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Background: Eugenol exhibits broad-spectrum antibacterial and anti-inflammatory properties. However, cytotoxicity at high
concentrations limits the full utilization of eugenol-based drug complexes. Formulations of multidrug-loaded eugenol-based na-
noemulsions have reduced cytotoxicity; however, it remains crucial to understand how these eugenol complexes interact with
primary human carrier proteins to design and develop therapeutic alternatives. Consequently, this study primarily aims to in-
vestigate the impact on Human Serum Albumin (HSA) when it interacts with eugenol-based complexes loaded with first-line
anti-tuberculosis drugs.

Methods: This study used various spectroscopic such as UV-visible spectroscopy, Fluorescence spectroscopy, Fourier-transform
infrared spectroscopy and computational methods such as molecular docking and 100 ns molecular simulation to understand the
impact of eugenol-based first-line anti-tuberculosis drug-loaded nanoemulsions on HSA structure.

Results: The binding of the HSA protein and eugenol-based complexes was studied using UV-visible spectroscopic analysis. Minor
changes in the fluorophores of the protein further confirmed binding upon interaction with the complexes. The Fourier-transform
infrared spectra showed no significant changes in protein structure upon interaction with eugenol-based multidrug-loaded na-
noemulsions, suggesting that this complex is safe for internal administration. Unlike eugenol or first-line anti-tuberculosis alone,
molecular docking revealed the strength of the binding interactions between the complexes and the protein through hydrogen
bonds. The docked complexes were subjected to a 100 ns molecular dynamics simulation, which strongly supported the conclu-
sion that the structure and stability of the protein were not compromised by the interaction.

Conclusions: From the results we could comprehend that the eugenol (EUG)-drug complex showed greater stability in HSA pro-
tein structure when compared to HSA interacting with isoniazid (INH), rifampicin (RIF), pyrazinamide (PYR), or ethambutol
(ETH) alone or with EUG alone. Thus, inferring the potential of EUG-based drug-loaded formulations for a safer and efficient
therapeutic use.
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Introduction ganisms, such as Salmonella typhi [5,6], Shigella flexneri

[71, Escherichia coli [8,9], Ebola virus [10], drug-resistant

Essential oils extracted from aromatic plants, such as
clove buds, cinnamon leaves, basil, and neem seeds, have
long been known for their anti-inflammatory, antibacterial,
and anti-stress properties [1]. These oils are volatile hy-
drophobic liquids that are typically light to rarely colored.
Contrary to what their name suggests, they are not true oils
but comprise various bioactive compounds, such as alka-
loids, polyphenols, saponins, and terpenes [2]. Eugenol
(EUQ) is a bioactive compound that is a major component
of Syzygium aromaticum (clove) and Cinnamomum zey-
lanicum (cinnamon, Sri Lankan origin). It is a secondary
metabolite with a phenylpropanoid group found in aromatic
plants (Fig. 1A) and is one of the most promising bioactive
compounds extracted from natural sources [3,4]. EUG has
been studied against a wide range of pathogenic microor-

strains of Klebsiella pneumoniae [11], Mycobacterium tu-
berculosis [12,13], and severe acute respiratory syndrome
coronavirus 2 [14].

Despite these benefits, the use of EUG as a treatment
method is limited because of the potential cytotoxic effects
of high concentrations of crude EUG extracts [15]. Sev-
eral nano-based delivery systems have been developed to
address this issue and improve drug administration in hu-
mans [16—18]. Among these systems, nanoemulsions have
gained prominence because of the formation of monodis-
perse stable nanosized emulsion droplets that can deliver
different hydrophobic pharmaceutically active components
that are normally difficult to administer [19]. They are also
non-toxic and exhibit improved bioavailability [20].
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Fig. 1. Two-dimensional chemical structure depiction of ligands (A) eugenol, (B) isoniazid, (C) pyrazinamide, (D) ethambutol,

and (E) rifampicin retrieved from PubChem.

