, as-generated
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intermolecular hydrogen bonds weaken intramolecular hydrogen
bonds of quercetin, leading to improve the hydrogen donation
capability of quecertin. However, the antioxidant activity of the
rutin-cyclodextrin complex has been controversial. Currently,
a disagreement about the antioxidant activity of the rutin-
cyclodextrin complex has emerged. Some studies suggested that
after complexation, the antioxidant capacity of rutin increased
significantly,'*'® whereas others showed a decrease or almost no
change in the complex's activity compared to pure rutin.** There-
fore, the mechanism of complex formation and the binding
centers of the two molecules should be revealed. More impor-
tantly, the aim of this work is to study the role of the phenolic
hydroxyl functional groups of rutin in complex formation.

Recent researches have attempted to address the structure and
complexation mechanism of rutin and some flavonoids. Hydrogen
bondings formed between the oxygen atoms of cyclodextrin and the
hydrogen atoms of rutin forms inclusion complexation have been
explored."*”'® Qur previous works demonstrated, that complexing
the A-ring (double ring) of rutin molecules, it penetrated into the
cavity of 2-hydroxypropyl-B-cyclodextrin (HP-B-CD) molecule in the
direction of the larger bottom.* The presence of the hydroxylpropyl
functional groups significantly affected the structure of CD. One
side of the HP-B-CD molecule was significantly enlarged in
comparison to the f-CD molecule. Such expansion facilitates the
complete penetration of the A-ring of the molecule into the cavity of
HP-B-CD. However, a question has emerged that which part of the
rutin molecule will preferentially “enter” into the hollow cavity of
the B-CD molecule and in which direction, if a hydroxypropyl group
at the outer edge of the host molecule is absent?

Our previous experimental studies on the effect of the reaction
medium (vacuum or solution, water or organic solvent) on the
complexation reaction [RutCHP-B-CD] found that the interac-
tion of rutin with HPBCD in water was stronger than in
ethanol.”™" The results were confirmed by theoretical calcula-
tion.* Moreover, the calculation results of HOMO and LUMO
also showed that there was a clear difference in the two vacuum
and water environments.' In a vacuum, HOMO was distributed
mainly on the host molecule (HPBCD), while LUMO was
completely concentrated on the guest molecule (Rut). However,
in water, both HOMO and LUMO of the complex were contrib-
uted mainly by rutin. Thus, in the water, the interaction between
rutin and HPBCD was significantly reduced compared to those in
vacuum. The effect of mixed solvents on the thermodynamics of
complexation between rutin and cyclodextrin was also
studied.” The results indicated that the stability of the
complexes gradually decreased with the increasing ethanol
concentration in solvent. At the same time, the enthalpy of the
reaction markedly decreased with the increasing organic
component in the mixed solvent. Thus, the nature of the reaction
environment has a great influence on the ability of cyclodextrin to
interact with rutin as well as the thermodynamics of the
complexation reaction. Therefore, to continue our studies on
rutin-cyclodextrin complex, here the complex of rutin and f-
cyclodextrin ([RutC B-CD]) has been synthesized, characterized
and evaluated the antioxidant activity. A theoretical chemical
calculation method has been conducted to identify the binding
center of B-cyclodextrin with rutin in different environments:
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vacuum, water, ethanol (polar protic solvent) and dimethylsulf-
oxide (polar aprotic solvent). Then, the effect of the hydrox-
ypropyl functional group on the complexation ([Rut C HP-B-CD])**
was also compared with the complexation ([RutC p-CD]) in the
absence of the hydroxypropyl group at the edge of the host
molecule. In addition, the antioxidant ability of rutin before and
after complexation with B-cyclodextrin in different solvents has
been evaluated and confirmed through theoretical calculations.

2 Experimental

2.1. Preparation of inclusion complex

The complex of Rut and B-CD was synthesized in mixed EtOH-
H,0 (20: 80, v/v) solvent according to the follow steps: briefly, the
B-CD solution (5 x 10~% M) was added into rutin solution (5 x
107> M) and stirred for 24 h at 25 °C. Afterwards, the mixture was
kept for 48 hours at 4 °C to produce a fine yellow precipitate. The
as-prepared product was washed with DMSO (10 mL, 3 times)
and freeze-dried for 48 hours to obtain the product in dry form.

2.2. Characterization

2.2.1. FTIR. The [RutC B-CD] complex powder was struc-
turally analyzed using Fourier transform infrared spectroscopy
(FTIR) (Nicolet Nexus 670) using KBr tablets. Rut and B-CD were
also analyzed simultaneously for comparison. In the mixture
with KBr, the contents of RuT, B-CD and complex samples were
all equal to 5% wt.

