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ARTICLE INFO ABSTRACT

Keywords: Tuberculosis (TB), a deadly infectious disease, is primarily caused by the bacterium Mycobacte-
Nanoemulsion rium tuberculosis. The misuse of antibiotics has led to the development of drug resistance,
Tuberculosis

prompting researchers to explore new technologies to combat multidrug-resistant Tuberculosis
(MDR TB). Phospholipid-based nanotherapeutics, such as nanoemulsions, are gaining traction as
they enhance drug solubility, stability, and bioavailability. Our study focuses on the interaction
between Bovine Serum Albumin (BSA) and a drug-loaded nanoemulsion based on Eugenol. This
nanoemulsion incorporates Eugenol, Clove, cinnamon oil, and first-line anti-tuberculosis drugs
like Rifampicin, Isoniazid, Pyrazinamide, and Ethambutol. The primary objective is to assess the
biosafety profile of the nanoemulsion upon interaction with BSA. We employed Fluorescence,
UV-visible, and Fourier Transform Infrared Spectroscopy (FTIR) to analyze this interaction.

UV-visible spectroscopy detected changes in hydrophobicity due to structural alterations in
BSA near the tryptophan residue, leading to the formation of ground-state complexes. Fluores-
cence spectroscopy demonstrated that the nanoemulsion effectively quenched fluorescence
originating from tryptophan and tyrosine residues. Studies using synchronous and three-
dimensional spectroscopy point to a potential modification of the aromatic environment of BSA
by the nanoemulsion. Resonance light scattering spectra indicated the formation of large ag-
gregates due to the interaction with the nanoemulsion. The second derivative FTIR spectra
showed an increase in the magnitude of secondary structure bands, suggesting a conformational
shift. This research has significant pharmacological implications for developing safer, more tar-
geted drug delivery systems. The information obtained from the interaction of the nanoemulsion
with the blood carrier protein is vital for the future development of superior carriers with minimal
adverse effects on patients. It is crucial to remember that conformational changes brought on by
drug-ligand complexes attaching to carrier proteins may have negative consequences. Therefore,
this study enhances the in vitro evaluation of potential adverse effects of the nanoemulsion on
serum proteins.
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1. Introduction

Tuberculosis (TB) is a communicable illness caused by Mycobacterium tuberculosis, an aerobic, rod-shaped, acid-fast bacilli that can
thrive within macrophages [1]. As per the Global Tuberculosis Report 2022, it has been reported that 5.8 million newly diagnosed TB
cases have had a significant impact on the statistics. This led to an increase in the number of TB fatalities that went untreated, as well as
increased transmission in the community and the prevalence of TB among individuals [2]. Since Mycobacterium tuberculosis forms a
reservoir in the alveolar macrophages and it is difficult for anti-TB medications supplied systemically to reach the lungs or alveoli,
several medicines are now being tested in clinical trials to overcome drug resistance [3]. Currently, available first-line anti-tubercular
drugs must be taken long-term to treat TB, which occasionally results in patient non-compliance and the establishment of
multidrug-resistant strains known as XDR-TB (Extensively Drug Resistant TB) and MDR TB (Multi Drug Resistant Tuberculosis).

This necessitates the development of innovative technologies and strategies to combat this resistance. One approach is to enhance
the delivery of antibiotics to the target organ or tissue without compromising their potency or efficacy, thereby increasing the ther-
apeutic index of the drug, making harsh chemotherapy more tolerable, and reducing systemic side effects can attained using
nanotechnology-based drug repurposing method [4-6]. Nanotechnology in drug delivery allows for drug encapsulation, improving
solubility and preventing degradation. It also enhances epithelial absorption, prolongs circulation time in the body, enables targeted
drug delivery to a specific tissue or organ, controls drug release, and facilitates cellular uptake of the drug [7-10]. On the contrary,
Nanoparticles adhere to any aspect of the microbe and act as a storehouse for the enclosed drugs taken up by infected cells, enhancing
the accessibility of the drug and circumventing resistance to it [11,12]. Nanotechnology-based medicine aids in eliminating
drug-resistant bacteria by binding to their membrane. Liposomes’ membrane-like structure allows them to merge with bacterial walls
and pump substantial amounts of drugs into their cytoplasm, thereby overwhelming the drug efflux pumps.