Experimental studies have shown that EUG oil
nanoformulations improve antibacterial activity against
various bacterial strains [21-23]. Similarly, other stud-
ies have detailed various parameters demonstrating that the
nanoformulations of essential oils containing eugenol is a
much better alternative to crude EUG-based oils, due to en-
hanced antibacterial activity [24-26], improved photosta-
bility [27], and effective treatment of inflammation and pe-
riodontitis [28]. Hemaiswarya et al. [29] demonstrated the
synergistic effects of eugenol and antibiotics against differ-
ent gram-negative bacteria.

This has led to the development of EUG-based na-
noemulsions loaded with multiple anti-tuberculosis (TB)
drugs and the study of their efficacy against various My-
cobacterium tuberculosis strains [30]. Given the potential
of these drugs as alternative treatment methods, it is crucial
to understand how they interact with various proteins in hu-
mans. Insights into drug stability and toxicity can be gained
from the overall process of drug-protein interactions. Un-
derstanding the binding mechanisms of anti-TB drugs to
proteins can significantly aid in designing drugs with im-
proved efficacy and lower toxicity. To understand this, we
must examine how these drugs interact with carrier proteins
responsible for handling these molecules in the circulatory
system. Plasma proteins in the human circulatory system
include albumin, globulin, and fibrinogen [31]. Albumin is

the most abundant protein, constituting approximately 60%
of the total plasma protein content in the bloodstream. De-
spite the production of albumin proteins in the human liver,
most of them are released into the bloodstream. When re-
leased into the bloodstream, they regulate oncotic pressure,
thus maintaining blood flow [32]. They also function as
transporters of exogenous and endogenous ligands. They
are known to interact reversibly with various molecules, in-
cluding hydrophobic drugs, thereby enhancing their solu-
bility and making them crucial proteins for human studies
[33].

Human Serum Albumin (HSA), a monomeric protein
with a molecular weight of 66 kDa, is abundant in human
plasma. It contains three homologous helical domains (I, II,
and III), each of which is further divided into subdomains
A and B [34]. Notably, subdomain A of domains II and III,
known as Sudlow sites II, exhibits superior binding affinity
for drugs and hormones and 1. Although site I is less flexi-
ble and smaller than site I, it demonstrates a higher binding
efficiency, particularly for hydrophobic interactions. Con-
versely, site I is primarily involved in hydrophobic inter-
actions [35]. The intramolecular forces acting on the major
fluorophores in the protein govern the binding of molecules
to HSA. Because of these interactions, tryptophan, tyro-
sine, and phenylalanine are the three key residues moni-
tored for alterations [36]. Any minor changes in these flu-
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orophores can signify significant functional changes in the
protein, potentially affecting the bioavailability and lifes-
pan of drugs in the circulatory system. Interactions be-
tween different drug moieties and proteins can be studied
using analytical and computational techniques [37]. UV-
visible spectroscopy allows the examination of the bind-
ing nature of a compound with HSA under varying condi-
tions, such as different concentrations. Fluorescence spec-
troscopy techniques can further elucidate changes in the
structural stability of a protein upon interaction with com-
pounds [38]. These findings have been corroborated by
Fourier-transform infrared (FTIR) spectroscopy analysis,
which has also been used to investigate conformational
changes in the protein due to interactions [39]. [In-silico
studies, such as molecular docking and molecular simula-
tions, have validated experimental data by providing in-
formation on the types of binding interactions and bind-
ing energies formed during protein-compound interactions
[40—43]. Therefore, we combined these techniques to al-
low a comprehensive understanding of the conformational
stability of HSA against multiple drug-loaded EUG-based
nanoemulsions that were initially formulated for TB treat-
ment.

This study aimed to investigate the interactions be-
tween HSA and EUG-based nanoemulsions loaded with
multiple anti-TB drugs. Upon administration of HSA and
eugenol-based nanoemulsions containing the drugs to hu-
mans, there may be some interactions that can cause struc-
tural changes in the HSA protein. We aimed to study these
changes using various spectroscopic methods, including
UV-visible spectroscopy, fluorescence spectroscopy, and
FTIR spectroscopy. The findings were validated using
molecular docking and simulation studies. We aimed to
gain insights into how HSA is affected by a combination
of eugenol and first-line anti-TB drugs. This may pave the
way for alternative treatment methods for TB.

