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ABSTRACT: In the pursuit of innovative high-performance
materials suitable for antioxidant applications, the density functional
theory was employed to design a series of compounds derived from
small biodegradable organic molecules. This study involved grafting
the negatively charged unit p-glucosamine (GleN) and essential
amino acids onto the 3 and 4 carbons of the backbone of trans-
2,4,3',5'-tetrahydroxystilbene (trans-OXY), respectively. The aim
was to prevent trans-OXY degradation into the cis region and
enhance its electronic and antioxidant properties. Theoretical
calculations using DFT/PW91/TZP in water revealed that the Antioxidant actvity ‘
designed biomolecules (GleN-OXY-AA) outperformed both free ' J
OXY units and essential amino acids in terms of antioxidant

efficacy, as indicated by the bond dissociation energy (BDE) findings. Notably, GleN-OXY-Ile and GleN-OXY-Trp compounds
exhibited an average BDE of 66.355 kcal/mol, translating to 1.82 times the activity of +OXY and 1.55 times the action of ascorbic
acid (Vit C). AIM analysis demonstrated that the proposed biomaterials favored the formation of quasi-rings through intramolecular
H---O hydrogen bonds, promoting 7-electron delocalization and stabilization of radical, cationic, and anionic forms. Quantum
calculations revealed the release of hydrogen atoms or electrons from sites of reduced electronegativity, visually identified by MEP
maps and estimated by Hirshfeld atomic charges.
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1. INTRODUCTION
Polyphenols (PP) are inherently unstable substances, and their

OXY) is markedly enhanced when it forms complexes with
copper metal cations compared to its cis form. Nevertheless,

health impact largely hinges on the consumption levels and
bioavailability, which can limit their effectiveness in vivo.' ™
During food processing, preserving the bioactivity of PP
becomes critical due to its sensitivity to factors like oxygen,
temperature, pH, light, and the conditions of the gastro-
intestinal tract. The antioxidant efficacy of polyphenols
diminishes notably when exposed to pH levels above 7, such
as those typically encountered in the human digestive tract
with a pH around 8.7

Oxyresveratrol (2,4,3’,5'-tetrahydroxystilbene; OXY) is a
polyphenolic compound derived from plants,® notably
extracted from the heartwood of Artocarpus lacucha Roxb,10
or mulberry wood (Morus alba L.).9 Due to its simple chemical
structure and broad therapeutic potentia1,9,11_16 OXY has
attracted considerable interest. However, its weak solubility,
limited bioavailability, and stability issues constrain its
pharmacological applications.17 Studies indicate that the
trans isomer of OXY exhibits i%niﬁcantly higher antioxidant
activity than its cis counterpart. " In our previous study,19 we
demonstrated that the antioxidant efficiency of trans-OXY (t-
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like all stilbenes, OXY is highly photosensitive and undergoes
rapid degradation when exposed to UV radiation,20 high
temperatures, alkaline pH, or enzymatic environments.21
Chemical degradation often involves isomerization from the
trans to the cis structure, requiring minimal energy of
approximately 20 kcal/mol.22 Over the past decade, various
techniques have been proposed to address these challenges,
including cyclodextrin-complexation, emulsion, liposomes,
solid—lipid nanoparticles, polymer nanoparticles, encapsula-
tion, and assembly.”>~**

The development of biomaterials involves assembling small,
biocompatible molecules through rational design to harness
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their activities, promising significant advancements in ther-
apeutic applications.29 When designing small molecules for
therapy, it is crucial to consider units that are both
biodegradable and bioactive, such as sugars, amino acids, or
nucleic acids, which degrade into harmless metabolites over
time, forming a broad foundation for developing new
substances.”””!

For this investigation, essential amino acids (AA), the
indispensable AA, are employed as assembly units with t-
OXY.32 These include valine (Val), leucine (Leu), isoleucine
(Ile), threonine (Thr), methionine (Met), phenylalanine
(Phe), tryptophan (Trp), and histidine (His). Numerous
studies have highlighted the benefits of AA, particularly its
antioxidant activity,””*" particularly antioxidant activity.”>~’
According to the World Health Organization (WHO), “sugar”
refers to all monosaccharides and disaccharides added to
nutrition.40 Excessive consumption of sugars has been linked
to increased risks of cardiovascular diseases, diabetes, 41 and
particularly cancer by promoting Fenton reaction in vivo and
oxidative stress.42 To mitigate these risks, we opted for p-
glucosamine, a chitosan monomer whose chair conformation
resembles that of glucose.

