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ARTICLE INFO ABSTRACT

Keywords: This work focuses on studying the interaction between the active biomolecules found in turmeric and pepper
DFT with key milk proteins, which is a popularly adopted in the Siddha, one of the Indian Traditional Medicinal
Molecular Docking Systems, to treat cold and throat-related illnesses. Curcumin and Piperine are the active biomolecules in turmeric
Traditional Medicine and pepper, respectively. Hence, we have analyzed their interaction with key milk proteins such as Bovine Serum
Issirll;ri d Milk proteins Albumin (BSA), Lactaglobulin, and Lactalbumin. The interactions were computationally investigated to elucidate
the underlying mechanism behind the efficacy of the aforementioned formulation using accurate first-principle
calculations based on Density Functional Theory (DFT) and Molecular Docking simulations. The formation of the
Curcumin-Piperine (CP) complex, as well as its binding with milk proteins, was evaluated using computational
techniques. We have predicted the allosteric sites of the milk proteins and investigated the allosteric regulation
effect in these proteins by Curcumin and Piperine. The results revealed the formation and increased bioactivity of
the drug complex, thereby providing a molecular basis for the observed synergistic efficacy of this traditional

formulation.

1. Introduction

Turmeric is one of the spices that people around the world have been
using for ages. Curcumin is a yellowish dye, and it is the dominant
phytochemical found in turmeric with the chemical alias Curcumin-(1,6-
heptadiene-3,5-dione-1,7-bis(4-hydroxy-3-methoxyphenyl)-(1E,6E) or
feruloyl methane). Curcumin has a chemical composition of Cy;H20O6,
and it is a symmetric molecule with a molecular weight of 368.38 amu
(Prasad and Aggarwal, 2011; Grykiewicz and Silfirski, 2012a2012;
Priyadarsini, 2014a2014, 2013). It attracts pharmaceutical researchers
due to its valuable health benefits, such as antibacterial,
anti-inflammatory, antimicrobial, immunoregulatory, anti-oxidant,
angiogenesis, anti-coagulation, anti-Alzheimer’s, and chemothera-
peutic applications. Curcumin is also shown to have anti-cancer prop-
erties (Grykiewicz and Silfirski, 2012b2012; Priyadarsini, 2014b2014;
Ali et al., 2013; Esatbeyoglu et al., 2012; Mohan et al., 2000; Soleimani
et al., 2018; Sharifi-Rad et al., 2020; Kuttan et al., 1985; Kuttan and
Sudheeran, 1987). Along with Curcumin (C), two other chemical con-
stituents are also found in turmeric, namely Demethoxy Curcumin
(DMC), and Bis-demethoxy Curcumin (BDMC) which are collectively

called curcuminoids (Sharma et al., 2005. The molecular structure of
curcuminoids is illustrated in Fig. 1. The heptadienone linkage between
the Curcumin is less soluble in an aqueous environment, hence it has a
solubility of less than 0.1 mg/mL at pH 7 and 18 °C, due to the presence
of a hydrophobic aliphatic conjugated bridge. However, it may be sol-
uble under an alkaline environment because of the presence of enolic
and phenolic groups.

Although Curcumin has numerous benefits for human health, its low
bioavailability and solubility (Solution Conformations of Curcumin in
DMSO Cathryn et al., 2016; Siviero et al., 2015; Jelinski et al., 2019)
makes it difficult to harness its potential pharmacological effect. When
Curcumin is administered through the oral route, due to the presence of
gastrointestinal enzymes such as proteases and peptidases, Curcumin is
transformed into inactive metabolites that have a very low half-life by
rapid degradation. Lin et al. conducted an in-vivo study of the meta-
bolism of Curcumin on mice and found that Curcumin was
bio-transformed into dihydro and tetrahydro Curcumin, subsequently,
these two compounds were metabolized into the monoglucoronide
conjugates (Pan et al., 1999 Apr). To cope up with these issues Curcumin
must be co-administrated with certain bio-enhancers to promote its
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Fig. 1. Structures of a). Curcumin, b). Demethoxy Curcumin, c). Bis-
Demethoxy Curcumin, and d). Piperine.

bioavailability through various ways.

Shoba et al. studied the effect of the combination of Curcumin and
Piperine and evaluated the bioavailability of the complex in rats and
human beings. Interestingly, bioavailability of the Curcumin was found
to increase by 154 % and 2000 % in rats and humans, respectively
(Shoba et al., 1998 May).

Piperine and milk proteins were previously reported to enhance the
bioavailability of orally administered active pharmaceutical ingredients.
Among such enhancers, Piperine is a heterocyclic phytochemical com-
pound with a chemical composition of C17H19NO3 found in all forms of
pepper(Refer Fig. 1.d). It is the molecule responsible for the pungency
and heat effect of the pepper. Piperine also has numerous beneficial
effects on human health, such as anti-cancer, anti-diabetic, anti-obesity,
cardio-protective, anti-microbial, anti-allergic, and anti-inflammatory
properties (Lu et al., 2025.

It has the potential to inhibit most of the phase I (involves reduction,
oxidation, hydrolysis reactions) and phase II (involves conjugation
process) drug metabolizing enzymes such as Cytochrome P450,
CYP3A4, and uridine diphosphate (UDP)-glucuronosyl transferases
(UGT). Javed S et al. showed that an increase in bioavailability of sily-
marin (a drug used to treat liver disorders) with an increase in the
concentration of Piperine by inhibiting the glucuronidation process
(Javed et al., 2007. Indu Raghunath et al. stated that Piperine can be
used as a bioenhancer to enhance the bioavailability of orally adminis-
tered drugs (Raghunath et al., 2024. These works elucidate that the
inhibition of drug-metabolizing enzymes can increase the gastrointes-
tinal retention period and intestinal membrane fluidity. Thus, Piperine
may be a good bio-enhancer (Khajuria et al., 2002.