Materials and Methods

Analytical-grade chemicals, including HSA, ri-
fampicin (RIF), ethambutol (ETH), pyrazinamide (PYR),
and isoniazid (INH), were procured from HiMedia Lab-
oratories (Mumbai, India). Additional reagents, such as
eugenol oil, Tween 80, and phosphate buffer (pH 7.2) were
obtained from Sigma-Aldrich (St Louis, MO, USA). All
experiments were conducted using ultrapure water with a
resistance of 18.3 Mcm ™!, condensed using a CascadaTM
BIO-water purifier purchased from Pall India Pvt., Ltd.
(Mumbai, India).

Formulation and Characterization of Drug-Loaded
Nanoemulsions

A nanoemulsion loaded with multiple first-line antitu-
berculosis drugs (RIF, INH, PYR, and ETH) was prepared
using 4.5% eugenol oil, 22% Tween 80, and water. This
preparation was prepared using an ultrasonicator (Vibra-
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Cell; Sonics & Materials, Inc, Newtown, CT, USA), op-
erating for 8 min at an intensity of 40% and a temperature
of 4 °C. The resulting drug-loaded nanoemulsion exhibited
a mean droplet size of 37.7 nm, according to a previous re-
port [30].

Spectroscopic Analyses
UV-Visible Spectroscopy

The UV absorbance was quantified using a Jenway
6850 UV-visible spectrophotometer (Antylia Scientific,
UK), which offers a resolution of 0.1 nm. A stock solution
was prepared by weighing 3.5 mg/mL HSA and dissolv-
ing it in a phosphate buffer solution, which served as the
control. The absorbance of HSA was then measured within
a spectral range of 250-350 nm [44]. Subsequently, the
drug-loaded nanoemulsions were allowed to interact with
the prepared HSA solution. The baseline was corrected for
each spectrum to ensure accuracy.

Fluorescence Spectroscopy

Fluorescence spectra were recorded using a Jasco FP-
6500 spectrofluorometer with measurements taken in a 10
mm quartz cuvette. Samples of varying concentrations
were incubated with HSA in an orbital shaker for 2 min.
The excitation and emission wavelengths were set at 350
and 410 nm, respectively [45]. For synchronous spec-
troscopy, the spectral parameters were adjusted to excita-
tion and emission bandwidths of 2.5 and 5 nm, with 215 nm
and 350 nm, respectively. The scan speed was configured
to 500 nm/min, and the sensitivity was low [46].

Three-Dimensional Fluorescence Spectroscopy

The three-dimensional (3D) fluorescence spectra of
HSA were examined using a Jasco FP-6500 spectrofluo-
rometer. The excitation and emission wavelengths were set
at 300-500 nm. Both HSA alone and HSA in an interaction
with a nanoemulsion loaded with an EUG-based drug were
placed in a 10 mm quartz cuvette and scanned at 60,000
nm/min. The data obtained are presented as contour plots
constructed using Origin Pro, version 2023b (Origin Lab
Corporation, Northampton, MA, USA).

Attenuated Total Reflectance-FTIR Spectroscopy

FTIR spectroscopy was performed using a Spectrum
One spectrometer (Perkin Elmer, Waltham, MA, USA) with
aresolution of 1 cm~!. The spectra of both HSA alone and
HSA interacting with the drug-loaded nanoemulsion were
analyzed in the 4500 to 400 cm ™! range at ambient temper-
ature.

Computational Analysis
Protein and Ligand Retrieval

The crystal structure of the protein (ID 1A06) [34] at
aresolution of 2.50 A was obtained from the RCSB Protein
Data Bank (https://www.rcsb.org/search) and was used as
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Fig. 2. UV-visible spectroscopy of human serum albumin interacting with different concentrations of drug-loaded eugenol na-

noemulsions. The concentration of Human Serum Albumin (HSA) was kept constant at 1.2 mg/mL, and different drug-loaded eugenol

nanoemulsions of 1.2 mg/mL (concentration-1), 1.6 mg/mL (concentration-2), and 2 mg/mL (concentration-3) were used.