The [RutCB-CD] complex aqueous solution was analyzed
using ATR-Fourier transform infrared spectroscopy (ATR-FTIR).
Spectra were obtained from Bruker Tensor 27 ATR-FTIR Fourier
spectrometer equipped with an MCT detector cooled with liquid
N, and a Huber thermostat. The measurements were carried out
in a BioATR II thermostated cell using a single reflection ZnSe
element at 22 °C and continuous purging of the system with dry
air using a compressor. In a typical experiment the volume of
the sample was 50 pL and the spectra were recorded three times
in the range from 3000 to 950 cm ™" with a resolution of 1 cm™*
with 70 scans in each spectrum. The background spectra of
buffer solution were obtained in the same way and were auto-
matically subtracted by the software (Opus 7.0 Bruker).

The ATR-FTIR microscopy measurements were performed
with the Simex Mikran-3 microscope according to the previously
published methodics.”® The ATR-FTIR spectra were recorded in
the region of 3000900 cm " with 2 em ™" spectral resolution.
For each spectrum, 70 scans were averaged. The background
was taken according to the measurement position. The spectra
and images were analyzed using the Puma software.

2.2.2. DSC. Thermal analysis was conducted through
a differential scanning calorimeter (DSC, DSC204F1)
(NETZSCH-Germany). A precise amount of samples was loaded
into an aluminum pan and thermally scanned from 25 °C to
320 °C at 10 °C min~ ' in N, atmosphere.

2.2.3. PXRD. The PXRD patterns were registered by a Rigaku
SmartLab (Tokio, Japan) equipped with a copper X-ray anode
tube. The settings for X-ray generation were 60 kV and 1.5 kW.
The scanning range was 1.5-80.0° in increments of 5° per second.
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2.2.4. ROESY. NMR spectra of the [RutC B-CD] complex were
measured at 278 K in D,0 with a Bruker AVANCE 600 MHz spec-
trometer equipped with a triple resonance (*H, **C and "°N) pulsed
field z gradient probe. 1D NMR spectra were processed and
analyzed using the Mnova software (Mestrelab Research, Spain). 2D
NMR ROESY (300 ms spin lock time) and DQF-COSY spectra were
processed by NMRPipe* and analyzed using NMRFAM-SP. 22

2.3. Determining the binding center using theoretical
calculations

The GFN2-XTB method, with parameters optimized for 86
elements in the periodic table, is applicable to the examination
of different systems, including organic compounds.”® The
energy calculated by the GFN2-xTB method includes van der
Waals interactions, hydrogen interactions, and halogen inter-
actions; which are crucial to the study of interactions between
organic molecules. The detailed information about the calcu-
lation method, including the influence of the solvents, was
conducted in the same manner as in our previous work.'*?*

The possible interaction configurations between Rut and -
CD are similar to those between Rut and hydroxypropyl cyclo-
dextrin:*® the Rut molecule can direct its A or B end into the B-
CD cavity through mode I or mode II (Fig. 1). There are a total of
four possible configurations denoted IA, 1B, IIA, and IIB.

The interaction energy (Ei,) between Rut and B-CD is
computed as follows:

E;,; = E(complex) — E(Rut) — E(B-CD) )]

where E(complex), E(Rut), and E(B-CD) are the energies of the
inclusion complex [RutC B-CD], Rut, and B-CD, respectively.

2.4. Antioxidant activity

2.4.1. Antioxidant activity measurements. The DPPH
radical method was employed to evaluate antioxidant activity.
Briefly, 5 mL of DPPH (concentration 3.8 x 10> M, in ethanol)
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was added into test tubes containing partial volumes of rutin
solutions or complexes of varying concentrations (in the range 4
x 107°M + 8.3 x 107> M), followed by the addition of ethanol.
The total volume was 10 mL. The tubes were shaken well and
incubated for 30 minutes in the dark. Then, the OD values at
517 nm were determined using the UV-vis spectrophotometer.
The percentage of DPPH free radical scavenging activity (P) was
determined according to the following formula:

_ OD; - 0D,

P OD;

x 100% (2)
where ODg and OD; are the optical density value of the test
samples, containing rutin or complex and optical density value
of a test sample, containing 5 mL of DPPH solution and 5 mL of
ethanol, respectively.

Based on the percentage of DPPH free radical scavenging
activity, the linear correlation equation between the concen-
tration of drug (rutin or complex) and the percentage of DPPH
free radical scavenging was determined. Antioxidant activity
was defined as the amount of antioxidant necessary to decrease
the initial DPPH concentration by 50% (ECs). The lower the
ECs, value, the higher the antioxidant activity.

2.4.2. Determination of antioxidant mechanism by theo-
retical calculations. The antioxidant activity of rutin before and
after complexation with B-cyclodextrin was examined and eluci-
dated through theoretical calculations. Due to the presence of
phenolic-OH groups, the antioxidant activity of rutin can be
explained by the antioxidant mechanism of phenolic compounds.