Milk is the primary source of energy for the neonates of mammals,
secreted by the mammary gland, able to meet the complete energy re-
quirements of offspring. It is a major component in the human diet
worldwide. Bovine milk is composed of proteins (containing essential &
non-essential amino acids), fatty acids, vitamins, minerals, and a few
minor nutritional factors. The protein content in milk may serve many
physiological functions by acting as hormones, enzymes, enzyme in-
hibitors, and growth factors. Milk proteins are also reported to have
many therapeutic benefits, ranging from anti-bacterial, anti-viral, anti-
carcinogenic to immunomodulatory properties, etc.; Davoodi et al.
(2016); Haug et al. (2007); McSweeney and Fox (2009) The protein
content in bovine milk is about 3.5 % by weight (36 g/L).

Milk proteins are primarily classified into two major groups: casein
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and whey proteins. These are extensively characterized and have been
studied more comprehensively than any other food proteins. In addition
to these proteins, bovine milk also contains Proteose-Peptones(PPs),
water-soluble protein-like molecules, and some nitrogenous com-
pounds called Non-Protein Nitrogen (NPN). Bovine Serum Albumin
(BSA), one of the whey proteins, also has a myriad of health benefits
such as less toxicity, good bioavailability, scalability, low immunoge-
nicity, better accumulation at tumor sites, and ease of administration
(Bronze-Uhle et al., 2017; Yang et al., 2020; Solanki et al., 2021). We
have investigated the interactions of Curcumin, Piperine and CP com-
plex with whey proteins such as BSA, Lactalbumin (LA), and Lactaglo-
bulin (LG).

Kumar et al. (2002) explored the use of natural biodegradable
polymers such as chitosan and bovine serum albumin to create a depot
drug delivery system. They employed an emulsion-solvent evaporation
method combined with chemical cross-linking of polymers and develop
the micro-spheres. Remarkably they achieved the encapsulation rate of
about 79.49 % and 39.66 % for Curcumin within the albumin and chi-
tosan carriers, respectively. This study strongly suggested that these
Curcumin-loaded micro-spheres could serve as an effective
prolonged-release delivery system, offering good therapeutic manage-
ment to inflammatory conditions compared to oral and subcutaneous
administration of Curcumin (Kumar et al., 2002 Apr). This study sug-
gests that the milk proteins can acts as an effective drug delivery depot
for orally administered drugs.

Additionally, in Siddha medicine, Curcumin is prescribed to be
consumed with milk for relief from cold and throat-related issues.
Additionally, it prescribes boiled milk with turmeric (Curcuma longa)
and black pepper (Piper nigrum) as a formulation for cold and throat-
related ailments. This traditional medication and its reported efficacy
provided a strong rationale to conduct mechanistic studies into the
synergistic interaction among Curcumin, Piperine, and milk proteins. In
order to evaluate the interaction between Curcumin and Piperine, their
combined interactions with milk proteins, we have used the state-of-the-
art Density Functional Theory (DFT) calculations, docking simulations,
and allosteric regulation prediction, which reveals the mechanism of
action in the commonly consumed Siddha formulation.

2. Materials and methods

2.1. Identification and accession of structure of phytochemicals and
proteins

All the chemicals mentioned in this work are identified through an
extensive literature review. We searched to identify proteins and phy-
tochemicals in the databases to obtain their respective three-
dimensional molecular structure. Curcumin exists in different tautom-
erisms, such as Enol and Keto forms, and three different isomers, Cur-
cumin, Demethoxy Curcumin and Bis-Demethoxy Curcumin. The
structure of Curcumin (PubChem CID: 969516) and Piperine (PubChem
CID: 638024) before optimization is shown in Figs. 1a and 1(d).

The crystal structure of milk proteins is obtained from the RCSB PDB
database (URL: https://www.rcsb.org) (Berman et al., 2000. The crystal
structures were chosen based on the presence of any mutation, resolu-
tion, and presence of specific ligands. The PDB IDs for a-Lactalbumin,
B-Lactoglobulin, and BSA, respectively, are 1F6S (Chrysina et al., 2000,
3NPO (Loch et al., 2011, and 4F5S (Bujacz, 2012, respectively.

2.1.1. Density functional theory-based calculations

Density Functional Theory (DFT) is an advanced quantum mechan-
ical technique to understand the electronic structure of molecules. DFT
estimates the ground state energy of the molecule using self-consistent
field (SCF) algorithm, which finds the ground state electron density.
State-of-the-art Density Functional Theory (DFT) calculations are per-
formed using the Gaussian-16 package (Gaussian 16 et al., 2016;
GaussView, Version 6.1, 2016). The B3LYP (Becke-Lee-Yang—Parr)
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Table 1

Theoretical vs Experimental comparison of bond length and bond angle of
Curcumin, other optimized geometry parameters are given in the supplementary
information.

Bond Length Bond Angle

Bond Theo.  Expt. Kolevetal,  Angle Theo.