the template for human HSA. Ligands were sourced from
PubChem [47] (https://pubchem.ncbi.nlm.nih.gov/). The
confirmed ligands included EUG (PubChem ID 3314), INH
(PubChem ID 3767), PYR (PubChem ID 1046), RIF (Pub-
Chem ID 135398735), and ETH (PubChem ID 14052), as
shown in Fig. 1. The active sites of protein 1AO6 were
predicted using the web-based Computed Atlas of Sur-
face Topography of Proteins (CASTp) tool [48] (http://st
s.bioe.uic.edu/castp/index.html?4jii). The predicted bind-
ing sites, such as ARG257, ARG222, LYS199, HIS242,
ARG218, and LYS195 [34], were further chosen for dock-
ing analysis as active sites for ligand binding. Similarly,
the HOTSPOT wizard tool (http://loschmidt.chemi.muni.c
z/hotspotwizard) [49] and a literature survey were used to
identify the allosteric site for docking the EUG component.

Molecular Docking Studies

The HSA protein was docked with EUG at the al-
losteric site, and each drug component was individually
docked at its respective active site using Auto Dock Soft-
ware v4.2 (CA, USA) and Auto Dock Tools [50]. The pro-
tein structure for docking was initially prepared by remov-
ing the water molecules and adding polar hydrogen atoms.
A 3D structure of standard size was generated near the bind-
ing sites. As part of the preparation of the protein struc-

ture, Gasteiger and Kollman charges and polar hydrogen
bonds were added. This optimized protein was saved in
PDBQT format for further docking [51]. Protein-ligand
binding conformations were generated using the Lamarck-
ian genetic algorithm. Five distinct docking conformations
were performed, with the drugs docked in the targeted ac-
tive sites and EUG docked in the allosteric site of the HSA
protein. The protein-ligand complexes were visualized us-
ing BIOVIA Discovery Studio visualizer v20.1.0.19295,
(Biovia, D.S. (2019) Discovery Studio Visualizer. San
Diego, CA, USA) [52].

Molecular Dynamics Simulations

We performed molecular dynamics simulations us-
ing GROMACS version 2019.4 software (Stockholm, Swe-
den) with the CHARMM force field [53,54]. All physio-
logical parameters, including hydrogen atoms, were main-
tained in a solvated box during the simulation. The sys-
tem was hydrated using the TIP3 water model and neu-
tralized with Na* and Cl1~ ions [55]. The energized and
equilibrated system was then subjected to a constant tem-
perature and a constant pressure of 1 ps. Within the con-
tinuous flow of solvent, the protein-ligand complex was
restricted until 100 ns all-atom simulations were accom-
plished. Nine simulations were executed, including HSA
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Fig. 3. Fluorescence spectroscopy of human serum albumin interacting with different concentrations of drug-loaded eugenol

nanoemulsions. (A) Synchronous fluorescence spectroscopy. (B) Fluorescence emission spectra of HSA protein with different concen-

trations of drug-loaded eugenol nanoemulsions. The concentration of HSA was kept constant at 1.2 mg/mL, and different drug-loaded

eugenol nanoemulsions of 1.2 mg/mL (concentration-1), 1.6 mg/mL (concentration-2), and 2 mg/mL (concentration-3) were used.

with EUG, HSA with each drug, and a combination of
EUG and the individual drugs. Finally, vital molecular
simulation trajectories such as root mean square deviation
(RMSD), root mean square fluctuation (RMSF), the ra-
dius of gyration (Rg), the solvent-accessible surface area
(SASA), and the number of hydrogen bonds, were calcu-
lated using GROMACS [56]. These were visualized using
the QtGrace tool (https://www.x64bitdownload.com/dow
nloads/t-64-bit-qtgrace-download-unmafskr.html) (Grace-
5.1.22/QtGrace v0.2.6).