Considering their many advantages, such as ease of production, higher drug loading capacity, improved drug dissolution, and
bioavailability, reduced patient variability, controlled drug release, and resistance to enzymatic degradation, essential oil-based
nanoemulsions hold particular promise for the delivery of poorly water-soluble drugs [13,14] It is well-informed that nanocarrier
biosafety is essential for drug delivery systems. Hence, it is essential to investigate in vitro behavior to understand the possible toxicity
of nano-drug delivery systems aided by research into how they interact between nanocarriers and biomolecules [15]. As the most
effective route for drugs or drug carriers to reach their site is over blood circulation, it is important to understand the interaction of
these substances with proteins in the blood [16]. One of the bloodstream’s transporter proteins, serum albumin, is used to analyze the
prepared nanoemulsion biosafety and provide a more effective medication delivery method.

Serum protein, a vital class of biomacromolecules, consists of one or more elongated chains of amino acid residues and plays diverse
roles within cells. These roles include responding to stimuli, providing structural support to cells and organisms, aiding in metabolic
processes, transporting molecules, and catalyzing biochemical reactions. Loss of protein quality can lead to various health compli-
cations in the body. Efforts are underway to develop more efficient methods for studying the relationship between protein structure
and function and designing effective drugs. Among proteins, Bovine serum protein (BSA) stands out as one of the most common water-
soluble proteins, renowned for its role in transporting fatty acids, anions, and other amphiphilic molecules in the bloodstream. The
primary structure of BSA consists of 9 loops connected by 17 disulfide bonds. It comprises 3 domains (I, II, and III), each containing two
sub-domains (A and B). BSA is well-characterized with a molecular weight of 66.4 KDa and 583 amino acid residues, featuring a
spherical, hear-shaped and a pl value of 4.9. BSA contains Tryptophan (TRP) residues at TRP-134 and TRP-213 [17]. Due to its surface
composition rich in charged amino acids, this protein exhibits high binding affinity for various small compounds, making it a subject of
extensive research. Pioneering work by Sudlow et al., in 1975 highlighted the significant binding affinity of serum albumins, including
BSA, for medications and small compounds, particularly at sites such as sites I and II. These proteins are crucial in transporting drugs in
the bloodstream [18].

The present focus in biomedical research is studying the interaction between nanotechnology-based drug carriers and proteins to
learn more about the potential structural alterations that may result from it. Therefore, a variety of spectroscopic techniques were used,
including fluorescence spectrophotometry and UV-visible spectrophotometry, which assess the nanoemulsion protein interaction in
conjunction with potential variations in the aromatic residue environment, FTIR, and which assess changes in secondary structural
conformations [19-21]. Additionally, the current study is anticipated to shed light on the implications of biosafety on pharmacology
and the biological and therapeutic effects of drugs loaded into eugenol-based nanoemulsions. This study presents a convincing
argument for the impact of nanophase drug delivery on the body’s carrier protein. As a result, this finding has important implications
for pharmacology, particularly in creating more safe and precisely focused drug delivery systems that pose less risk. The results ob-
tained here from the interaction of the novel drug-carrier system, a nanoemulsion, with the blood carrier protein are therefore
important information for the design of better carriers with lower side effects for patients in the future since drugs made with ligands
for binding to transport proteins can cause conformational modifications that may have negative effects. As an expected outcome, this
study shall be further extended towards the molecular docking studies and in-vivo evaluation of its anti-TB activity in a suitable animal
model which can reveal the biosafety profile of the nanoemulsion.

2. Materials and methods

This section provides all the spectroscopy methodologies for studying the interaction between BSA and eugenol-based drug-loaded
nanoemulsion.
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2.1. Materials

BSA (Bovine Serum Albumin) was obtained from HIMedia Laboratories Pvt. Ltd., Mumbai. Phosphate buffer saline of pH 7.4 was
prepared in the lab using analytical-grade chemicals. 1st line anti-TB medications, including such as Rifampicin, Ethambutol dihy-
drochloride, Pyrazinamide, and Isoniazid were all acquired from HIMedia Laboratories Pvt. Ltd. in Mumbai. Sigma-Aldrich Chemicals
Pvt Ltd, based in Bengaluru, supplied the essential oils clove, cinnamon leaf, and eugenol, as well as the non-ionic surfactants Tween 20
and Tween 80. High-quality, analytical-grade chemicals were used. All tests were conducted with Milli-Q water (Millipore
Corporation).