Glucosamine residues (GleN) are fundamental components
of chitosan, commonly sourced from crustacean skeletons, and
the second most abundant polymer after cellulose. GleN is
known for its diverse biological, nutritional, and pharmaceut-
ical effects, including membrane stabilization, liver protec-
tion43 promotion of wound healing44 and potential for
osteoporosis treatment.45 Due to its renewable nature and
excellent properties, GleN is gaining attention for its simple
absorption and remarkable biocompatibility.46 p-glucosamine
is recognized for its significant antioxidant activity’ >° and its
ability to chelate metal ions.”"* This property gives it
secondary antiradical activity. Due to the diverse biological
activity of this particular polymer, its exceptional biocompat-
ibility, complete biodegradability, and low toxicity combined
with its extremely complex functionalities, an original category
of physiological substance with highly sophisticated functions
has developed.”™>° Attempts are being made to modify these
adaptable polysaccharides to take advantage of their particular
qualities and maximize their potential.”**’

Grafting is an intriguing approach for introducing functional
groups or small molecules into polymers or monomers,58
creating new compounds with tailored properties for specific
applications.59 Recently, there has been growing interest in
grafting antioxidant molecules onto polymer chains or
monomers,60 enhancing their bioactivities compared to free
phenolic compounds, particularly regarding antioxidant effi-
cacy.”' 7% These grafted polymers exhibit novel qualities, such
as improved mechanical and physiological properties and
altered solubility.*>%

This study focuses on stabilizing the trans-OXY config-
uration and preventing its conversion to cis-OXY to maximize
its powerful antioxidant properties. To achieve this objective,
we grafted a chitosan molecule, specifically negatively charged
D-glucosamine. Previous experimental findings have demon-
strated that compounds with higher basicity exhibit superior
antioxidant activity compared to L-ascorbic acid,67 which
aligns with our earlier research.19 Additionally, by incorporat-
ing an essential amino acid, we aim to investigate how these
grafts influence the stability of trans-OXY and enhance the
antioxidant capacity of these innovative biomaterials.

Subsequently, we formulated a composite of three
components, as illustrated in Figure 1. Fragment I includes a

Figure 1. Illustration of the model of chemical structures of the new
biomaterials.

negatively charged p-glucosamine group at position OS5 to
ensure water solubility.68 Fragment II comprises OXY, while
fragment III integrates the essential amino acid.

2. COMPUTATIONAL DESCRIPTIONS

Amsterdam Density Functional (ADF) software package69
was used to optimize all the biomaterial structures in this work
using density functional theory (DFT),70 including single-
point calculations. The PW91 level (Perdew—Wang
(1991)),71 the exchange—correlation function GGA (general-
ized gradient approximation) functional, and the slater TZP
(triple-¢ polarized) set of atomic bases are the valence orbitals
of all atoms (1s for H; 2p for O, C, and N; and 3p for S).72
Internal orbitals were retained with frozen cores. Becke is the
integration algorithm, and 1073 a.u. is the energy convergence
criteria. The impact of solvents is taken into consideration by
the conductor-like screening model (COSMO),73 with the
dielectric constant of water (¢ = 78.4) and van der Waals radii
1.93 A. The program’s graphical interface was utilized to build
the structure for the computations, as the biomaterials lack an
X-ray structure. Furthermore, to attain computing precision, it
was established that all the optimized structures reached the
imaginary zero frequency, which marked the global minima of
the potential energy surface.

2.1. Antioxidant Activity Descriptors. The dissociation
energy of intramolecular homolytic cleavage of the chemical
bonds between O and H, found in the compounds under
study, determines the antioxidant activity. The ADF code can
supply this energy by performing the following actions:

— Perform a DFT calculation on each of the two
fragments of the molecule: ArO radical and H atom
present in all sites.

— Intermolecular interactions are grouped according to
their specific energy, and the bond dissociation energy is
computed using the formula:

BDE(EO) =E + EPauli + Eorb = Eelect + EPauli+orb

elect
(1)

where E.: The electrostatic energy employed in qualifying
the electrostatic interaction between the two sections. E,,;:
Pauli energy, a destabilizing component associated with
repulsive interactions between pieces. E;: The orbital
interaction can be defined in the framework of the single
electronic approximation as the sum of the stabilizing
interactions with two electrons and two orbitals. The
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Figure 2. Optimized structures using the DFT/PW91/TZP/water level of theory of grafted OXY with GleN and essential amino acids and GleN’s

hydrogen bonds length in (A).

Table 1. Bond Lengths (A) for the Target Compounds Optimized in Water at the PW91/TZP Level of Theory

bond distances (A)

compounds C,=Cq C,—Cq Cs—Cy¢ C,—C, C,—C; C;—C, C,—C; C;—Cq Cs—Cg C,—Cy C,—Cy ref
t-OXY 1.346 1.446 1.440 1.398 1.385 1.390 1.386 1.389 1.397 1.398 1.378 18
GleN-OXY-Val 1.346 1.444 1.438 1.397 1.385 1.399 1.397 1.388 1.395 1.397 1.374
GleN-OXY-Leu 1.346 1.444 1.437 1.397 1.385 1.400 1.397 1.388 1.396 1.395 1.374
GleN-OXY-Ile 1.346 1.444 1.437 1.397 1.385 1.398 1.396 1.388 1.395 1.397 1.374
GleN-OXY-Thr 1.346 1.443 1.438 1.397 1.385 1.399 1.396 1.387 1.395 1.395 1.374
GleN-OXY-Met 1.346 1.444 1.438 1.397 1.385 1.399 1.396 1.388 1.395 1.396 1.374
GleN-OXY-Phe 1.347 1.444 1.439 1.397 1.385 1.400 1.396 1.388 1.396 1.394 1.373
GleN-OXY-Trp 1.347 1.446 1.436 1.398 1.383 1.403 1.397 1.390 1.397 1.395 1.375
GleN-OXY-His 1 1.347 1.446 1.437 1.397 1.384 1.399 1.396 1.389 1.395 1.394 1.378
GleN-OXY-His 2 1.347 1.445 1.439 1.396 1.386 1.399 1.397 1.388 1.396 1.396 1.374