(2005)

Expt. Kolev et al.,
(2005)

Ci-Ca 1.410 1.417
C2-C3 1.390 1.379
C2-07 1.380 1.364
C3-C4 1.392  1.388
C4-C5 1.406  1.401
C5-C6 1.414  1.410
C6-C1 1.390 1.377
C1-08 1.384  1.366
09-09 1.451 1.440

C1-C»C; 1197  119.8
C1-C,0,  117.4 1209
C10gCo  119.0 116.7
C1-CeCs 1216  120.2
CyC-Ce  119.2 1205
CyC0s 1161 1137
Cy-Cs-Cq4 1208  120.3
C3CsCs 1203 1211
C4Cs-Ce 1182 1189

C5- 1.457 1.457 Cs-Cs- 118.9 119.7
C10 Cio

C10- 1.352 1.348 Cs5-Cio- 127.9 128.3
Cl1 C11

Cl1- 1.466 1.450 C10-C11- 121.6 121.5

C12 Ci2

method with the basis set 6-311 G (++) is implemented for all the
quantum chemical calculations due to its highly precise outcome for the
structure and thermodynamic attributes of polyphenolic compounds
(Benchmarking Antioxidant-Related Properties for Gallic Acid through
the Use of DFT, 2021; Boulmokh et al., 2023) and proximity between
higher basis sets. The optimized geometry and electronic properties of
Curcumin and Piperine were derived. The adsorption energy is calcu-
lated to study the possibility of adsorption between Curcumin and
Piperine. Non-covalent interaction analysis and interaction region in-
dicator analysis are carried out by applying the reduced density gradient
method using the Multiwfn software (Lu and Chen, 2012. VMD tools
(Humphrey et al., 1996 were used to visualize the predicted outputs of
Multiwfn. Electrostatic potential(ESP) surfaces are obtained to provide a
detailed perception of the binding sites. The vibration spectra of the
Curcumin, Piperine, and the complex between Curcumin and Piperine
(CP complex) were obtained with the same basis set to understand and
confirm the complex formation.

2.1.2. Allosteric site prediction

Allostery is generally a functional and conformational modulation at
one site resulting from a perturbation in a protein, which is reversible
over time. Allostery or allosteric regulation plays a crucial role in
maintaining cellular homeostasis through intra-protein communication
processes, such as signal transduction, catalysis, and gene regulation.
(Changeux, 2013; Liu and Nussinov, 2016). Thus, allosteric studies may
open the door to understand the cause of the improved efficacy of
Curcumin when co-administered with Piperine. Lu.et.al proposed a
computational method to predict the allosteric site in a protein. They
extracted the crystal structures of non-redundant proteins with greater
resolution than 3 A from the Allosteric Site Database (ASD) (He et al.,
2024. They employed a discriminative feature selection method to
identify key site descriptors that effectively represent an allosteric site.
The collected data were used to train and optimize a support vector
machine model and tested for allosteric site identification. The final
model was made available on the web (http://mdl.shsmu.edu.cn/AST)
for the detection of allosteric sites (Song et al., 2017. Using the Allosi-
tePro (2016), we predicted the allosteric sites in milk protein(s). For the
predicted allosteric site, the docking studies were employed to shed light
on the allosteric effect between milk protein(s) and small molecules.

2.1.3. Docking

We have used AutoDock Vina Software and the MGL tools package
for docking simulation of ligands, including Curcumin, Piperine, and the
CP complex with milk proteins. AutoDock Vina is one of the most
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powerful & user-friendly open-access software for predicting the non-
covalent binding of macromolecules like proteins and that of small
molecules with proteins. It ultimately predicts the various possible
bound conformations of a protein and small molecules. It works with the
most effective Iterated Local Search Optimization algorithm, named the
Broyden-Fletcher-Goldfarb-Shanno (BFGS), which is categorized as a
quasi-Newton method. AutoDock Vina uses a machine learning-based
scoring function, which includes some notable features of knowledge-
based potentials and empirical scoring functions to approximate the
chemical potential of the systems. AutoDock Tools from the MGL Tools
Package was used for the preparation of receptors (proteins) accessed
from the PDB database and ligands, by removing water molecules,
adding polar hydrogens, repairing the missing atoms in the residues, and
adding Kollman charges. All the grid boxes were generated with a grid
spacing of 0.375 A to define a search space for the software to find
possible bound conformations of ligands with the proteins. All the
simulations were run for the same grid spacing to ensure the compara-
bility of the results (Trott and Olson, 2010. Protein-ligand interactions
are visualized using UCSF Chimera software (Pettersen et al., 2004.

2.1.4. Limitations of computational methods used

The DFT calculations were performed under ideal conditions at
298 K and 1 atm. The absence of an explicit solvation environment may
influence the interaction strength of the molecules. In physiological
conditions, the interaction of Curcumin, Piperine, and the CP complex
could be affected by both temperature and solvation effects in the gut.
For calculating the spectroscopic parameters such as FTIR frequencies,
DFT has not accounted for the anharmonic vibrations, which will lead to
a slight variation in peaks when compared to the experimental values.
Moreover, as docking algorithms are non-deterministic in nature, the
results may vary slightly each time the docking is performed, even with
the same input parameters.