Binding Energy Calculations Using Molecular
Mechanics-Poisson-Boltzmann Surface Area

The binding free energy of the protein and its interac-
tions with various ligands were computed using the molec-
ular mechanics-Poisson-Boltzmann surface areca (MM-
PBSA) method [57]. The calculation was performed using
the g mmpbsa package in the GROMACS software suite.
The binding energies of HSA with the drugs and EUG com-
pounds were estimated using the Poisson-Boltzmann equa-
tion:

AGbinding: AGcomplexf(AGligand"'AGprotein)a
where AGyinging represents the binding free energy;
AGomplex Tepresents the complex free energy; and AGiigang
and AGioein represent the free energy of the ligand and pro-
tein, respectively.

Results and Discussion

TB remains the leading cause of death due to in-
fectious diseases globally. The challenges of drug resis-
tance and cellular toxicity have complicated the discovery
of novel treatment methods for TB. The interaction with
HSA is a crucial step in the development of new thera-
peutic methods for humans. In this study, we investigated
the binding of HSA to nanoemulsions loaded with EUG-
based first-line anti-TB drugs using various spectroscopic
and computational methods. The antimycobacterial inhibi-
tion properties of EUG and EUG-based essential oils were
documented in our previous work. However, when consid-
ering these EUG-based nanoemulsion systems as a thera-
peutic method for human administration, their interaction
with HSA is crucial. We examined the interactions of these
drug-loaded EUG nanoemulsions with primary carrier pro-
teins using UV-visible spectroscopy.

Spectroscopic Analysis

We examined the interactions between multiple anti-
TB drugs loaded onto EUG-based nanoemulsions and HSA
after internal administration in humans. We used UV-
visible spectroscopy, a simple, yet effective, analytical
technique, to investigate the structural changes in HSA.
The protein exhibits a characteristic absorbance at ap-
proximately 280 nm due to the m-7" transitions of the
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Fig. 4. Three-dimensional spectroscopy of HSA interacting with drug-loaded eugenol nanoemulsions. (A) 3D spectra of HSA
before interacting with the drug-loaded nanoemulsions. (B) 3D spectra of HSA after interacting with the drug-loaded nanoemulsions.

tryptophan and tyrosine residue. This characteristic ab-
sorbance is shown in Fig. 2, the absorption peak inten-
sity increased with increasing concentrations of the drug-
loaded nanoemulsions, indicating an impact on the struc-
tural framework of the protein. The prominent tryptophan
and tyrosine residue of HSA at 280 nm contributes to its
fluorescence behaviour. As the UV-visible spectroscopy
only a basic idea regarding the protein-ligand interaction,
the synchronous fluorescence spectra shown in Fig. 3A re-
vealed the difference of wavelength (A)) of 15 nm is char-
acteristic of tyrosine, which showed an increase in intensity
at 299.5 nm. This falls within the standard fluorescence
emission wavelength range of HSA, spanning from 255 nm
to 400 nm. Such behavior has been observed in previous
study when HSA interacted with varying concentrations
of drug-loaded nanoemulsions [58]. This change suggests
conformational alterations within the protein upon interac-
tion with the drug-loaded EUG nanoemulsions. While per-
forming Intrinsic fluorescence studies (Fig. 3B) showed aa
gradual increase in peak intensity between the range of 400
nm—450 nm which is again the characteristic wavelength
range of HSA with increasing drug-loaded nanoemulsion
concentrations.

3D fluorescence spectroscopy provided further in-
sights into these conformational changes. Fig. 4 presents
the 3D contour plots of the protein before and after inter-
action with the drug-loaded nanoemulsions, showing the
maximum emission along with the excitation wavelength.
There was no change in the emission spectra upon the ad-

dition of the drug-loaded nanoemulsions, but a reduction
in intensity was observed. FTIR was conducted to study
the structural and conformational dynamics of HSA in the
presence and absence of drug-loaded nanoemulsions. Fig. 5
shows no significant changes except for the fingerprint area
of EUG in both spectra. The amide bands, which are char-
acteristic peaks of HSA and involved in its secondary struc-
ture, remained unchanged after interaction with the EUG-
based multiple drug-loaded nanoemulsions, suggesting that
secondary structures such as intermolecular S sheets, 8
sheets, and « helices within the protein were retained [59].