bond distances (A)

compounds c,—-C, C,—Cy Cy—Cy C,—C, Oy—Hy O3—H; O,-H, O,—H,; Osn—Hasn Ocuwr—Hcyy Ocus—Hens — ref
t-OXY 1.395 1.385 1.385 1.407 0.980 0.980 0.980 0.980 — — — 18
GleN-OXY-Val 1.399 1.398 1.413 1.406 1.083 0.981 0.980 0.981 0.988 0.980 1.0583
GleN-OXY-Leu 1.398 1.396 1.416 1.410 1.093 0.981 0.980 0.980 0.988 0.977 1.057
GleN-OXY-Ile 1.400 1.395 1.414 1.406 1.097 0.980 0.981 0.980 0.987 0.975 1.051
GleN-OXY-Thr 1.396 1.395 1.417 1.412 1.094 0.981 0.979 0.980 0.987 0.976 1.0585
GleN-OXY-Met 1.397 1.395 1.414 1.409 1.086 0.981 0.980 0.981 0.990 0.979 1.052
GleN-OXY-Phe 1.396 1.397 1.418 1411 1.076 0.981 0.980 0.980 0.990 0.975 1.059
GleN-OXY-Trp 1.398 1.397 1.418 1.412 1.100 0.981 0.980 0.981 0.988 0.977 1.052
GleN-OXY-His 1 1.396 1.400 1.420 1.414 1.093 0.981 0.980 0.980 0.989 0.977 1.059
GleN-OXY-His 2 1.398 1.397 1.416 1.411 1.092 0.982 0.979 0.979 0.991 0.976 1.054

contribution of (Ep,;) and (E,;) are generally grouped
in(Epaui 4+ orb)- 74

2.2. Atoms in Molecules Analysis (AIM). Several DFT
techniques are available to describe the chemical bond
characteristics. Atoms in molecules (AIM) analysis is one
such approach. The characteristics computed at the bond
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critical point (BCP) or the ring critical point (RCP) consist of
the following: electronic density p(r), Laplacian density
V2p(r), potential energy density V(r), kinetic energy density
G(r), and total electron energy H(r). These descriptors serve
as criteria for assessing the variance in charge density and
binding characteristics of the compounds under consideration.

https://doi.org/10.1021/acsomega.4c04356
ACS Omega 2024, 9, 37128-37140
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Table 2. Dihedral Angles (deg) for the Target Compounds Optimized at the PW91/TZP Level of Theory in Water

bond angles

compounds a (Cg—C,—C¢—C;)
t-OXY 2.1
GleN-OXY-Val 1.8
GleN-OXY-Leu 1.5
GleN-OXY-Ile 1.6
GleN-OXY-Thr 14
GleN-OXY-Met 1.1
GleN-OXY-Phe 0.9
GleN-OXY-Trp 1.6
GleN-OXY-His 1 2.1
GleN-OXY-His 2 2.8

B (C;—C—C—Cy) 0 (0—C3—C,—C,,) ref
3.0 —_ 18
3 2.9
2.7 0.0
2 0.4
0.7 3
0.4 1.0
0.5 1.8
1.6 2.0
1.5 1.0
1.6 1.0

The Bader’s AIM method gives a topological analysis of a
molecule’s chemical bonds.75 The presence of a critical point
in the AIM analysis allows for the characterization of a
chemical bond. The electron density at the critical point
provides details about a bond’s characteristics. The AIM
technique provides useful tools for investigating the structure’s
m-electron delocalization qualities regarding the electron
density parameters determined at the RCP.76 Using ADF’s
t21 file, topological analysis was carried out with DGrid and
ADE.77

3. RESULTS AND DISCUSSION

3.1. Structure-Antioxidant Activity Correlations and
Molecular Structures. The GleN-OXY-AA model was built
based on previous models of stilbenes with a prenyl moiety on
carbons 3 and 4.7*7%° In our investigation, we chose to
substitute the chitosan monomer (GleN) on cycle A with an
amino acid on cycle B. The GleN monomer, which has a
negative charge on the oxygen atom OS, is grafted as a
functionalized molecule on the atom of OXY. The amino acids
were individually attached to stilbene by the carbon carrying
the carboxyl and amine functions (see Figure 2).

DFT calculations were performed on GleN-OXY-AA
models. To our knowledge, none has been synthesized. Our
choice is not arbitrary; negatively charged GleN chitosan grafts
and essential amino acids increase the steric effect and hinder
the transition to the cis isomer. The bond lengths and angles
(geometric parameters) are examined with those of the free
parent compounds, oxyresveratrol, the GleN monomer, and
the essential AAs before grafting (see Table 1).

The diverse hydrogen bonding characteristics of the GleN
molecule are the reason for the relatively large number of
conformers. In total, there are more than 50 p-glucosamine
conformers.81 The GleN conformer in the grafted molecule
was imposed by the intermolecular interactions, which explain
the arrangement of atoms and molecules within a chemical
system.gz_86 So, first, the minimum energy structures of each
grafted GleN-OXY-AA structure were obtained by optimiza-
tion of each of them separately. These are illustrated in Figure
1, followed by the optimization in a free state of selected
negatively charged GleN conformers and the structure of
essential amino acids, in equilibrium for comparison.

