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Llenvio oannozo uccnedoeanun OvlNo U3yueHUe 63AUMOOCICIEUA 0EUHOBON KUCIOMDbL
(OA) ¢ mukpouacmuyamu noaumonounou kuciomut (PLA) ¢ pazax xnopogpopma u ouxnopme-
mana ¢ ucnob308anuem mMemooos meopuu gynkyuonana niomuocmu (DFT) u meopuu pynk-
yuonana niomuocmu, 3agucauieii om epemenu (TDDFT). Hecnedosanue nposedeno na ypogue
meopuu B3LYP-D3/6-31+G**. Duepeus cesazu, OunoivHovlit MOMEHmM U mepMoouHamuiecKue na-
pamempul nokaszviearom, umo ezaumooeiicmeue OA u PLA uepe3 ceazu C=0....HO ¢ naubonee
ycmouuueom cocmosanuu (cocmosanue 1) ¢ aze xnopogpopma cunvuee, uem 6 ghaze ouxnopme-
mana. Ompuyamenvhsle 3HAUEHUA MEPMOOUHAMUYUECKUX RADAMEMPOE HAUDOIee CIAOUTbHOZ0
komnnekca u zpagpuxoe MIII nokazanu, umo OA okazvieaem nooxicumeIbHoe IUAHUE HA A0-
copoyuonnoe noseoenue PLA. IIpucymcmeue OA uzmenuno cmpykmypy PLA na ocnosanuu meo-
pemuueckux Y®-Vis u ungpparxpacnvix (UK) cnexmpos. Pezynromamol nokazanu, Y4mo Ucnojiv3o-
6anue nOBEPXHOCMHO-AKMUGH020 geujecmea OA modcem yayuuiums OUCNEPCUIO U COBMECTMU-
Mmocmp ¢ mampuuyen PLA.

KuioueBnblie ciioBa: 0JICMHOBAs KUCJIOTA, MOJX (MOJIOYHAS) KUCIIOTA, MIOBEPXHOCTHO-aKTUBHOE BEIIle-
CTBO, JMCIIEPCHSI, COBMECTUMOCTh
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This study aimed to investigate the interaction of oleic acid (OA) with poly (lactic acid)
(PLA) microparticle in chloroform and dichloromethane phases using density functional theory
(DFT) and time-dependent density functional theory (TDDFT) methods. The study was conducted
at the B3LYP-D3/6-31+G** level of theory. The binding energy, dipole moment. and thermody-
namic parameters show that the interaction between OA and PLA via C=0....H-O bonds in the
most stable state (state I) in the chloroform phase is stronger than in the dichloromethane phase.
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Negative values of the thermodynamic parameters in the most stable complex and the MEP graphs
showed that OA has a positive impact on the adsorption behavior of the PLA. The presence of OA
altered the structure of PLA based on theoretical UV-Vis and Infrared (IR) spectra. The findings
revealed that using the OA surfactant can improve dispersion and compatibility with the PLA matrix.
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INTRODUCTION

Common polymers are extensive molecules
made up of repeating units known as monomers. They
are extensively utilized in different industries because
of their adaptability and strength. Conversely, cancer
growth [1-5] is a multifaceted process that can result
from a range of factors including genetic mutations,
environmental exposures, and certain polymers. As a
result, scientists globally are diligently working to-
wards finding a cure for this disease and other diseases
[6-10]. Also, conventional polymers, derived from pet-
rochemical sources, present a significant environmen-
tal challenge due to their non-degradability and limited
recyclability at the end of their useful life. To address
this issue, extensive research has been conducted on
biodegradable polymers as a promising solution to pro-
mote sustainability and create an eco-friendly environ-
ment by replacing the reliance on conventional poly-
mers [11]. Biodegradable polymers are widely utilized
in diverse biomedical applications due to their biocom-
patibility, non-toxicity, and non-immunogenic proper-
ties [12]. Poly (glycolic acid) (PGA), poly (lactic acid)
(PLA), and poly (lactic-co-glycolic acid) (PLGA) co-
polymers are synthetic biodegradable polymers that
were introduced during the latter half of the 20th cen-
tury. Subsequently, these materials received approval
from the Food and Drug Administration (FDA) and
have since become the predominant choice of materials
in the field of biomedicine [13]. Over time, their appli-
cations have significantly expanded, and they are now
widely used to create musculoskeletal tissue engineer-
ing scaffolds and other biomedical products [14, 15].
PLA is a readily available, hydrophaobic, aliphatic pol-
yester with high transparency [16], elastic modulus,
and thermal processability [17], making it ideal for bi-
omedical applications [18, 19]. Introducing this carrier
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as a novel therapy can be a promising solution to miti-
gate the harmful side effects caused by anti-inflamma-
tory drugs, while also enhancing the overall effective-
ness of the treatment [20].