——HsA
190 —— HSA-Drug loaded nanoemulsion

Transmittance (%)

I L I L I
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm)

Fig. 5. Fourier-transform infrared spectra of HSA alone and
with drug-loaded eugenol nanoemulsions.
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Fig. 6. Docking of HSA with different ligand combinations in 3D and 2D representations using BIOVIA Discovery Studio. Color

representation is as follows: HSA protein is represented in a cyan blue solid ribbon; eugenol (EUG) is brown; and the drugs RIF, INH,

PYR, and ETH are green, pink, blue, and black, respectively. The ligand interactions are focused within the black dotted box and 2D
representations are shown for the (A) HSA-EUG complex (brown), (B) HSA-EUG-RIF complex (green), (C) HSA-EUG-INH (pink)
complex, (D) HSA-EUG-PYR (blue) complex and (E) HSA-EUG-ETH (dark green) complex. RIF, rifampicin; ETH, ethambutol; PYR,

pyrazinamide; INH, isoniazid.

Computational Analysis

In total, nine molecular docking experiments were
conducted in triplicate. A 2D representation of protein-
ligand binding is also provided along with the 3D structures,
including the docking of HSA with EUG represented in
Fig. 6A, and RIF, INH, PYR, and ETH alone, represented in
Supplementary Fig. 1A-D). Finally, we docked the HSA
protein with each complex, EUG-RIF, EUG-INH, EUG-
PYR, and EUG-ETH, as shown in Fig. 6B—E. EUG was
docked at the allosteric site of the protein, while the drugs
were docked at the active site of the protein. Initially, HSA
was docked with EUG alone with an average docking score
of —6.9 kcal/mol with six conventional hydrogen bonds pri-
marily at ARG257, as represented in Fig. 6A. Similarly,

HSA was docked with individual drugs RIF, INH, PYR,
and ETH with average binding energies of —7.8 kcal/mol,
—4.7 kcal/mol, —3.8 kcal/mol, and —4.3 kcal/mol respec-
tively. It was also observed that the protein formed 18,
11, 4, and 9 strong conventional hydrogen bonds with RIF,
INH, PYR, and ETH, respectively (Supplementary Fig.
1A-D). Although we noticed a similar binding pattern with
the drug-EUG complexes, they had higher binding ener-
gies and more hydrogen bonds. For instance, HSA bound
with the EUG-RIF (Fig. 6B), EUG-INH (Fig. 6C), EUG-
PYR (Fig. 6D), and EUG-ETH (Fig. 6E) complexes with an
average binding energy of —7.9 kcal/mol with twenty con-
ventional hydrogen bonds, mainly at ARG222, ARG218,
GLU292, and ALA291; average binding energy of -8.1
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HSA-EUG-ETH (purple) complexes.

kcal/mol with 14 conventional bonds mainly at LY S240;
average binding energy of —5.8 kcal/mol with 15 hydro-
gen bonds, mainly at ARG218; and average binding energy
of —7.2 kcal/mol with eight hydrogen bonds in EUG-INH
mainly at LYS444. We performed nine molecular simu-
lations of 100 ns runs of the HSA-EUG, HSA-RIF, HSA-
INH, HSA-PYR, HSA-ETH, HSA-EUG-RIF, HSA-EUG-
INH, HSA-EUG-PYR, and HSA-EUG-ETH complexes.
Molecular dynamics simulations use various parame-
ters such as RMSF, RMSD, Rg, SASA, and MMPBSA to
predict changes in the structural stability of proteins [60—
62]. The overall stability of the proteins was determined
using RMSD plots. These plots show the degree of de-
viation in the protein structure when interacting with var-
ious ligands [63]. In the RMSD trajectories depicted in
Fig. 7, a higher degree of structural deviation was observed
when the protein interacted with different ligands. Fig. 7A
shows that the protein structure deviated by an average of
0.018 nm when interacting with either RIF or EUG. How-
ever, an average of 0.239 nm deviation can be observed,
when the protein interacts with EUG-RIF. This was not the
case for other drugs, as they showed an average deviation
of approximately 0.16 nm for the complexes with a single
drug such as INH, PYR, ETH and approximately 0.15 nm
for HSA-EUG-INH, HSA-EUG-PYR and HSA-EUG-ETH
when compared to the structure of the protein when it in-