3. Result and discussion
3.1. Molecular structure optimization

The geometry optimizations were carried out on both Curcumin,
Piperine, and the CP complex. The molecules were initially placed
within an intermolecular distance of 1.8 A, ensuring a conducive envi-
ronment for non-covalent interactions. Co-optimization was done to
explore all possible bound coformations, allowing relaxation of molec-
ular geometries to achieve the convergence to find the minimum energy
structure. A total of 37, 19, and 116 conformations were generated,
respectively, out of which the conformers with the lowest global mini-
mum energy were chosen. The global minimum energy for Curcumin,
Piperine, and CP complex are —1263.54 Hartree and —939.61 Hartree,
and —2203.17 Hartree, respectively. The geometry parameters, such as
bond lengths and bond angles of the Curcumin, were compared with the
parameters obtained from the single crystal XRD, and proximity be-
tween the experimental and theoretically derived parameters was found
to be in good agreement as given in Tablel. Geometry parameters of
Curcumin, Piperine, and CP complex are provided in supplementary
section. The optimized molecular structures are given in Fig. 2.

A modest expansion of the geometry parameters, including bond
length and bond angles, was indicated by the average change in the bond
length of Curcumin and Piperine following optimization, which was of
the order of 0.01 A in both cases. However, in the CP complex, the bond
length and angles were reduced, with the average change in bond length
of 0.02 A compared to those in the individual molecule.

Moreover, the attractive interaction with the hetero ring of Piperine
at both moieties caused the angle between the Curcumin’s arms to
decrease by 0.40° and the bond length of OH in the aromatic ring (Ring
1) of Curcumin to extend by 0.013 A.
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Fig. 2. (a). Optimized structure of Curcumin using B3LYP basis set, Fig. 2(b). Optimized structure of Piperine using B3LYP basis set, Fig. 2(c). Optimized structure of
Curcumin-Piperine (CP) complex using B3LYP basis set. The formation of hydrogen bonding between the Curcumin and Piperine is highlighted by the dotted circles.
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Fig. 3. NCI analysis-Reduced Density Gradient Scatter plot: Blue peaks (Indi-

cated by circle) corresponds the hydrogen bond and Green peaks (Indicated by
square) correspond to Van Der Waals Interaction.

3.2. Adsorption energy

Adsorption energy calculations were done on the CP complex to
assess the stability of the adsorbed species using the following Eq. (1).

Hydrogen Bonding

Van Der Waals / Pi-Pi stacking

Covalent Bonds

Fig. 4. Interaction Region Indicator (IRI) module reveals the region where the
interaction takes place between Curcumin and Piperine in the CP complex.

EAdSOI‘ptiOn:ECOmplex'(EPiperine+ECurCumin) 1)

The negative adsorption energy indicates that the adsorption is
energetically favorable, whereas a positive value indicates adsorption is
not energetically favorable. The larger the negative adsorption energy
indicates the stronger the adsorption (Ganji, 2015.

In Eq.(1), Ecomplex is the total energy of the CP complex, and Epiperine
and Ecyreumin are the total energies of individual Piperine and Curcumin
molecules. The CP complex exhibits an adsorption energy of
—12.6 kcal/mol. This adsorption energy value suggests the existence of
physisorption between the Curcumin and Piperine. i.e., non-covalent
interactions such as hydrogen bonding, Van der Waals forces, -1 in-
teractions between the Curcumin and Piperine molecules, could be the
reason for the CP complex formation.

3.3. Non-covalent interactions (NCI) analysis

The Non-Covalent Interaction (NCI) analysis can provide crucial
insights into the binding mechanism between Curcumin and Piperine.
This analytical technique elucidates the nature and strength of the non-
covalent interactions, which play a critical role in the drug delivery ef-
ficiency and stability. The NCI are classified by the sign of the second
density Hessian eigenvalue (A2), A2 0 < O (blue coloured) for attractive
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Fig. 5. Frontier Molecular Orbital analysis of Curcumin, Piperine, and CP complex. The positive and negative orbital lobes are represented in green and red colour

respectively.

Table2

Chemical reactivity parameters of Curcumin, Piperine, and CP complex.
Properties Curcumin Piperine CP complex
EHomo (€V) —6.107 —5.815 —5.977
Erumo (eV) —2.605 —2.123 —2.646
AE(Homo-Lumo) (€V) 3.502 3.691 3.331
Hardness (n, eV) 1.751 1.846 1.665
Softness (o, eV’l) 0.571 0.542 0.600
Electronegativity (y, eV) 4.356 3.969 4.312
Chemical Potential (p, eV): —4.356 —3.969 —4.312
Electrophilicity Index (o, eV) 5.420 4.268 5.581
Electrophilicity Power (g, eV 1) 0.185 0.234 0.179

interactions, Ay >0 (red coloured) for repulsive interactions
(Otero-de-la-Roza et al). In the context of Curcumin and Piperine, NCI
analysis can reveal how these two chemicals can interact with each
other.

The NCI method relies on two scalar fields to map the bonding

100 ==
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i CP-complex
0
100

50

Piperine

Transmittance %

0
100

50

—

Curcumin

0
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber cm-1

Fig. 6. Theoretically generated FTIR spectra of Curcumin, Piperine, and
CP complex.

properties: the electron density p and reduced density gradient (RDG,
denoted by “s”) defined in Eq. 3.

1 [4p(n)]
2(37%)3 p(r)3

RDG is a measure of how the electron density varies in space. The
regions with smaller RDG values correspond to non-covalent in-
teractions. The combination of s and p describes the nature of the
bonding. High-s low-p corresponds to non-interacting regions, low-s
high-p to covalent bonds, and low-s low-p to non-covalent in-
teractions. Using s, p, and Ay this method offers a detailed character-
ization of the spatial regions where non-covalent interactions occur and
their corresponding intensity.