The chair-shaped structure of GleN is constructed by
hydroxyls and amine groups on the molecular chain,
promoting the appearance of intramolecular and intermolec-
ular hydrogen bonds.””*® The conformation obtained for the
GleN monomer structure is stabilized by forming the two
intramolecular hydrogen bonds (Figure 1). A hydrogen bond is
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formed by the attraction of a covalent donor pair X and a
hydrogen atom H, so the H is attached to a more
electronegative acceptor X (ion or molecule).89 Hydrogen
bonds occur in the structures examined between the H atoms
of hydroxyl groups (—OH) and neighboring O atoms,
explaining the elongation of the hydroxyl group in Ocy,—
fHyy,, which varies from 1.051 to 1.059 A, or between the H
atoms of the amine groups (—NH2). The shortest distance
between O—H---O measures between 1.582 and 1.615 A, while
the lengths of N—H--O range from 2.625 to 2.852 A,
respectively, as shown in Figure 1. Additionally, according to
these data, the average lengths between O—H:--O are less than
1.8 A. And the lengths of N—H--O are larger than 2.0 A.
These data were classified as strong hydrogen bonds for the
former and weak for the latter.82 We also note that the O¢yy—
Hgyy, bond on GleN varies from 1.052 to 1.057 A.

A priori, the grafted OXY retains the property of the double
bond of the ethylenic bridge identified in column C,=Cs,
which is distinctive to the stilbene structure in all the
compounds investigated. C,—C4 and C3g—Cg bond lengths
vary from the OXY by 0.003 and 0.004 A, respectively. The
electrical resonance in the two aromatic rings, A and B, can be
observed by the bond lengths in each of the rings present in
the grafted OXY, which are roughly 1.4 A. The length of the
Oy —Hg bond is 1.100 A, relatively longer than the lengths of
the O3 —Hjy, the length of the O,—H,, and the length of the
0,—H, bonds (0.980 A) (see Table 1). The bond length is
related to the type and order of the interaction,90 designating
this site as the most active in the molecule. For the essential
amino acids, our interest focused on the ends of the carboxylic
functional group and, more precisely, on O—H, which
neighbors the atom of the OXY fragment. To highlight the
influence of the grafting of the latter on the geometric
configuration. The O—H bond shows alterations in terms of
length from approximately 0.007 to 0.011 A.”" =7

Because the structure’s planarity facilitates electron delocal-
ization, it plays a key role in antioxidant properties.98 Given
that the monomer GleN is twisted in all structures, only the
OXY angles from the AA to the OXY will be considered (O—
C3;—C,—Cyuu) (Table 2). The modifications observed at the
levels of the angles (C,—C,—C4—Cg) and (Cy—C,—Ce—C,)
of the OXY after grafting highlight the relationship between
grafting and structural planarity, where the angle o goes from
2.1° to 0.9° and the angle f is from 3.0° to 0.4°. However,
angle 6 shows the most interesting variation of 0.0°. Thanks to
the ethylene bridge that joins the aromatic ring and the
existence of the carboxylic acid function, the compounds
investigated have a nearly planar structure, which considerably

https://doi.org/10.1021/acsomega.4c04356
ACS Omega 2024, 9, 37128-37140
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Table 3. O—H Bond Homolytic Dissociation Energies Using BDE (E0) Fragmentation Analysis in (kcal/mol) of all
Geometries with All Amino Acids Estimated Using DFT PW91/TZP Level of Theory in Water Solvent are Reported at

298.15K
BDE (E,) (kcal/mol)
GleN-OXY-AA
AA before-assembly GleN OXYy AA after-assembly ref
compounds OH OHj, 11-OH 13-OH 5'—OH 3'-~OH 2-OH 4-OH OHj,

Ascorbic acid 103.33 — — — — — — — — — —
t-OXY — — — — — 122.16 121.26 130.87 129.83 — — 18
GleN-OXY-Val — 166.03 — 135.83 145.23 87.64 67.33 85.11 112.69 71.78 —
GleN-OXY-Leu — 148.01 — 136.79 146.45 90.71 69.64 84.60 111.73 70.88 —
GleN-OXY-Ile — 154.15 — 135.79 145.13 86.34 66.34 83.91 110.32 69.76 —
GleN-OXY-Thr — 144.87 222.53 124.16 147.57 94.02 68.24 86.35 112.32 76.60 127.96
GleN-OXY-Met — 135.63 — 118.67 136.53 89.49 69.26 84.52 95.13 69.14 —
GleN-OXY-Phe — 167.62 — 125.31 138.29 91.66 70.32 87.35 115.65 72.43 —
GleN-OXY-Trp — 137.56 — 135.21 144.98 87.58 66.37 83.41 111.19 69.92 —
GleN-OXY-His 1 — 13691 — 124.19 146.30 91.22 66.55 85.25 91.36 72.57 —
GleN-OXY-His 2 — 137.37 — 122.78 145.21 89.85 69.29 84.38 89.48 69.15 —

promotes delocalization.99 The latter is positioned in the
molecule to obtain the most stable structure. The carboxylic
functionality is arranged such that the hydrogen of the
hydroxyl group is oriented in a cis configuration relative to
the oxygen atom of the carbonyl group.98

3.2. Antioxidant Activity Descriptors. 3.2.1. Fragmen-
tation by BDE (E0) of the O—H Bonds. The BDE (E0)
parameter approach was acquired by performing a single-point
calculation using PW91/TZP on the optimized structures to
calculate the reported dissociation energy data. ArO and H are
the two fragments created from each molecule. The COSMO
model was used in an aqueous medium (see Table 3).