The antioxidant reactions of phenolic compounds are
commonly examined through three primary mechanisms: (i)
hydrogen atom transfer (HAT); (ii) two-step reaction: single-electron
transfer followed by proton transfer (SET-PT); and (iii) two-step
reaction: sequential proton loss electron transfer (SPLET).**
According to Maryam Farrokhnia* the presence of solvents may
influence the antioxidant mechanism of phenolic compounds. For
instance, in polar solvents such as water and ethanol, the antioxi-
dant mechanism of sargahydroquinoic acid and sargachromanol
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in Rut molecule.
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Interaction modes between rutin and B-CD. Color codes: grey — C, red — O, white — H, and numbering scheme of phenolic ~OH groups
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mainly occurs by the SPLET mechanism. Meanwhile, in non-polar
solvents such as benzene, the HAT mechanism predominates.

The parameters characterizing the antioxidant ability corre-
sponding to the HAT, SET, and SPLET mechanisms such as
bond-dissociation energy (BDE), ionization potential (IP), PDE
(proton dissociation enthalpy), proton affinities (PA), and elec-
tron transfer enthalpy (ETE) were calculated according to the
enthalpies (H) of the species as follows:

BDE = H(Rut-O") + H(H') — H(Rut-OH) (3a)
IP = H(Rut-OH'") + H(e") — H(Rut-OH) (3b)
PDE = H(Rut-O") + H(H") — H(Rut-OH"") (3¢)
PA = HRut-O") + H(H"*) — H(Rut-OH) (3d)
ETE = H(Rut-O") + H(e") — H(Rut-O") (3¢)

where the Rut-X (X = H, O, OH) notations represent the Rut
molecule with the X functional groups. Enthalpies of proton H"
and electron e~ were assumed as 6.1398 and 3.351 kJ mol ?,
respectively.”*>¢

Since the Rut molecule possesses four phenolic OH groups
(Fig. 1), the BDE values will be determined for each of the four
OH groups in both the Rut molecule and the [RutCB-CD]
complex. The BDE parameter (eqn (6a)) can be used to disclose
the ability of the OH groups to undergo homogeneous dissoci-
ation and produce free radicals; the lower the BDE value, the
higher the antioxidant activity. The SET-PT mechanism is
described by IP and PDE values from Rut-OH''. Compounds
with lower IP and PDE values are considered as more effective
antioxidants. Finally, in the SPLET mechanism, the first step
reaction enthalpy (PA) and the reaction enthalpy of electron
abstraction (ETE) are two crucial parameters for determining
radical scavenging activity.

For clarification, the characteristic electronic properties such
as vertical ionization potential (IPv), vertical electron affinity
(EAv), and global electrophilicity index (GEI) were also evaluated
to analyze the influence of the solvents on the antioxidant
properties of Rut and [RutCp-CD]. The vertical ionization
potential/electron affinity was obtained as the energy difference
between the ground-state molecule and its ionized species in the
same geometry. The GEI, characterized by the electrophilicity or
Lewis acidity of various compounds, was derived as follows:

GEI = (IPv + EAv)*/8(IPv-EAv) (4)

3 Results and discussion

3.1. Characterization of complex of rutin with B-cyclodextrin

3.1.1. FTIR analysis results. The results of infrared spectral
analysis of the [RutCp-CD] complex when compared with
samples of Rut and B-CD are shown in Fig. 2. A broad peak
centering at 3419 cm ' could be attributed to the valence
vibration of the O-H bond.** The peak positioning at 1655 cm "
could be assigned to the stretching vibration of C=0.>" The

© 2024 The Author(s). Published by the Royal Society of Chemistry
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strong peaks are located at 1602 and 1499 cm ™" corresponding
to the valence C=C bond oscillation. This band is considered as
pulsating vibrations of the carbon skeleton according to the
work.?® The peaks at 1361 and 1298 cm ™" could be assigned to
the C-O bond.* Finally characteristic peaks centering at 1204,
1062, and 1009 cm ™" represented for the C-O-C binding within
rutin structure.'®*

In the infrared spectrum of B-CD, a strong and broad fringe
appeared at 3411 cm ™', corresponding to the valence vibration
of the O-H bond.* The peak centering at 2920 cm ™" attributed
to the valence vibration of the C-H bond in the CH- and CH,-
groups of the host molecule.”® The asymmetric stretching
vibration of the O-H bond in the C-O-H group and C-H bond
could be observed at 1633 cm ™" and 1156 cm ™', respectively.?
The peak at 1031 cm™ ' could be attributed to the valence
vibration of the C-O bond in B-CD c at ref. 30

The infrared spectrum of the complex showed the structures
of both Rut and B-CD components. The valence band of the O-H
bond in the complex (3412 em ™) was narrower and broader
than those of B-CD and pure rutin, suggesting complex forma-
tion.'*'>' The peak at 2920 cm™ ' could be assigned to the C-H
bond. The either largest disappearance of peaks corresponding
to the valence vibrations of the C-O-C bonds (i.e., 1062,
1009 cm ') or the decreasing in intensity at the peak centering
1204 cm ™" inevitably demonstrated that the C-O-C bond was
involved in complex formation.