For visualizing the interaction regions in the CP complex structure,
we employed the Interaction Region Indicator (IRI) module in Multiwfn
(Lu and Chen, 2012, which is capable of clearly identifying both
chemical bonds and weak interaction regions. The CP complex demon-
strates the existence of hydrogen bonding between the OH-1 group of
the Phenolic ring of Curcumin and hydrogen in the heterocyclic ring of
Piperine. As seen in Fig. 3.

The strength of a hydrogen bond is direction dependent, i.e., the
angle formed by the hydrogen atom and the two electronegative atoms
affects its strength because of the dipole’s ideal alignment. The
hydrogen bond is stronger when this angle gets closer to 180°. In the CP
complex, the angle between OH---O is 171°, resulting in a strong
hydrogen bond. Apart from the hydrogen bonding between the C and P,
the IRI also revealed that Van der Waals interaction exists between the
ring 2 of Curcumin and the amide moiety (Het-Ring 1) of Piperine in the
CP complex, as shown in Fig. 4.

(RDG)s = (3)

3.4. Mulliken charge analysis

Mulliken charge analysis is a computational approach used to
analyze the distribution of electrons in molecules and assign partial
atomic charges based on molecular orbital theory (Mulliken, 1939;
Arivazhagan et al., 2015). It is crucial for elucidating molecular prop-
erties of the system, including electronic structure, reactivity, dipole
moment, polarization, and vibrational spectrum, using quantum chem-
ical calculations. Millikan charges were tabulated in the supplementary
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b).

Fig. 7. a)Interaction of Piperine in allosteric site of lactalubumin, b). interaction of Curcumin in lactalubumin-Piperine complex, c). interaction of Curcumin in
unliganded lactalubumin, d). interaction of CP complex in lactalubumin.Colouring scheme: in all three interaction profile, we have used the following colouring

scheme:
. Interaction of piperine in the allosteric site

. Interaction of Curcumin with protein-piperine complex
I:I Interaction of Curcumin with protein

. Interaction of drug-complex with the protein

information. In the Curcumin and CP complex, the electron density
around the carbon atoms (Cy, C19, C12, C14, C1g, C22) alters as a result of
the hydrogen bond that is formed between the Curcumin and Piperine
molecules. However, there is a considerable change in the charge dis-
tribution on the hydroxyl group of Curcumin, where an H-bond is
formed. In a hydroxyl group, the charges of hydrogen and oxygen range
from 0.38 to 0.57 and —0.55 to —0.65, respectively. The changes in
atomic charges will reflect in the vibrational spectrum and electronic

structure of the molecule since it is directly related to the chemical bond
present in the molecule.

3.5. Frontier molecular orbital analysis

Frontier molecular orbitals (FMOs), which include the Lowest Un-
occupied Molecular Orbital (LUMO) and the Highest Occupied Molec-
ular Orbital (HOMO), are essential in quantum chemistry and the FMOs
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b).

Fig. 8. a)Interaction of Piperine in allosteric site of lactoglobulin, b). interaction of Curcumin in lactoglobulin-Piperine complex, c). interaction of Curcumin in

unliganded lactoglobulin, d). interaction of CP complex in lactoglobulin.

determine a material’s electronic structure and optical properties (Gupta
etal., 2011. The HOMO, which contains the electrons, acts as an electron
donor and indicates a molecule’s vulnerability to electrophile attack,
while the LUMO acts as an electron acceptor and shows how vulnerable
a molecule is to nucleophile attack. The Egomo-ELumo gap
(AEnomo-Lumo), which is the difference between the Ejymo and Egomo
energies, aids in determining the molecule’s chemical reactivity and
kinetic stability. The higher the AEgomo-Lumo gap, stability is more
stability and reactivity is less compared to a system with a low gap. The
AEgomo-Lumo of Curcumin, Piperine, and the CP complex are given in
Fig. 5. Enomo, Erumo, AEHomo-Lumo, and other chemical reactivity pa-
rameters (Ouaket et al., 2022 of Curcumin, Piperine, and the CP complex
are tabulated in Table 2.

In the CP complex, the Curcumin acts as a donor and Piperine as an
acceptor. Curcumin engages in hydrogen bonding through a shared
hydrogen atom, resulting in a partial positive charge on Curcumin due to
the polarization of bonds. This charge redistribution corresponds with
the localization of the LUMO on Curcumin. In contrast, Piperine exhibits

electron-rich character, favoring HOMO localization on Piperine.

In the complex, the overall Eyopo is raised to —5.977 €V, indicating
that Curcumin contributes significantly to the shared molecular orbital
of the complex. The formation of a hydrogen bond stabilizes the Ejymo,
which is a reason for the Ejyyvo of the CP complex lies intermediate
Erumo of the individual molecules. The change in the AEgomo-Lumo of
the complex reflects the effective charge transfer between the donor and
acceptor and facilitating electronic transition and altering the complex’s
properties. This low AEgomo-Lumo also implies that the complex is bio-
logically more active than individual molecules, facilitating its partici-
pation in charge transfer, hydrogen bonding, or covalent bonding with
the biomolecules.

The chemical reactivity parameters can be derived from the AEgowmo-
Lumo- For example, it gives insight into the nature of a molecule and the
formation of a molecular complex. The electronegativity of the CP
complex is found to be 4.312 eV, which is less than the electronegativity
of Curcumin and Piperine, suggesting there is a shifting of charges be-
tween Curcumin and Piperine that might cause the change in the overall
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Fig. 9. a)Interaction of Piperine in allosteric site of BSA, b). interaction of Curcumin in BSA-Piperine complex, c). interaction of Curcumin in unliganded BSA, d).

interaction of CP complex in BSA.

electronegativity of the molecular complex.