teracted with EUG alone. However, because the RMSD
plots showed deviations, we could not confirm the stabil-
ity of the protein complexes. Further studies are needed to
understand the flexibility of the protein, even when it inter-
acts with ligands. This can be achieved by analyzing the
RMSF values of the proteins. RMSF values are essentially
the time averages of RMSD values, focusing on the com-
putational adaptation of protein residues when interacting
with different ligands over 100 ns in the simulation studies
[64,65]. Protein stability appeared to improve when inter-
acting with ligands indicated by the RMSD values. The
RMSF values suggested no significant structural instabil-
ity of the protein when it was combined with different lig-
ands. The RMSF trajectories depicted in Fig. 8 generally
exhibit an average fluctuation of less than 0.18 nm. This
indicated that the complexes were flexible, with minor or
no impact on the interaction of the EUG-drug complexes
with HSA [66]. In addition to these parameters, the radius
of gyration (Rg) analysis shown in Fig. 9, which indicates
the compactness of protein complexes, showed variations
in the Rg values, with an average of 0.02 nm over a 10,000
ps time interval. Notably, there was a sudden increase in
the RMSD value after a time interval of 4000 ps when the
protein interacted with the EUG-RIF complex. The solvent-
accessible surface area (SASA) determines the number of
free hydrophobic cores bound to solvent molecules. The
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SASA trajectories depicted in Fig. 10 showed average ar-
eas of 302.6 nm?, 297.2 nm?, 297.9 nm?, and 297.2 nm?
available for solvent binding for the EUG-drug complexes,
whereas the protein interacted with EUG alone without any
drugs showed an area of 299.3 nm?.

Determining the various binding affinities for each in-
teraction provided significant insights into the stability of
the protein-ligand complexes. To assess the strength of
the interactions between the optimally docked ligands and
HSA, the binding free energies of the docked complexes
were determined using the MM-PBSA approach. The bind-
ing energies were broken down into their constituent energy
components, namely, van der Waals energy, electrostatic
energy, polar solvation energy, and SASA nonpolar solva-
tion energy, to gain a deeper understanding of their individ-
ual contributions. From the MM-PBSA data, as tabulated
in Table 1, we observed that the total binding energy was
—56.727 +/- 13.191 kJ/mol, —80.634 +/— 31.014 kJ/mol, —
15.908 +/—11.705 kJ/mol, —13.631 +/—49.763 kJ/mol, and
—30.484 +/— 64.611 kJ/mol for HSA-RIF, HSA-INH, HSA-
PYR, and has-ETH complexes, respectively. Similarly, we
observed the total binding energies for HSA bound to EUG-
INH, EUG-PYR, EUG-ETH, and EUG-PYR complexes to

be —66.693 +/— 51.971 kJ/mol, -57.971 +/— 4.971 kJ/mol, —
45.845 +/-1 0.250 kJ/mol, and -57.371 +/— 12.983 kJ/mol,
respectively. Upon observing the binding sites, EUG and
the drugs were found to be bound to the major active sites,
as predicted in the initial crystal structure. This binding was
sufficient to determine the significance of the HSA-EUG-
drug complexes.