Broadening the scope of utilization for a bio-
compatible, non-toxic, and biodegradable bioplastic
has been a challenge due to its limitations in areas such
as packaging, engineering, medical, and other applica-
tions [16]. PLA, a known bioplastic, exhibits slow
crystallization, Limited thermal stability, and pro-
nounced brittleness. In order to overcome these limita-
tions, a range of bio-fillers have been incorporated into
the PLA matrix to create blend films and improve their
characteristics. These fillers comprise of cellulose
nanocrystals modified with ammonium salt [21], cof-
fee grounds [22], keratin [23], and fish gelatin [24].
Likewise, elastin has been blended with the PLA ma-
trix and other polymers to fabricate tissue scaffolds
containing fibers and extracellular matrix [25]. To
achieve a stable dispersion and enhance compatibility
between the PLA matrix and surfactants, it is often es-
sential to perform chemical modifications such as
grafting and crosslinking of surfactants. These modifi-
cations help to ensure that the surfactants are well-in-
tegrated into the matrix, leading to improved perfor-
mance and functionality of the final product.

Oleic acid (OA) is a commonly employed sur-
factant characterized by its polar functional group -
COOH, which is connected to lengthy hydrocarbon
chains. Numerous studies have examined the effective-
ness of OA as a surfactant. In a particular investigation
conducted by Zhang et al., the tribological properties
of PAO4 base oil were explored by incorporating an
oleic acid surfactant along with tungsten disulfide
(WS>) nanoparticles. They discovered that the pres-
ence of OA improves dispersion stability [26]. Today's
large computational tools enable designing and opti-
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mizing highly effective PLA matrix dispersion, elimi-
nating the need for expensive long-term experiments.
This study aimed to investigate the effect of OA as a
surfactant on the PLA matrix using density functional
theory. This was done to improve the compatibility of
the acid with PLA, which has not been extensively
studied before using DFT. In a prior investigation, we
examined both theoretical and experimental [27] re-
search on the interactions between sulfasalazine and
poly (lactic acid). The findings showed that the pres-
ence of SSZ led to a modification in the PLA structure.
Therefore, to achieve a stable dispersion and enhance
compatibility between the PLA microparticle and oleic
acid surfactant, their interaction was studied using
DFT methods.

COMPUTATIONAL METHOD

Density Functional Theory (DFT) is a compu-
tational approach in quantum mechanics applied in the
fields of chemistry and physics for studying the elec-
tronic structure of molecules and solids [28, 29]. The
optimized structure of the PLA microparticle mole-
cule, OA, and, as well as their complexes, were deter-
mined employing DFT and TDDFT methodologies at
the B3LYP-D3 level of theory [30, 31]. The calcula-
tions were performed using Gaussian 09 software [32]
with the 6-31+G** basis set. This theoretical level,
B3LYP-D3/6-31+G(d,p), is known for its high accu-
racy in studying various dimer systems involving non-
covalent drug-polymer interactions [33, 34]. Following
geometry optimization, the binding energy (Ebin) Was
determined as the zero-point corrected energy (ZPE)
using the aforementioned theoretical level and the gen-
eral formula below:

Ebin = (EoarLa+ ZPE) —

— (EpLa +ZPE) - (Eoa + ZPE) Q)
Where EpLa and Eoa are the total energies of the indi-
vidual components and EoarLa is the total energy of
the complex formed. We used the Polarizable Contin-
uum Model (PCM) [35] to account for the solvent ef-
fect and evaluated the adsorption system of OA on
PLA in both chloroform and dichloromethane phases.
The quantum molecular descriptors (QMDs) were uti-
lized to calculate the physicochemical properties of the
interacting systems as follow:

w=—50+4) @)
X =—H ©)
n=50-4) ()
S=5 (5)
w=5 (6)
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According to Koopmans' theorem, the ioniza-
tion potential (1) and electron affinity (A) of a molecule
can be calculated by the negative orbital energies of its
highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital (LUMO), respec-
tively. Other important parameters for describing the
electronic structure of a molecule include global soft-
ness (S), chemical potential (), electronegativity (),
global hardness (7), and electrophilicity index () [36].