Since the complex [RutC B-CD] is considered as potential
biopharmaceutics, we have analyzed the state of the complex
components in solutions using ATR-FTIR spectroscopy (Fig. 3).
For this purpose, spectra were recorded for saturated solutions
of rutin and the complex, as well as a for 50 mM solution of B-
CD.

Firstly, comparing the spectra from powders and solutions,
we note the presence of common absorption bands, such as the
bands corresponding to the valence C=C bond oscillation in
the spectrum of rutin. Main bands positions are presented in
Table 1.

It is known that when large molecules are included in
cyclodextrins, the interaction will be most pronounced with one

RSC Adv, 2024, 14, 18330-18342 | 18333
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Fig. 3 ATR-FTIR spectra of saturated solutions of Rut (blue line) and
[Rutc B-CD] complex (red line), 50 mM solution of B-CD (green line).
0.02 M sodium — phosphate buffer solution, pH 7.4., 22 °C. Spectra are
min—-max normalized for better representation.

Table 1 Main band positions in the ATR-FTIR spectra of saturated
solutions of Rut and [Rutc B-CD] complex. 0.02 M sodium-phosphate
buffer solution, pH 7.4, 22 °C

Band position, cm™'/band

assignment Rut [Rutc B-CD]

C-0-C 1203 1207

C=C 1503 1502, 1491 shoulder
C=C 1596 1597

C=0 1653 1654

of the fragments of the guest molecule. In the case of rutin,
there are two key moieties to be considered - carbohydrate and
aromatic. A comparison of the spectra of rutin and the complex

1360 cm-! mapping
(Rutin distribution)

1080 cm-! mapping
(CD distribution)
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in the absorption region of the C-O-C valence bond, charac-
teristic of the carbohydrate part, shows a shift of the charac-
teristic band from 1203 to 1207 cm ', which indicates
interaction with the oligosaccharide backbone of cyclodextrin.

In this case, the absorption band of the C=C aromatic ring
at 1596 cm ™' and the absorption band of the C=0 bond at
1653 cm ', located on the ring, shift only slightly. A more
interesting finding is the formation of a shoulder at 1491 cm ™"
in the absorption band of 1503 cm ™. This band also refers to
the stretching vibrations of the C=C bond in the aromatic ring.
The formation of a shoulder indicates a change in the micro-
environment of the aromatic ring, apparently due to complex
formation.

Thus, it is likely that rutin is indeed included in the cyclo-
dextrin torus, and the complexation can additionally be stabi-
lized by the binding of carbohydrate fragments of the guest and
the host.

To obtaine more detailed information on the distribution of
Rut and B-CD we have studied the powder samples of [Rut C B-
CD] with ATR-FTIR microscopy. Microscopic examination of the
complex reveals morphologically homogeneous elements
(Fig. 4). Thus, we have conducted mapping in the selected area.
In each point the ATR-FTIR spectrum was registered. To control
the rutin content, the 1360 cm ™" band corresponding to C-O
oscillations was used (Fig. 4 upper line). To control the cyclo-
dextrin content, the 1080 cm™" band corresponding to C-O-C
oscillations was used (Fig. 4 down line). Comparison of
mappings across these bands shows that cyclodextrin and rutin
are distributed evenly throughout the sample, confirming
complex formation.

3.1.2. DSC analysis results. Differential scanning calorim-
etry (DSC) measurements of rutin, B-cyclodextrin and complex
were conducted to reveal the differences in the composition of
“guest” molecules before and after complexation, as shown in
Fig. 5. The results demonstrated that the rutin sample exhibited

Fig. 4 ATR-FTIR mapping for [RutC B-CD] complex powder. Mapping area is 302 x 302 microns. 15x ATR objective.
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a broad endothermic peak at 160 °C, corresponding to the
melting point of rutin. The DSC curve of B-CD indicates the
release of water molecules from the inner cavity of B-CD, which
coincides to a peak at 123 °C (the melting point).

The heat profiles of the complex [Rut C B-CD] and Rut and B-
CD suggested that the endothermic peak of B-CD in the
complex is 104 °C, which was a small difference, but the peak
intensity was significantly lower than those with B-CD. Espe-
cially, the endothermic peak of rutin in the complex was
significantly low and nearly disappeared. This piece of
evidence indicated rutin-B-CD interaction and a portion of the
rutin molecule had entered into the hollow cavity of B-CD and
obtained a complex.