The homolytic dissociation energy BDE (EO) represents a
reliable parameter to describe the mechanism, which involves
the transfer of a hydrogen atom from a hydroxyl group of the
antioxidant molecule to the free radical. The weakest O—H
bond (lowest BDE (E0)) should lead to the most likely
reaction and the most significant antioxidant activity. The data
in Table 3 show that the antioxidant activity of all grafted
biomaterials is significantly improved compared to the activity
of ascorbic acid and even twice as much as that of free OXY.

The antioxidant activity of the grafted OXY was significantly
boosted following the binding of the negatively charged GleN
monomer in position 3 and AA in position 4’. This
improvement is felt on its four respective sites, and this is
true for all of the biomaterials. Hence, they are ideally suited to
operate as scavengers, confirming an improvement in the
antioxidant activity in the compound model compared to the
natural compound (OXY, BDE(E0): 121.26 kcal/mol) .

In all the systems, the site with the lowest energy, BDE (EO0)
is identified as the optimal antioxidant site. It is always found
on the OXY backbone at the 3'—OH position, either before or
after grafting. The requirement to promote the delocalization
of the unpaired electron after radicalization is the character of
the hydroxyl groups directly linked to the compounds’
aromatic cycle. Therefore, the results demonstrated that the
antioxidant activity is always more effective on the 3'—OH of
the B ring of the OXY geometry.

Yet, the system may inhibit reactive species by radicalizing
the carboxylic group’s hydroxyl. Thus, abstraction of the H
atom from such a group (OHAA) was investigated for all
compounds. Based on the BDE (EO) energies collected, the

effectiveness of the antiradical activity of the amino acids after
association with OXY is significantly improved compared to
the BDE (E0) energies of the AA before the association (see
Table 3). So, for this radicalization, the acidity of the hydrogen
atom no longer hinders the transfer of the hydrogen atom as a
single entity. Thus, the acid is modeled to reduce the distance
between the carboxylic acid function and the aromatic
ring 9%

The BDE (EO) energy value of amino acids is ranked
directly after the 3’—OH value, which reflects the best site in
all structures and even compared to that of OXY, except for the
second site in methionine. According to the calculated BDEs,
the sites of antiradical activity can be classified as follows:

3'-OH < AA-OH < 2-OH < 5'-OH < 4-OH < 11-OH
< 13-OH

By analyzing the BDE (EO) values, the results reveal the
following two compounds: GleN-OXY-Ile and GleN-OXY-Trp
have the highest antioxidant activity, with the lowest values of
the entire series under study of 66.34 and 66.37 kcal/mol,
respectively. Significant differences distinguish the BDE (E0)
energies of GleN-OXY-Ile and GleN-OXY-Trp compared to
the free parent molecules, and with approximate values of
54.92 kcal/mol for the OXY, 36.99 kcal/mol for ascorbic acid,
and 76.01 kcal/mol for free AAs in water. So, 1.82 times
compared to the activity of +-OXY, even 2.5 times that of free
essential AAs, and 1.55 times compared to ascorbic acid (Vit
C).

3.2.2. Electronic Properties of GleN-OXY-AA Compounds.
Additional insights into the antioxidant activity can be
obtained from the energies of the frontier orbitals. According
to the energy values indicated in Table 4, all compounds are
stable. However, GleN-OXY-Val is the most stable structure
with a HOMO/LUMO energy gap of 1.91 eV.

Low-energy HOMO molecules have a low ability to donate
electrons. In contrast, the molecule may be a potential electron
donor if its HOMO energy is higher.'""”'?" The energy gap is
correlated to HOMO and LUMO; E(g,,) is the absolute energy
difference between the frontier molecular orbitals, which
indicates the reactivity of the compounds and illustrates that
this activity grows as the energy gap decreases.102 Indeed,
upon comparison of GleN-OXY-Ile and GleN-OXY-Trp to the
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2 g other compounds studied, the movement of electrons from
2 HOMO to LUMO is comparatively more straightforward to
= s ITnofge®®o achieve if we examine the H—L energy gaps. E,,,) = 1.82 and
.—3 m | ggddgggggd 1.83 eV correspond well to the lowest values, proving the
S compounds’ maximum reactivity, making them the best
2 S83m=8=82 electron donor candidates among the compounds studied.
£ I STFSTSTTTTS This evidence supports the BDE (EO0) trend reviewed
8, previously, which indicates that GleN-OXY-Ile and GleN-
g 58 w2aggzZgaxg OXY-Trp are the best antioxidant candidates.
O WNE | S 3zsZ23zZ2 323 The energies and spatial expansions of the frontier orbitals,
?0 namely, HOMO, LUMO, HOMO - 1, and LUMO + 1, are
= 3 " represented for each of the compounds studied in Figure 3.
H 53 ~ 0 W ¥ o NI These frontier orbitals tell us about the electron donor/
] % o0 NN AR DO O 0 .
< g8 | 22222 =2 acceptor character and the nature of the fragment responsible
5 A for the phenomenon. According to Figure 3, electronic
“';g donation is carried out through the GleN fragment. The
o o OXY and amino acid are the electron acceptor fragments (see
2 28 R5528R 22 Figure 3). The predictions given by the theory of frontier
& Y RXAF R QNN . . ST .