By applying computational techniques, such as dock-
ing, simulations, and MM-PBSA calculations, we deter-
mined that HSA exhibited a strong affinity for EUG and
drug interactions. Furthermore, the combination of EUG
with first-line anti-TB drugs demonstrated a higher affin-
ity for HSA than that for the HSA-drug complexes. This
was further validated by the increased number of hydro-
gen bonds observed in the docking analysis, indicating en-
hanced protein stability upon interaction, which was also re-
ported by Patil et al., 2010 [67] and Sabour ez al., 2022 [68].
On performing 100 ns molecular simulations using GRO-
MACS and analyzing different parameters, such as RMSD
values, we only found greater deviation for HSA-EUG and
HSA-RIF complexes, which may be due to their larger hy-
drophobicity, which contributes to the stability of the pro-
tein [69]. When considered alongside the negative binding
energies listed in Table 1, these data suggest a high degree
of stability in the protein structure after interaction with the
HSA-EUG-drug combination. However, the compactness
of the protein structure did not appear to be compromised
during the interaction of the HSA-EUG-drug complexes, as
compared to the interactions with the HSA-drug or HSA-
EUG. There was no evident change in the protein struc-
ture even after interacting with the ligand. By synthesiz-
ing these predictions, we can infer that the protein under-
went certain structural alterations. However, these changes
were insufficient to disrupt the role of a carrier protein. In
summary, our study revealed the positive impact of EUG-
based drug-loaded nanoemulsions on the structural stability
of HSA when interacting with EUG-based drug-loaded na-
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Table 1. Summary of the binding free energy analysis using molecular mechanics-Poisson-Boltzmann surface area analysis of docked complexes.
Complexes HSA-EUG HSA-RIF HSA-EUG- RIF HSA-INH HSA-EUG-INH HSA-PYR HSA-EUG-PYR HSA-ETH HSA-EUG-ETH
Energy kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol kJ/mol
van der Waal energy —100.606 +/— 7.658 —231.262 +/— 18.307 — 45.420 +/— 41.563 —47.164 +/—33.217 — 10.290 +/— 12.299 —12.383 +/— 13.632 —3.694 +/—7.554 —68.480 +/— 13.575 —100.894 +/— 4.363
—159.426 +/-23.832 —17.554 +/-21.342 —41.186 +/-30.325 -1.086 +/—7.111 -9.374+/—15.932 -1.272+/-1.661 -12.449 +/-10.301 —-6.649 +/—7.273
35311 +/—-67.310 44.696 +/—13.138 62.073 +/— 13.827

—12.300 +/— 0.422
—57.371 +/-12.983

—6.868 +/—33.732  10.441 +/— 56.806
-2.315+/-2.037 0.140+/-1.712 -9.612 +/-1.396

—30.484 +/-64.611 —45.845 +/-10.250

Electrostatic energy —8.436 +/—9.452
64.720 +/— 11.654 336.903 +/—29.787 61.609 +/—69.362 78.983 +/— 60.745

Polar solvation energy
SASA energy -26.849 +/-1.392 4787 +/—6.122  —6.533 +/—4.585
Total Binding energy —-80.634 +/-31.014 —66.693 +/-51.971 —15.908 +/-11.705

—1.823 +/—3.160

—-12.405 +/-0.820
—57.971 +/-4.971  13.631 +/-49.763

-56.727 +/-13.191

6vL
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noemulsions. Notably, the EUG-drug complex exhibited
greater stability than interactions with individual drugs or
EUG alone. This enhancement suggests promising avenues
for drug discovery. Hence, our results confirm the safety
of EUG-based drug-loaded nanoemulsions for therapeutic
purposes.

Conclusions

We investigated the interactions between EUG-based
nanoemulsions loaded with first-line anti-TB drugs and
HSA using analytical techniques. Our findings derived
from spectroscopic and molecular modeling methods al-
lowed us to elucidate the structure of human serum albu-
min and its interaction with EUG-based drug-loaded na-
noemulsions. Importantly, we observed a positive outcome
in terms of structural stability following this interaction. We
observed that the EUG-drug complex showed greater sta-
bility in protein structure when interacting with HSA than
when interacting with INH, RIF, PYR, or ETH alone or with
EUG alone. Thus, it can be inferred that EUG enhances
the structural stability of HSA and provides a promising
approach for drug discovery. Based on these results, we
conclude that our EUG-based drug-loaded nanoemulsions
are safe for therapeutic use. Although our formulation is
safe, its internalization mechanism must be validated via in
vitro and in vivo experiments. The in vitro experiments in-
cluded cell-based studies to understand the overall toxicity
of the formulation when interacting with different cell lines.
In vivo studies in different animal and infection models
will provide an in-depth understanding of the mechanism
of EUG-based drug-loaded nanoemulsions when adminis-
tered internally. Our previous work [30] demonstrated its
potency against drug-resistant strains of Mycobacterium tu-
berculosis. When dealing with such clinical challenges, we
look forward to promising, budget-friendly, and convenient
alternative therapies for treating patients with TB, including
those with infections caused by multiple extensively drug-
resistant strains.
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