3.1.3. PXRD analysis. In order to discover more details in
the interaction between Rut and CD in a solid state, we have
obtained powder X-ray diffraction (PXRD) patterns (Fig. 6). The
PXRD pattern of Rut (blue line) has narrow peaks, indicating the
crystalline nature. The PXRD pattern of the [RutCpB-CD]
complex (red line) is different from patterns of Rut. One could

Endo
25 4 l Rut
% 20
= j [Rut-BCD]
% 15 160°C
10_' BCD
5 -
f 104°C
04
_5_- 312°C
_10_- 123°C

T T T T T T T T T T T T T T T T
40 80 120 160 200 240 280 320
Temperature, °C

Fig. 5 DSC curves of rutin, -CD and complex.

3500

L — Rutin
—— [Rutin - CD]
— CD

3000 |-

2500

[\
[=3
(=3
S

—
W
(=
(=]

Relative intetsity

1000

500

Vet

0 20 40 60 80
2-Theta, degrees

Fig. 6 PXRD patterns for Rut (blue), CD (green) and [RutcB-CD]
complex (red).
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observe a significant decrease of the intensity of Rut signals, but
the main pattern remained the same. The difference between
these patterns confirms the formation of the guest-host
complex formation.

3.1.4. ROESY analysis. 2D ROESY NMR (Rotating frame
nuclear Overhauser Effect Spectroscopy) spectroscopy is
a powerful method to study inclusion complexes of cyclodex-
trins as big enough (M,, > 1000) molecules. Fig. 7 demostrates
the major region of the 2D ROESY NMR spectra for the Rut
protons and the glucose protons of 3-CD. Obtained data are in
a good agreement with previously published data as concerning
chemical shifts as concerning nuclear Overhauser effect.*
These results also confirm complex formation.

3.2. Antioxidant activity

The ability to scave DPPH free radicals of rutin and complex is
shown in Fig. 8. The antioxidant activity of both rutin and
complex increased with the increasing of sample concentration
(ranging from 4.7 x 107" mol L™ " to 2.6 x 10> mol L™ ") after 30
minutes of experiments.

The regression equations show a well-correlation between
the percentage of DPPH radical scavenging activity and the drug
concentrations. The obtained ECs, values are represented in
Table 2.

The data showed that complex formation slightly increased
the antioxidant activity of rutin corresponding to the decrease
of ECs, values from 1.547 x 107° mol L' to 1.227 x
107 mol L', which agreed with some previous studies.*'®
Calabro M. L. evaluated the antioxidant activity of the rutin and
its complex against lipid peroxidation induced by FeSO,.** The
results showed that, complex formation with B-CD improved
the antioxidant activity of rutin, as a result of the increased
solubility in the biological moiety." Besides that, the antioxi-
dant capacity of phenolic compound is thought to be closely
associated with its hydrogen-donating ability,'® the increase in
the antioxidant activity of rutin after complex formation with -
CD was probably to be changed in its hydrogen-donating
capacity, as a result of the complexation. The hydrogen bonds
were formed between hydrogen atoms in the hydroxyl groups of
rutin with the oxygen atoms of B-CD. These bonds would
weaken the covalent bonds between hydrogen and oxygen in the
hydroxyl groups, which in turn would make the hydrogen
donation by the hydroxyl groups of rutin becoming easier. To
confirm this, in the next part the interaction in the complex and
antioxidant mechanism have been investigated.

3.3. Interactions between rutin and B-CD and the effect of
solvents on the inclusion complexation

The calculated interaction energies (in kcal mol™") between
rutin and B-CD in the vacuum and in different solvents are
presented in Table 3.

The calculation results indicate that the energy differences
between configurations fluctuate within a few kcal mol ™, with
the IA and IIB configurations differing by approximately 2-
3 keal mol . It is indeed possible for multiple configurations to
coexist. However, the configuration of the inclusion complex

RSC Adv, 2024, 14, 18330-18342 | 18335
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Fig.7 Fragment of the 2D ROESY spectrum of a solution of the rutin complex with B-CD in D>O, measured at 278 K and 600 MHz *H resonance
frequency. Signals with positive and negative intensity are shown in red and blue, respectively. The yellow oval highlights the cross peaks between
the protons H6 and H8 of rutin and the protons of glucose residues B-CD, indicating their spatial proximity.
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Fig. 8 The correlation equations between the percentage of DPPH
radical scavenging activity of rutin (a) or [RutcB-CD] (b) and their
concentrations.

with the lowest energy is the most favored, exhibiting the
highest probability of occurrence. In a vacuum, rutin prefer-
entially interacts with B-CD, forming the IIB complex. This
motif is associated with the insertion of rutin into the small-
sized empty cavity of the macrocycle. The IA configuration,
with an energy only 1.9 kcal mol ' higher than the IIB