2 | 999979 ¢S orbitals; qualify the structures studied in this manuscript as
E W good acceptors of electrons through OXY fragments and
- amino acid orbitals.
L
o 2838888828 Hirshfeld’s atomic charges (see Table 4) tell us about the
3 S S S S S oS o oo mode of connection of the OXY to the rest of the structure.
E The nature of the variations in charge values between free and
= BRI i complexed OY shows a covalent bond between the amorphous
s © T97997999°T9°7 OXY and the rest of the complex (see Table 4). The molecular
& orbitals visualized in Figure 4 confirm and clarify their nature.
E w8 IP2RT LS Indeed, OXY binds to GleN by a covalent bond and to the
O AE § S22 2g22232 amino acid by an ionic bond.
% & - L DFT calculated the charge distribution of all compounds;
= o particular interest focused on the OH3’ and OHAA sites due
& £ T oo o to the BDE(EOQ) values found to be promising. The antioxidant
5 2533938333887 activity calculated using BDE(EOQ) is correlated to the charge
g e T T T T T T T T carried by the oxygen atom. Figure S visualizes the curve of the
& variation of the antioxidant activity as a function of the oxygen
go . charges of the two sites, OH; and OH,,. The curve obtained
é ‘éém’o R RIS with a correlation coefficient (R) equal to 0.96 and 0.98,
& ¥ T332 5322C23 respectively (see Figure S). It could be suggested that sites
° v A L with low negative charges are good donors of electrons and
P:] " hydrogen atoms to oxidizing agents.'**"'%*
8 7 [V 3.2.3. Molecular Electrostatic Potentials (MEP). The
=3 S &% T QOO ¥ Dw YT . R . .
53 L 283 23cSS molecular electrostatic potential is an imaging approach to
5% S LT T T T T present the molecule with clouds of graded colors connected
v & to the reactivity of electrophilic and nucleophilic sites.105 The
£ 2 - red color describes areas with the greatest negative electrostatic
S 3 . g B | 2 % SEELELET potential (highest density), which is the preferred site for
ARG S'S Secesecs oo electrophilic attack. Blue are the areas having the lowest

R
" § density and highest positive electrostatic potential, which is the
go = preferred site for nucleophilic attack. From the MEP plots, the
&= 2. L o o A map shows that the distribution of negative potential sites of
SRS N R R R R N ) .

E &0 2 LG I the molecules is centered only on the oxygen atoms attached
= = ;]'5 N to GleN. However, the sites of the positive potentials are
5003\ located around the hydrogen atoms (H2, H4, H3', and HS') of
2 = the OXY and (HAA) of the carboxyl group of the amino acid
Z ~ = Xyl group
NE SRR (see Figure 6). Potentially, positive sites play an important role
A g~ m in the donation of hydrogen atoms to oxidizing agents. Based
23 M on these findings, it can be asserted that these are the most
\':n: E - active sites. This analysis aligns perfectly with our respective

— = 9 9 2]
S5t Flaciefdis results. | . -
< 2 g sloloNolololoNole 3.2.4. Analysis of the Highest Antioxidant Compoqnds by
° g £ & g Cz? g g (Z? g (Z? g g the AIM Method. The AIM parameters were acquired by
= 2 © S geggdgges “single-point” calculation using geometries optimized with
H PWO91/TZP/water. Table 5 contains the values of the AIM
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Figure 3. Graphical representation sketched of the four “Gouterman’s orbitals” for the target compounds with their energies (eV) indicated

(isodensity value 0.03 au).

H-7 =-6.08 eV

GleN-OXY-Val GleN-OXY-Leu

o

H-16 =-7.19 eV

H-11=-6.31eV

GleN-OXY-Phe GleN-OXY-Trp

GleN-OXY-Ile

H-11=-699eV H-15=-7.60eV H-15=-7.58eV H-15=-7.58eV
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H-17 =-7.58 eV
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GleN-OXY-His 1 GleN-OXY-His 2

Figure 4. Graphical representation of HOMOs representing covalent recouvrement of target compounds with their energies (eV) indicated

(isodensity value 0.03 au).

parameters of the bond critical points (BCRs) and ring critical
points (RCPs) discovered for the systems shown in Figure 7.
The values of the electron density p(r), its Laplacian (V*p(r)),
and the total energy density of the electrons (H) and its two
components: the kinetic electronic energy density (G) and
potential (V), calculated at the appropriate RCP and BCR, are
reported below (see Table 5).