RESULTS AND DISCUSSION

Binding energy and thermodynamic parameters
Initially, the molecular electrostatic potential
(MEP) graphs were used to get the best structural con-
figurations for OA interaction with PLA microparti-
cles. The MEP of PLA and OA molecules presents that
the negative charges distributed on O atoms (red re-
gion) in the PLA and OA molecules, and the positive
charges of the molecules are mainly distributed on the
H atom of OH groups (see Fig. 1) [37]. Therefore, this
study considered two directions for the binding of OA
with PLA microparticles in chloroform and dichloro-
methane phases (see Fig. 2). It has been observed that
the carboxylate group of OA interacts with the carbox-
ylate group of PLA via C=0....H-O interactions, form-
ing State I. This interaction occurs between the hydro-
gen and oxygen of both groups and has an Enin value of
-0.97 and -0.58 eV in the chloroform and dichloro-
methane environments, respectively. On the other
hand, in State I1, the hydrogen of the carboxylate group
of OA interacts with the oxygen of the carbonyl group
of PLA. The Expin value for this interaction is 2.42 eV in
the chloroform phase and -0.26 eV in the dichloro-
methane phase, as shown in Table 1. Assessment of the
binding energies shows that the interaction of OA with
PLA in State | is a chemical interaction in both phases,
while State 1l in the chloroform phase is unstable and
the complex has a weak interaction in the dichloro-
methane phase. Also, the thermodynamic function
changes were calculated. The values of thermody-
namic parameters for State | in the phases were calcu-
lated using B3LYP-D3/6-31+G** methods. The calcu-
lations revealed that in the chloroform phase, the en-
thalpy change (AH, kcal/mol), Gibbs free energy
change (AG, kcal/mol), and entropy change (AS, cal
mol* K1) were determined to be -16.96, -18.67, and
5.74, while in the dichloromethane phase, they were
found to be -13.17, 0.052, and -44.34, respectively.
The results showed that the thermodynamic function
changes are negative, suggesting that this complex is
thermodynamically stable [38]. Also, negative values
of the thermodynamic parameters in State | represent
an exothermic process, which confirms the binding en-
ergies results.
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Fig. 1. HOMO/LUMO and MEP plots of oleic acid and PLA microparticles in chloroform phase
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Fig. 2. Optimized structures of OA, PLA, and OA/PLA complexes and density of states of the complexes in chloroform and dichloro-
methane phases
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The values of dipole moment (DM) for pure
PLA and OA molecules are 6.90 and 1.94 Debye in the
chloroform phase and 7.34 and 2.07 Debye in the di-
chloromethane phase. After OA interacted with PLA,
the DM values in States | and 1l were 5.60 and 5.92
Debye in the chloroform phase and 5.92 and 6.93 De-
bye in the dichloromethane phase. These changes in
the DM values of the states, particularly in the chloro-
form phase, indicate an increased interaction of OA
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and PLA with non-polar solvents. This would lead to
better dispersion and compatibility between the PLA
matrix and the OA surfactant by increasing the internal
molecular electric field. Therefore, the binding ener-
gies, thermodynamic parameters, and dipole moment
results show that State I is more stable than State 11 in
both phases, and the interaction of OA and PLA in this
state is more likely and OA can be used as a suitable
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surfactant for PLA microparticle [39]. Fig. 3 also pre-
sents the MEP graphs for the states in the chloroform
phase. As depicted in Fig. 3, states I and 11 show nearly
gray areas. Put simply, the MEP of the complexes sug-
gests that the oxygen atom of the carboxyl group tar-
gets the hydrogen atom of the hydroxyl group. This
suggests a potential interaction between OA and PLA
molecules in the complexes [40, 41].

A.N. Safa et al.

The quantum molecular descriptors for the
OA, PLA, and their complexes in the chloroform and
dichloromethane environments are summarized in Ta-
ble S1. Based on QMD analysis, each of these com-
plexes shows little changes compared to the pure state
in both phases which shows that interaction between
OA and PLA molecules is possible in those complexes.