18336 | RSC Adv, 2024, 14, 18330-18342

configuration, also suggests the feasible existence of an inclu-
sion complex in this structural form. This scenario was also
observed in the case of ethanol and DMSO solvents. Neverthe-
less, rutin primarily penetrates the small cavity of B-CD via the
A-terminal, creating the complex IIA preferable to IIB in water.
The interaction between B-CD and Rut through the I direction,
i.e., from the large cavity side of B-CD, is likewise thermody-
namically favorable due to the negative values of Ej,,.. However,
mode I is less preferred than mode II from the energy-point-of-
view, which can be explained as: the rutin-B-CD atoms distance
is closer, which results in greater interaction particularly the
vDW interaction in mode II. It is noteworthy that the Rut-3-CD
interaction configurations are considerably different from those
investigated between Rut and hydroxypropyl-B-CD (HP-B-CD)
interaction.” This could be explained by the structural differ-
ence between B-CD and HP-B-CD. Since the -CD lacks the bulky
substituents (hydroxypropyl) seen in the HP-B-CD, the Rut
molecule may readily enter the cavity through mode II.

It possibly demonstrates that the interaction energy is
slightly negative in ethanol or DMSO. Thus, the principal
interaction forces can be attributed to non-covalent forces (e.g.,
the vdW interaction and hydrogen bonding). To identify the
locations of weak interactions and intuitively capture their
nature, we analyze the dependence of the reduced density

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 The percentage of DPPH radical scavenging activity of rutin or [RutCBCD] (y) and concentrations of drug (x)

Items Correlation equation Regression coefficient ECso x 10°, mol L™ !
Rut y = 3.56979 + 3.0014 x 10°x 0.993 1.547
[RutC BCD] y = 1.93228 + 3.9191 x 10°x 0.996 1.227

Table 3 Calculated interaction energies (Ein, kcal mol™) between
rutin and B-CD in the vacuum and in the different solvents by GFN2-
xTB method

Environment 1A 1B 1A 1IB

Vacuum —47.92 —39.52 —39.02 —49.82
Water —20.44 —11.37 —25.01 —17.78
Ethanol —17.60 —10.14 —11.16 —19.21
DMSO —5.23 —5.45 —5.96 —7.24

gradient (RDG) on the product of the sign of 4, and p.** Here, 2,
is the second largest eigenvalue of the Hessian matrix of the
electron density, and p represents the electron density of
complex IIB in a vacuum.

In Fig. 9(a), two spikes are observed in the range of —0.01 to
0.01 a.u, corresponding to van der Waals interactions (indicated
by the green area in Fig. 9(b)). A spike at approximately 0.02 a.u. is
indicative of steric effects (denoted by the red area in Fig. 9(b)),
while a spike between —0.02 and —0.04 corresponds to hydrogen
bonding interactions (represented by the blue area in Fig. 9(b)).

In the presence of solvents, the interaction capability toward
B-CD of rutin decreases in the order of water > ethanol > DMSO,
correlating to a decrease in the absolute values of Ej, in this
order. However, the interaction between rutin and B-CD is not
substantially different in ethanol or DMSO.

The frontier molecular orbitals of the studied substances were
evaluated to understand the nature of the inclusion complexes’
formation. The highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) analysis can
provide additional information about the electron transfer (if
any) between components in the inclusion complex. The HOMO
and LUMO of Rut and B-CD remain as transferring from the
vacuum to aqueous solution (Fig. 10 and 11). However, a clear
difference in the vacuum and water environments appears in the
HOMO and LUMO of the [RutC B-CD] encapsulated complex. In
the vacuum, the HOMO distribution of [RutC B-CD] complex is
condensed on the host molecule (i.e., B-CD) while the LUMO is
completely concentrated on the guest molecule. As a result, an
interaction induces electron transferation within the inclusion
complex. However, both the HOMO and LUMO of [RutC $-CD]
are mainly contributed by rutin in aqueous environment. Thus,
the interaction between rutin and B-CD decreases in water in
comparison to the vacuum. This is completely consistent with the
calculation results of the total Mulliken charge on the rutin
molecule in the inclusion complexes. The total charges on the
rutin molecule in the vacuum and in water are —0.028¢ and
+0.004e, respectively for the [Rut C B-CD]-IIA complex. Therefore,
there is a significant decrease in charge transfer from the “host”
molecule to the “guest” molecule.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In the presence of a solvent, the electronic properties of Rut
and [RutC B-CD] signifies an alternation. Table 4 presents the
results of the IPv, EAv, and GEI parameters calculation of Rut
and [RutC B-CD] in the vacuum and in various solvents.

The findings prove that the presence of solvents enhances
the ionization potential and electron affinity of both Rut and
[RutC B-CD], and thus, increased the GEI index of the studied
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Fig. 10 HOMO and LUMO of the studied systems in the vacuum.

systems. The order of GEI values in Rut and [RutCB-CD] is
water > ethanol = DMSO > vacuum. In other words, Rut and
[Rutc B-CD] facilitate the charge-transfer process under the
existence of water, which can impact the antioxidant capacity of
Rut and [RutC B-CD] in various solvents.