3.6. FTIR spectra

In order to further confirm the formation of a hydrogen bond be-
tween the Curcumin and Piperine in the CP complex, we carried out the
vibrational energy calculations using Gaussian 16 with the 6311 G+ +
level of theory and methanol solvation. The theoretically generated
spectra are presented in Fig. 6. Experimental data for Curcumin show
good agreement with those given in Table 3. A slight deviation in the
peaks between the experimental and theoretical data can be attributed
to the neglect of anharmonic effects in the simulated molecular vibra-
tions. The intermolecular interactions, such as hydrogen bonding, Lon-
don dispersion forces, and van der Waals forces, can cause shifts and
splitting of vibrational levels.

The computed vibrational frequencies of Curcumin are observed at
3215cm™), 3012 cm " and 3003 cm™!, for Piperine, observed at
3133 cm ™. Since the vibrational frequencies involved in C-H stretching

generally range from 2860 to 3200 cm™!, these observed vibrations
could result from C-H stretching.

The C=O stretching ranges from 1550 to 1850 cm ™. The computed
frequencies of C=O0 stretching vibrations for Curcumin are observed at
1628 cm ! for Piperine at 1674 cm ™, and the same is observed for the
CP complex.

The O-H stretching frequencies are usually observed between 3200
and 4000 cm ™. The computed frequencies of O-H stretching vibrations
for Curcumin are 3629 cm™! and 3687 cm™!, and the CP complex is
3434 cm ! and 3687 em ™.

The free hydroxyl group of Curcumin vibrates at the frequency of
3689 cm™! and 3629 cm™?, but in the complex, the OH stretching fre-
quency is shifted to 3434 cm ™!, which suggests that the hydroxyl group
is involved in an interaction with Piperine. This peak shift is caused due
to the formation of a hydrogen bond between the compounds, which
weakens the O-H bond, leading to elongation of the O-H bond, thus
lowering the O-H vibrational frequency. The drop of 255 cm™' may
suggest a moderate to strong hydrogen bond.
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Table 3
The calculated vibrational frequencies of the FTIR spectra of Curcumin and the
experimental counterparts values.

Wavenumber(cm ™) Band Assignment

Theoretical Experimental (Kolev
et al., 2005

3629 3512 v(O-H), rings

3687 3590 v(C-H), rings

1450 1486 (OC-H), rings + 8(OC-H), rings
+ U(C = O), rings + &(C-H), rings/chain
+ 8(0-H), rings/enol group

1390 1428 V(C = 0), enol group + §(0-H), enol
group/ rings 4+ a(OC-H) rings + a(O-H)
chain + 8(OC-H) rings + v(C = C), chain

1218 1232 ®(0OC-H), rings + 8(0-H), rings + 8(OC-H),
rings + 8(C-H), rings/chain

1165 1183 8(0-H), rings + 8(C-H), rings + & (OC-H),
rings

1119 1151 8(C-H), rings/chain

1030 1026 Y(C-C), chain + y(C-H), chain + 8(C-H),
rings + a(C-H), rings

818 834 v(C-H), rings/chain + y(O-H), enol group

-+ V(C = C), rings + v(C-C), rings

The aromatic C=C stretching vibration, observed at 1494 cm™ in
individual Curcumin, shifts to 1415 cm™ in the complex. This shift in-
dicates the relaxation of the C=C bond in Curcumin, which occurs due
to the redistribution of the electron density in the aromatic ring of
Curcumin, further supporting the formation of n-n stacking interactions
between the OH-2 and phenolic rings of Curcumin and Piperine.

3.7. Interaction of Curcumin, Piperine, and complex with milk proteins

3.7.1. Interaction of Curcumin, Piperine, and bound complex with
lactalbumin

The docking scores for the protein-ligand complexes are given in
Table 4. In the case of a-Lactalbumin, which contains 6 subunits, namely
A, B, C, D, E, and F. Three allosteric sites were predicted, and two of
them are located in Chain-F and one is located in Chain E. The binding
affinity of Piperine with the allosteric site is —7.2 kcal/mol. The binding
is more favorable in the interfacial region of the D and F chains of the
protein. Piperine has formed three hydrogen bonds with the residues
present inside the binding pocket, which is present in the subunit
interface region of the protein. Then the binding of Curcumin with this
protein-Piperine complex is analyzed, and the binding energy is pre-
dicted to be —6.0 kcal/mol by forming a single hydrogen bond with the
residue in the binding pocket.

Now, we have simulated another docking to understand the effect of
Piperine in the allosteric site on the binding of Curcumin with the pro-
tein. A blind docking of the protein in its unliganded form is performed,
and the binding affinity of Curcumin with the protein is found to be
—5.5 kcal/mol with the formation of three hydrogen bonds on the sur-
face region of the proteins in the same Chain-F. The binding energy
reveals that the presence of Piperine in the allosteric site enhances the
binding of Curcumin with the protein. We have also confirmed that the
Piperine and Curcumin interact with the same subunits that form the
allosteric mechanism during ligand binding.