Table

Calculated binding energy (Ebin/eV), dipole moment (DM), HOMO energy (E_HOMO), LUMO energy
(E_LUMO), energy gap (E_g) and Fermi level energy (E_F) for oleic acid, PLA, and their complexes in chloroform
and dichloromethane phases
Taonruya. Pacuernas 3ueprus ceszu (Ebin/sB), aunoasuetii Moment (DM), sueprus B3MO (E_HOMO), sneprus
LUMO (E_LUMO), snepreruueckas mens (E_Q) u 3neprust yposusi ®epmu (E_F) niist oneunosoii kuciorsr, PLA

M MX KOMILIEKCOB B (pa3zax xjiopodopma U IMXJIOpPMETaAHA

Solvent Property Ebinfev Enomo/eV ELumo/eV EgeV | EfleV DM/Debye

Oleic acid - -6.61 -0.34 6.27 -3.48 1.94

Chloroform PLA - -5.86 -3.21 2.65 -4.54 6.90

State | -0.97 -5.86 -3.21 2.65 -4.54 5.60

State 11 242 -5.10 -3.41 1.69 -4.26 5.92

Oleic acid - -6.62 -0.35 6.27 -3.49 2.07

Dichloromethane PLA - -5.86 -3.24 2.62 -4.55 7.34

State | -0.58 -5.87 -3.24 2.63 -4.56 5.97

State 11 -0.26 -5.97 -3.33 2.64 -4.65 6.83

results show that there is an interaction between OA
and PLA molecules.
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UV-Vis analysis

The electronic absorption spectrum” of the
considered system was calculated using the TD-DFT
method. Theoretical analysis indicated that the PLA
microparticle exhibits maximum absorption peaks at
212, 227, and 581 nm, which corresponds closely to
the calculated absorption peaks observed in the exper-
imental data (231 nm) [42]. In state |, the highest ab-
sorption peak is observed at 603 nm, with an oscillator
strength (f) value of 0.36. Additionally, significant
peaks are observed at 219 and 234 nm, with respective
f values of 0.10 and 0.13. State Il shows a maximum
absorption peak at 584 nm with f value of 0.30 and also
at 661 and 232 nm with f value of 0.07 and 0.14 (see
Fig. 5). These changes in absorption peaks of UV indi-
cate a good interaction between OA and the PLA mi-
croparticle.
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Fig. 5. Computed theoretical UV-vis and IR plots for OA with
PLA microparticle in chloroform phase (state | and 1)
Puc. 5. Paccuntannsie teopernueckue YD-Vis u UK-rpaduxu
OA ¢ mukpouactutiamu PLA B dase xiopodopma (cocrostumst [ u 11)

Infrared analysis

Fig. 5 displays the theoretical infrared (IR)
curves of pure molecules and the interaction between
OA and PLA in States I and Il, within the chloroform
phase. On the IR curve of pure PLA, the O-H bands are
observed at 3763 and 3787 cm?, while the carbonyl
bonds are seen at 1696 and 1715 cm'tin the chloroform
phase. Gadermann et al. [43] reported experimentally
that the C=0 stretching vibration of PLA polymer ex-
hibited a frequency of 1758 cm*. The carbonyl bands
of the OA interacting with PLA microparticle are visi-
ble at 1702, 1726, and 1738 cm™ in State |, and at 1682,
1708, and 1737 cm™ in State Il. Additionally, the O-H
groups are observed at 2988 cm™ (OH of carboxylate
groups) and 3790 cm™ in State I, and at 3366, 3763,
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and 3787 cmt in State 1. The decrease in the frequency
of the OH bond in state | indicates a good interaction
between the OH of the carboxylate group of PLA and
the carbonyl bond of the carboxylate group of OA sur-
factant (O-H...C=0). These results are in very good
agreement with the results of binding energies and di-
pole momentums.

CONCLUSION

The interaction of oleic acid (OA) as a surfac-
tant with poly (lactic acid) (PLA) in the chloroform and
dichloromethane phases was investigated using DFT
and TDDFT methods at the B3LYP-D3/6-31+G**
level of theory. The binding energies, thermodynamic
parameters, and dipole moment results show that the
interaction between OA and PLA via C=0....H-O in-
teractions (state 1) is a chemical interaction in both
phases and the OA can be used as a suitable surfactant
for PLA microparticles. The MEP graphs show that
there is a possible interaction between OA and PLA
molecules in the complexes. The QMD and electronic
properties analysis exhibits slight changes in compar-
ison to the pure PLA. The UV-Vis analysis and IR
spectroscopy study indicate the interaction between
OA and PLA. It appears that using the OA surfactant
can improve dispersion and compatibility with the
PLA matrix.
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