3.4. Antioxidant mechanisms of Rut and [Rut C B-CD]

In this study, the antioxidant capacity of Rut and [Rut C B-CD] in
solvents such as water, ethanol, and DMSO was analyzed using
three mechanisms: HAT, SET-PT, and SPLET as follows:

- HAT mechanism:

18338 | RSC Adv, 2024, 14, 18330-18342

Paper
LUMO

Rut-OH + R* — Rut-O° + RH (5)

- SET-PT mechanism:
Rut-OH — Rut-OH* + ¢~ (6a)
Rut-OH'* — Rut-O" + H" (6b)

- SPLET mechanism:
Rut-OH — Rut-O~ + H* (7a)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 HOMO and LUMO of the studied systems in water.

Rut-O™ + R* — Rut-O" + R~

(7b)

(7¢)

R +H" - RH

Three antioxidant mechanisms of Rut and [Rut-B-CD] are
considered. Table 5 presents the results of the computation of
the characteristic parameters (BDE, IP, PDE, PA and ETE) for the
these mechanisms.

The HAT mechanism is characterized by the BDE value of the
O-H bonds.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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The BDE values of Rut and [RutC $-CD] in various environ-
ments change by a slight amount. Most of the BDE values of
[RutC B-CD] are lower than those of Rut, except for some values
in the-OH groups (2), (3), and (4) in DMSO. A difference between
Rut and [RutC B-CD] antioxidant ability maintains according to
the HAT mechanism. This is consistent with the structure of the
[RutC B-CD] complex in which Rut only partially “burrows” into
the hollow cavity of B-CD, and the active-OH groups of Rut are
less affected by interactions with B-CD, since the interactions
are mainly vdW interactions and not chemical interactions.
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Table 4 Electronic properties of Rut and [RutcB-CD] in different
solvents

Vacuum Water Ethanol DMSO
Rut
IPv, eV 7.5157 6.3415 6.1482 6.2070
EAv, eV 1.4537 2.7724 2.5832 2.6018
GEIL eV 1.6589 2.9090 2.6732 2.6904
[RutC B-CD]
IPv, eV 7.6291 6.6077 6.2168 6.2353
EAv, eV 2.5368 3.5668 2.9528 2.9219
GEI, eV 2.5368 4.2554 3.2200 3.1635

Table5 The BDE, IP, PDE, PA and ETE (in kcal mol ™) calculated values
for Rut and [Rutc B-CD] in different environments

Antioxidant
Environments site BDE 1P PDE PA ETE
Rut
Vacuum OH(1) 107.74 270.82 83.82 157.33 198.10
OH(Z) 114.33 90.40 170.65 191.37
OH(3) 103.27 79.34 160.92 190.04
0H(4) 100.12 76.19 163.52 184.29
Water OH(1) 109.31 243.15 112.49 121.79 234.65
OH(Z) 110.36 113.54 126.07 231.42
OH(3) 103.73 106.91 126.23 224.63
OH(4) 101.92 105.10 120.30 228.75
Ethanol OH(1) 108.39 244.12 110.45 124.01 231.36
OH(Z) 110.82 112.88 130.12 227.68
OH(3) 103.14 105.20 128.23 221.89
OH(4) 100.86 102.92 129.37 218.47
DMSO OH(l) 110.04 243.59 111.43 128.46 227.36
OH(Z) 112.97 114.37 136.03 222.74
OH(3) 104.31 105.71 132.57 217.53
OH(4) 101.96 103.36 133.54 214.21
[Rutc B-CD]
Vacuum OH(l) 106.68 261.43 92.13 153.44 200.92
OH(Z) 113.06 98.52 166.98 193.76
OH(3) 101.48 86.94 150.54 198.64
OH(4) 97.28 82.74 149.90 195.08
Water OH(l) 108.47 245.69 109.11 116.81 238.79
OH(Z) 105.21 105.85 115.81 236.53
OH(3) 105.19 105.83 122.64 229.69
OH(4) 97.28 97.92 114.56 229.85
Ethanol OH(l) 105.22 239.63 111.76 123.86 228.33
OH(Z) 110.55 117.09 130.31 227.21
OH(3) 110.55 117.09 120.84 236.68
OH(4) 95.34 101.88 119.26 223.05
DMSO OH(l) 109.93 241.84 113.08 127.82 227.90
OH(Z) 113.00 116.15 135.23 223.56
OH(3) 113.00 116.15 126.99 231.80
OH(4) 102.26 105.41 127.34 220.70

Among the four OH sites, the calculated BDE value for the
OH(4) group is always the lowest, suggesting that this is the
most effective antioxidant activity site in the Rut molecule as
well as in the [RutC B-CD] complex. Meanwhile, the BDE value
for the OH(2) group is the highest in most cases, indicating the
least effective of this OH group. This is explained that the OH(2)
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group is stabilized through the formation of a hydrogen bond
with the adjacent OH group of the tail of the Rut molecule.