To understand the combinatorial effect of ligands, we have opti-
mized the molecular complex formed by Curcumin and Piperine using
the DFT framework as mentioned earlier. The binding affinity of this
molecular C-P complex with the protein is —10.5 kcal/mol with the
formation of three hydrogen bonds. The complex is bound in the region
of the interface between three subunits, namely D, E, and F, and the
binding is further stabilized by 4 hydrophobic interactions. Addition-
ally, there is a n-n stacking (T-Shaped) interaction between the aromatic
rings of Curcumin and the Phenylalanine residue present in the Chain-E.
This binding affinity is relatively higher than any other combination of

Computational Biology and Chemistry 120 (2026) 108672

ligands with the protein, suggesting that the binding of the ligand
complex is more favorable. It is suggested that the formation of a mo-
lecular complex and the binding of this complex with the protein may
lead to the enhanced bioavailability of Curcumin, since the possibility of
getting degraded by the gut enzymes will be low in its bound form
compared to the free forms of ligands.

3.7.2. Interaction of Curcumin, Piperine, and bound complex with
lactoglobulin

In the case of B-Lactoglobulin, the same order of docking simulations
has been performed. The protein has only one chain, A, and the allosteric
site was predicted with a volume of 165 A. The same procedure has been
followed as mentioned earlier. The binding affinity of Piperine with the
protein is —6.2 kcal/mol. In this case, no hydrogen bond is formed be-
tween the Piperine and the residues present in the protein. Hydrophobic
interactions are present, as mentioned in Table 4.

The binding affinity of Curcumin with the complex formed by the
protein and Piperine is —6.4 kcal/mol. Here, Curcumin forms two
hydrogen bonds with the protein. The binding of Curcumin in the
unliganded form of the protein was also carried out, and the binding
affinity was found to be —6.3 kcal/mol with the formation of 4 hydrogen
bonds. There is a decrease in binding affinity, which confirms that the
binding of Curcumin is more favorable when the Piperine is bound
within the allosteric site of the protein, which may stabilize the inter-
action of Curcumin with the protein.

When the binding of the Curcumin-Piperine complex is analyzed,
there is an increase in binding energy, at —8.6 kcal/mol with 3 hydrogen
bonds. Here, we also confirm that the binding of the molecular complex
may reduce the degradation of the drug by the gut enzymes. In essence,
the gastroretention of the drug complex in its bound form, along with
the milk protein, may increase compared to its free form, resulting in
increased efficiency of its pharmacological effects.

3.7.3. Interaction of Curcumin, Piperine, and bound complex with Bovine
Serum Albumin

In the case of BSA, which is a dimeric protein with 2 chains A and B,
two allosteric sites with a pocket volume of 3576 A and 1139 A were
predicted in chain A. The binding of Piperine was detected in chain A in
the region of the interface of both chains bound within a deep pocket
with a binding affinity of —7.5 kcal/mol. The binding of Piperine in the
deep pocket is stabilized by 2 hydrogen bonds and 9 hydrophobic in-
teractions with the residues present in chain-A. This high number of
hydrophobic interactions may be due to the fact that Piperine is bound
inside a deep pocket rather than on the surface.

Then we have carried out a docking simulation to understand the
binding of Curcumin with the protein-Piperine complex to understand
the effect of the presence of Piperine in the allosteric site. The binding
affinity is found to be —8.0 kcal/mol with 1 hydrogen bond per ligand
and 15 hydrophobic contacts contributed by both ligands from chains A
and B. The quite large number of hydrophobic interactions and the
attachment of ligand in the deep and interfacial regions of protein
subunits may lead to an increase in the binding energy of Curcumin in
BSA compared to other proteins, as discussed earlier.

The docking simulation to understand the binding of Curcumin with
the protein showed a binding affinity of —6.3 kcal/mol. The decrease in
binding energy shows the presence of Piperine is playing a prominent
role in increasing the binding efficiency of Curcumin in all the above-
mentioned proteins. Curcumin forms 2 hydrogen bonds with the resi-
dues in chain B. The binding of the Curcumin-Piperine complex has a
binding energy of —11.2 kcal/mol, as expected from the previous cases.
The binding is stabilized by forming 6 hydrogen bonds and 8 hydro-
phobic interactions. Additionally, there is a presence of n-cation inter-
action between the aromatic ring of Curcumin with the positively
charged Arginine residue, with a distance of 3.95A. Here, the
Curcumin-Piperine complex is bound to the deep binding pocket present
in the Chain-B, resulting in higher binding energy.
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Table 4
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Binding profile and key interacting residues for a-Lactalbumin, f-Lactoglobuin, and Bovine Serum Albumin (BSA).