According to the results of the AIM analysis, Espinosa et
al.106 classified atomic interactions into three types:

e Type 1: Pure closed-shell interaction

(p(r) < 0.07, V*p(r) < 0, H(r) < 0, IVI/G < 1)

e Type 2: Intermediate interactions

(0.07 < p(r) < 0.15, V*p(r) < 0, H(r) < 0, 1
<Ivl/G < 2)

e Type 3: Pure covalent interaction
(p(r) < 0.15, V2p(r) < 0, H(r) <0, IVI/G < 2)

To begin with, the results show that GleN-OXY-Ile has eight
BCPs, including two intermediate interactions and six closed-
shell interactions. GleN-OXY-Trp has eight BCRs: two
intermediate interactions, one close to a covalent interaction,
and five closed-shell interactions. At the moment, the OXY
only has two BCPs of closed-shell interaction type.18

Bader’s quantum theory of atoms in molecules (AIM)107
provides a good tool to study the properties of 7-electron

37134 https://doi.org/10.1021/acsomega.4c04356
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Figure 6. Molecular electrostatic potential (MEP) maps of the optimized structures showing electron density isosurface for all systems (positive

MEP = blue, negative MEP = red) (isodensity value 0.03 au).

delocalization of a structure. In the sense of electron density
properties estimated at the ring critical point (RCP).76 A
potential new quantitative trait of 7 electron delocalization was
discovered by Palusiak and Krygowski:108 the total energy
density of the electrons H, as well as its component; the kinetic
electronic energy density (G). According to the equation:

H=G+V (2)

The higher the value of H, the greater the delocalization of the
7 electrons. These results encouraged us to consider the RCPs’
estimated AIM parameters to characterize the aromaticity of
aromatic rings and aromatic quasi-rings formed by intra-

molecular hydrogen bonds and which can have an aromatic
character."”” "% The aromaticity of a system positively
influences its antioxidant activity; this capacity is closely
correlated with the delocalization of 7-electrons.''*~"'* Hence
the more the structure is delocalized, the more stable its
radical, anionic, or cationic forms.98 It has been confirmed that
phenyl rings and quasi-rings formed by intramolecular
hydrogen bonds can have an aromatic character.'”’~'%

The study of the RCPs parameters for all cycles of our two
biomaterials, GleN-OXY-Ile and GleN-OXY-Trp, reveals a
relationship between the energy densities p and H, G, and V.
However, a very similar relationship can be discovered for
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Table 5. Topological Properties Parameters of the Electron Density Function at BCP and RCP in Phenylic Rings of the

Systems in Figure 77

BCPs RCPs
compounds p(r) Vo(r) H VI/G p(r) Vo(r) H G v vl/G
GleN-OXY-Ile GleN BCP 1 0.07 0.128 —0.017 1.347 RCP1 0.043 0.236 0.001 0.05 —-0.049 0.98
BCP 2 0.015 0.057 0.002 0.836 RCP2 0.023 0.131 0.003 0.022 —-0.019 0.863
RCP3 0.012 0.062 0.002 0.01 —0.007 0.7
(0):4'4 BCP 3 0.012 0.046 0.001 0.821 RCP4 0.024 0.15 0.004 0.028 —0.024 0.857
BCP 4 0.011 0.045 0.001 0.803 RCPS 0.012 0.055 0.002 0.01 —0.008 0.8
RCP6 0.012 0.05 0.002 0.01 —0.008 0.8
RCP7 0.024 0.148 0.004 0.028 —0.024 0.857
Ile BCP 5 0.018 0.074 0.002 0.862 RCP8 0.012 0.057 0.002 0.01 —0.008 0.8
BCP 6 0.013 0.053 0.002 0.816 RCP9 0.012 0.067 0.002 0.01 —0.008 0.8
BCP 7 0.103 0.022 —0.049 1.9 RCP10 0.027 0.157 0.003 0.03 -0.027 0.9
BCP 8 0.012 0.046 0.001 0.816 RCP11 0.012 0.05 0.002 0.01 —0.008 0.8
GleN-OXY-Trp GleN BCP 1 0.07 0.127 —0.017 1.351 RCP1 0.043 0.236 0.001 0.052 —-0.051 0.98
BCP 2 0.015 0.06 0.002 0.839 RCP2 0.023 0.1¢31 0.003 0.023 —0.02 0.87
BCP 3 0.019 0.086 0.002 0.854 RCP3 0.012 0.062 0.002 0.01 —0.008 0.8
RCP4 0.019 0.095 0.003 0.02 -0.017 0.85
(0):4'4 BCP 4 0.013 0.049 0.001 0.837 RCPS 0.024 0.149 0.004 0.028 —0.027 0.964
RCP6 0.013 0.061 0.002 0.01 —0.008 0.8
RCP7 0.024 0.147 0.004 0.028 —0.024 0.857
Trp BCP § 0.023 0.09 0.002 0.896 RCP8 0.013 0.073 0.003 0.015 —0.012 0.8
BCP 6 0.028 0.072 —0.001 1.043 RCP9 0.025 0.151 0.004 0.03 —0.026 0.867
BCP 7 0.011 0.044 0.001 0.785 RCP10 0.007 0.025 0.001 0.004 —0.003 0.75
BCP 8 0.114 —0.009 —0.062 2.039 RCP11 0.007 0.034 0.001 0.004 —-0.003 0.75
RCP12 0.01 0.042 0.001 0.004 —0.003 0.778
RCP13 0.053 0.332 0.002 0.055 —0.053 0.964
RCP14 0.024 0.151 0.004 0.03 —0.026 0.867

“RCP: Ring Critical Point of cycle.

bRCp: Ring Critical Point of quasi-cycle.