The analysis of the solvent impact on the BDE values of Rut
and [RutC B-CD] revealed that the solvent had slightly effect. It is
noted that the BDE value of OH(4) of [Rut C B-CD] reduces most
greatly in ethanol compared to that of Rut. This is also the lowest
BDE value observed among the studied systems. Therefore, the
antioxidant properties of [RutCB-CD] in solutions with high
ethanol concentration may be predicted to be higher than that of
Rut. Meanwhile, in the DMSO solvent, the BDE values of both Rut
and [RutC B-CD] are higher than the corresponding BDE values
in other solvents, indicating that the presence of DMSO inhibits
the antioxidant activity of both Rut and [RutC B-CD].

The SET-PT mechanism is a two-stage antioxidant process
involving IP and PDE. The first step of molecular ionization
corresponding to the high IP is considered the determining
step. The IP values of Rut and [Rut C B-CD] change significantly
from the vacuum to the presence of solvent. In particular, with
Rut, the presence of a solvent dramatically reduces the IP
compared to that in the vacuum. A similar phenomenon can be
observed with [Rut C B-CD]. However, the IP values of Rut in the
solvents are similar, whereas, with [Rut C B-CD], in ethanol, the
obtained IP value is the lowest. This may be attributed to the
effect of different solvations. With the lowest IP value calculated
in ethanol for [RutCB-CD], and the PDE value of the OH(4)
group not being too large (about 101 kcal mol "), the SET-PT
mechanism is predicted to be possible but it will be more
difficult than the HAT mechanism since the IP value is much
higher than the BDE value.

The SPLET mechanism consists of two stages and is char-
acterized by PA and ETE. The analysis of the PA and ETE values
achieved from the Rut and [RutC B-CD] shows that the forma-
tion of the insertion complex results in a slight decrease in PA
and an increasing in PTE values. Therefore, the antioxidant
capacity of [Rut C B-CD] could lightly change compared with the
original Rut according to the SPLET mechanism. The SPLET
mechanism is predicted to be more probable than the SET-PT
mechanism but less likely than the HAT mechanism if PA
values centering between 110-120 kcal mol ™' and ETE values are
lower than those of IP values.

Our calculated results align with previous studies on the
influence of inclusion complexation on the antioxidant activity
of flavonoids. For instance, Zheng et al.*> demonstrated that CD
inclusion complexation enhances the antioxidative activity of
apigenin in aqueous ethanol solutions. However, while the
solvent can alter the antioxidant mechanism of apigenin, the
HAT mechanism remains dominant for rutin across all
solvents. Several studies have demonstrated that the SPLET
mechanism is thermodynamically favored in polar solvents
such as water, DMSO, and methanol.**>** Our findings also
highlight the influence of solvents on the propensity for the
SPLET antioxidant mechanism, with PA increasing in the order
of water < ethanol < DMSO. It is important to note that the
differences between PDA and BDE across these solvents are
minimal, indicating that the antioxidant activity of rutin and
the [RutC B-CD] inclusion complex may occur through multiple
mechanisms simultaneously within a given solvent.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4 Conclusions

The complex of rutin and B-cyclodextrin was successfully
synthesized. The results of FTIR spectroscopy in powders and
solutions and DSC analysis exhibited that a portion of the
rutin molecule had entered the hollow cavity of B-CD and
formed a complex. According to the ATR-FTIR microscopy of
complex powder both Rut and B-CD are distributed eventually
confirming complex formation. The favorable interaction
configurations between Rut and B-CD were considerably
different from the previously reported interaction between Rut
and hydroxypropyl-B-CD (HP C 3-CD). The Rut molecule might
enter the cavity of B-CD through mode II. Experimental results
showed that the antioxidant activity of rutin increased slightly
after complexing with B-CD. The EC;, concentration at which
rutin could neutralize 50% of the free radicals of DPPH in
solution after complexation reduced about 20%. The theoret-
ical calculation results were in consistent with the experi-
mental results: there was a slight decrease in the calculated
values of BDE, IP, PDE, PA and ETE of rutin in complexation
compared with pure rutin. In particular, the calculation results
according to the HAT mechanism indicated that among the
OH phenolic functional groups, the OH(4) group was the most
effective antioxidant activity center of the rutin molecule,
while the OH(2) functional group was significantly less effec-
tive. Theoretical calculation results also proved that the nature
of the solvent (gas or liquid phase, aqueous or mixed solvent,
polar or non-polar solvent) had almost no effect on the anti-
oxidant of rutin and complexes.
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