Protein and Details of Interacting units Binding Hydrogen bonds Bond distance Hydrophobic interactions
Allosteric Sites energy kcal/
mol
a-Lactalbumin Binding of Piperine in the -7.2 TYR-50D, ASP—64D, 3.28, 2.57, 2.22 GLN-65D, ILE-59F, TYR-103F, VAL-99F,
3 Allosteric sites of volumes predicted allosteric sites. GLN-65D TRP-60F, ASN-102F and LEU-105F.
2199 A, 1663 A, and 322 A. Docking of Curcumin with ~6.4 ALA-106F 3.3 THR-33F and LEU-105F.
(Chains A, B, C, D, E, and F) the protein and Piperine
(Refer to Fig. 7) complex
Docking of protein and -5.5 ASN-74F, ASN-74F, LYS- 2.14, 3.44, 2.82 ILE-75F(3 Interactions), LYS-79F, ASP-
Curcumin without Piperine 94F Refer to Fig. 3 87F
in the allosteric site.
Docking of Curcumin and -10.5 Interaction of 2.45, 2.06, 2.48 PHE—9E, LEU-119E(2 Interactions),
Piperine complex with Curcumin PHE—9E-n-Stacking (perpendicular)
protein. LYS—13E, LEU-23E,
ASN—45D
Interaction of Piperine - Chain-D ASP—64
p-Lacto globulin Binding of Piperine in the —6.2 - - LEU-31A, LEU-39A.
1 Allosteric site of volume predicted allosteric sites.
165 A. Docking of Curcumin with —-6.4 Interaction of - LEU-31A, LEU-39A.
(Chain-A) the protein and Piperine Piperine:
(Refer to Fig. 8) complex -
Interaction of 2.71,1.98 ILE—71A, ALA—86A.
Curcumin:
LYS—69A, ASN—90A
Docking of protein and —-6.3 ASN—-88A, ASN—109A, 2.27, 2.64, LEU—-39A, ALA—86A, LEU-87A,
Curcumin without Piperine SER—116A(2 Hydrogen 2.41 and 2.12. ASN—88A.
in the allosteric site. bonds)
Docking of Curcumin and -8.6 Interaction of Piperine  2.16 LEU-31A, PRO-38A
Piperine complex with SER—-116A
protein. Interaction of 2.14, 2.28. LEU—39A, ILE—84A.
Curcumin
ASN—-88A, ASN—90A.
Bovine Serum Albumin (BSA) Binding of Piperine in the -7.5 Interaction of Piperine 2.97,2.10 LEU-115A, PRO-117A, LEU-122A,
2 Allosteric sites of volume predicted allosteric sites. LYS—136A, TYR—160A LYS—136A, TYR—137A, ILE—141A,
3576 A and 1139 A. TYR—-160A, ILE-181A, and ARG—185A.
(Chain-A and B) Docking of Curcumin with -8.0 Interaction of Piperine 2.94 LEU-115A(2 interactions), PRO—117A,
(Refer to Fig. 9) the protein and Piperine LYS—-116A THR—-121A, PHE—133A(2 interactions),
complex LYS—136A, and TYR—160A.
Interaction of 3.27 LEU-115B(2 interactions), PRO—117B,
Curcumin TYR-137B, ILE-181B, GLU-182B and
ARG-185B ARG-185B
Docking of protein and —-6.3 LEU-346B, LYS—350B 2.41, 2.44 PHE- 205B, LEU- 346B, LYS- 350B, VAL-
Curcumin without Piperine 481B
in the allosteric site.
Docking of Curcumin and -11.2 Interaction of Piperine 3.52 LEU-115B, ILE-141B, ARG—144B,
Piperine complex with Arg—185B TYR—160B, and ARG—185B.
protein. Interaction of 2.44,2.95,1.91, LEU-189B, ILE—455B, and ARG—458B.
Curcumin 2.86, 1.92 n-Cation interaction between Curcumin

HIS—154B, Arg—185B,
Arg—185B, SER—192B,
SER—428B

and ARG—458B

From all the docking simulations, we found a similarity that the
molecular complex has more reactivity than the individual molecules
(Refer to Table 4 for binding energies of the ligands). From the FMO
analysis, it is clear that the higher reactivity of the molecular complex is
one of the influencing factors in the binding affinity of the complex with
milk proteins.

4. Conclusions

We performed DFT calculations and molecular docking simulations
to investigate the interaction of Curcumin and Piperine with the milk
proteins. DFT analysis confirmed the formation of a stable Curcumin-
Piperine (CP) complex, stabilized by noncovalent interactions such as
hydrogen bonding and n-= stacking interactions, with an adsorption
energy of —12.6 kcal/mol. The optimized structural parameters and
stimulated FT-IR spectra exhibit proximity with reported experimental
data, validating the computational approach. Reduced Density Gradient
(RDG) analysis further supported the existence of non-covalent in-
teractions within the CP complex.

10

Docking Studies revealed that the CP complex exhibited the strongest
affinity toward BSA. This suggests the role of BSA as a potential carrier
by encapsulating the CP complex within deep binding pockets. Binding
analyses also indicated the enhanced cooperative binding of the CP
complex in the binding pockets of the proteins. FMO analysis elucidates
the higher reactivity of the CP complex due to the reduced HOMO-
LUMO gap, which in turn results in the stronger binding affinity of the
complex over the individual counterparts.

From a pharmacokinetic perspective, the bioavailability of Curcumin
is improved through multiple mechanisms: Piperine acts as an inhibitor
of metabolic enzymes in the gut, prolonging the retention time of Cur-
cumin; and complexation with milk protein enhances solubility,
adsorption, and retention in systemic circulation. Our study brings out
molecular-level insights into how the co-administration of Piperine with
Curcumin facilitates the formation of a stable molecular complex, which
in turn enhances the bioavailability of Curcumin through its favourable
interactions with milk proteins. These findings offer a theoretical un-
derstanding for the improved therapeutic efficacy observed in tradi-
tional Siddha formulations, highlighting the potential of such synergistic
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combinations in the development of effective drug formulations.

In future studies, experimental validations can be carried out to
substantiate the computational findings. Techniques such as fluores-
cence quenching, circular dichroism (CD) spectroscopy, and Fourier-
transform infrared (FTIR) spectroscopy may be employed to charac-
terize binding interactions between Curcumin, Piperine, and milk pro-
teins. In-vitro assay studies will bridge the gap between theoretical
predictions and practical therapeutic applications, thereby strength-
ening the translational potential of this work.
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