GleN-OXY-Ile

GleN-OXY-Trp

Figure 7. Display illustration of the bond critical points (BCPs in red)
and ring critical points (RCPs in green) of GleN-OXY-Ile and GleN-
OXY-Trp with AIM analysis.

quasi-cycles. This is consistent with the observations obtained
about BCPs. An increase in the electron density at the RCP is
accompanied by an increase in the value of H, related to a
growing dominance of G over the V term. G values
predominate in sections of molecules where the movement
of electrons flows more quickly; in other words, where the
electrons are less localized. Thus, H’s and its constituents’
examination in RCP provides valuable information about a
given cycle if its aromaticity is taken into account. Considering
the primary notions of aromaticity are founded on the
occurrence of s-electron delocalization inside the cyclic
system, given that the latter is to be the cause of aromatic
stability. 7'

The highest H values are observed for phenyl rings, implying
that electrons are significantly delocalized in the center of these
rings. This is consistent with our belief that these ring
structures should be classified as aromatic. The H values in
bridged rings are significantly lower than those in phenyl rings.
Nevertheless, the involvement of the H-bridge within the

37136

phenomena of electron delocalization has
characterized."**~"**

We also observed GleN in GleN-OXY-Ile and GleN-OXY-
Trp, exhibiting an electron delocalization despite its chair
shape. The aromatic characteristic of molecules was first
identified in planar molecules, and this was related to the
planarity of the z-electron system.'’®'*?123 But now, in
general, it is accepted that aromaticity does not have to be
linked to planar molecules. Examples include para- and meta-
cyclophanes.'**~"*® The flatness of aromatic compounds can
be easily disrupted,127 due to sufficiently strong intermolec-
ular interactions in the crystal structure; benzene at 20 K in its
crystalline form has a chair conformation.'>*'*

Therefore, the AIM results demonstrated that by the
appearance of quasi-rings throughout the structure, having
significantly high H and notable G (kinetic term) throughout
the structure, as well as the rings, proves that the delocalization
of m-electrons occurs from one end of the molecule to the
other. Thus, this explains the significant antioxidant activity of
the grafted geometries, considering that the antioxidant activity
is clc;gglylslcorrelated with the delocalization of z-elec-
trons.

been perfectly

4. CONCLUSIONS

A theoretical investigation was conducted using the PW91/
TZP level in water on newly designed biomaterials. These
biomaterials involve the grafting of small molecules onto the 3
and 4 carbons of the trans-2,4,3',5 -tetrahydroxystilbene
skeleton, specifically the negatively charged p-glucosamine
and a series of essential amino acids, which are individually
attached through carbon atoms carrying carboxyl and amine
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groups. The primary goal of this exploration is to enhance their
antioxidant activities post-assembly. The findings from this
study are extensive:

e Structural insights: All the biomaterials maintain a
completely planar structure and preserve the double
bonds linking the aromatic rings, which enhances the
effects of m-electron conjugation and delocalization
compared to the original compounds.

e Antioxidant activity: The bond dissociation energy
(BDE, E0) quantifies the antioxidant activity. Two
candidates, GleN-OXY-Ile and GleN-OXY-Trp, were
highlighted with an average BDE (EO) of 66.355 kcal/
mol. Their antioxidant activities are 1.82 times greater
than t-OXY, 2.5 times that of free essential amino acids,
and 1.55 times compared to ascorbic acid. The smaller
H-L energy gaps in these compounds, 1.82 and 1.83 eV,
respectively, indicate a higher reactivity due to easier
electron movement from HOMO to LUMO.

e Quantum calculations and AIM theory: The use of
Bader’s quantum theory of atoms in molecules (AIM)
suggests that the design of these biomaterials not only
retains rings but also encourages the formation of quasi-
rings, contributing to their aromaticity and, conse-
quently, their antioxidant activities. The compounds
effectively reduce oxidizable species by releasing hydro-
gen atoms or electrons from sites of lower electro-
negativity, as estimated by Hirshfeld atomic charges. A
correlation between reduced electronegativity and lower
BDE was established.

e Molecular electrostatic potential (MEP): MEP map-
ping indicates that the distribution of negative potential
sites is concentrated on the oxygen atoms attached to
GleN (sites prone to electrophilic attacks), while
positive potential sites are around the hydrogen atoms
(H2, H4, H3', and HS’) of the OXY and the hydrogen
of the amino acid’s carboxyl group (sites of nucleophilic
attacks).

e Frontier orbital theory: The theoretical predictions
categorize these structures as potent electron acceptors
through their OXY and amino acid fragments, indicating
their capability to engage in electronic interactions.

e Charge variations: There is a notable difference in
charge distribution between the free and complexed
OXY, indicative of a covalent bond between OXY and
the rest of the complex and an ionic bond with the
amino acid.

In conclusion, the results from this theoretical investigation
suggest that these newly engineered biomaterials, derived from
small biodegradable molecules, are promising candidates as
high-performance antioxidants. This class of materials is poised
to offer significant value in the pharmaceutical field, especially
in developing treatments that leverage their enhanced
antioxidant properties.
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