2.2. Nanoemulsion preparation

Menon et al. optimized and formulated stable eugenol-based anti-Tb drugs loaded nanoemulsion using a pseudo ternary phase
diagram and response surface methodology (RSM) [22]. For this study, we have prepared a stable Eugenol-based drug-loaded
nanoemulsion as per the above-mentioned published literature where an optimized oil-to-water ratio was found to be 1:5.
Eugenol-based three individual oil-in-water nanoemulsion was prepared using clove oil, cinnamon oil, and Eugenol respectively.
Tween 80 was used as a surfactant for the eugenol nanoemulsion, while Tween 20 was used for the clove and cinnamon oil nano-
emulsion. Nanoemulsions were prepared using 4.5% oil and 22% detergent with 8 min of probe sonication at 40% strength, with a 30-s
pulse every 2 min at a temperature of 4 °C. In the case of nanoemulsion loaded with anti-TB drugs, all four anti-TB drugs (Rifampicin,
Isoniazid, Pyrazinamide, and Ethambutol) were added at a concentration of 1 mg/ml. The created nanoemulsion was stored overnight
to check for phase separation. It is then further characterized to find out its stability and size.

2.3. Characterization of the prepared nanoemulsion

As nanoemulsions are thermodynamically unstable, it is necessary to prove the stability of the prepared nanoemulsion through
evaluations like kinetic stability, DLS particle size, PDI, and zeta potential analysis.

2.3.1. Thermodynamic stability studies

Stability is the primary barrier to the expanding use of nanoemulsions. The Ostwald ripening process has been observed to
potentially harm nanoemulsions, limiting their applicability despite the widespread belief that these systems may remain stable for
years. This is because of the tiny droplet size. A kinetic stability study is usually performed to check the propensity to split off into the
component phase [23]. Because of instability processes, including creaming, coalescence, flocculation, Ostwald ripening, and phase
separation, nanoemulsions are thermodynamically unstable systems that may experience structural changes during an extended
storage period. Over time, the kind of surfactant used in nanoemulsion proved to be critical for thermodynamic stability. This feature
can be connected to many surfactant characteristics, including their capacity to reduce interfacial tension and chemical structure. This
characteristic seems to have an indirect connection to the stability of the nanoemulsion. Hence, it is necessary to perform the kinetic
stability study to check the stability of the prepared nanoemulsion [24]. Through centrifugation and temperature experiments, the
kinetic stability of the nanoemulsion was investigated. Specifically, the nanoemulsion was heated to 45 °C, cooled to 4 °C, and then
allowed to rest at room temperature for two days in three cycles. After conducting temperature tests, the physical stability of these
emulsions was confirmed by centrifuging them at 1500xg for 30 min.

2.3.2. Measurement of size, PDI, and zeta potential

Using the SZ-100 Horiba nanoparticle analyzer, the dynamic light scattering (DLS) method was used to evaluate the nanoemulsion
droplet size (nm), and the polydispersity index (PDI). Using Milli-Q, nanoemulsion samples were diluted to a 1:3 ratio. Additionally,
samples were analyzed in a transparent zeta cell, and the SZ-100 Horiba nanoparticle analyzer was used to calculate the Zeta potential.
Nanoemulsion droplet size, PDI, and Zeta potential were measured at 25 + 1 °C [22].

2.4. Stock solutions and sample preparation

A fixed concentration of BSA (1 mg/ml) is freshly prepared with Phosphate buffer saline of pH 7.4 and used as a control in all
experiments. Five different dilutions of each eugenol-based drug-loaded nanoemulsion (Eugenol, Clove, and Cinnamon) with a 50 pL
increase in concentration (50, 100, 150, 200, 250 pL) were interacted with a freshly prepared BSA solution and kept for incubation at
room temperature for 30 min. The interacted samples were further investigated with UV-visible spectroscopy, Fluorescence spec-
troscopy, and FTIR.

2.4.1. UV-visible spectroscopy
A double-beam UV-visible spectrophotometer (Jenway® 6850 Spectrophotometer from Antylia Scientific) with a resolution of 0.1
nm was used to measure absorbance. BSA and its interacting samples. UV-visible spectra from 190 to 600 nm were recorded.

2.4.2. Analysis of fluorescence quenching
Non-fluorescent complex formation was the cause of the fluorescence quenching effect. When excited state processes, energy
transfer, ground-state complex formation, and collisional quenching occur in combination with other chemical interactions, the
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fluorescence quantum yield from a fluorophore decreases, and a phenomenon known as fluorescence quenching occurs. Proteins are
thought to possess inherent fluorescence, mostly from Tryptophan, tyrosine, and phenylalanine residues. Its intrinsic fluorescence
frequently varies in response to the concentration of the ligand during their interactions. As a result, fluorescence may be considered a
method for determining how ligands and proteins interact [25]. Throughout the experiment, the concentrations of nanoemulsion were
changed while the concentrations of BSA solutions were maintained constant. A Fluoro Spectrophotometer (Jasco FP-8300) equipped
with a quartz cuvette (10 mm path length) was used to measure the fluorescence quenching. Bandwidths for excitation and emission
were held constant at 2.5 and 5 nm. The emission maxima of BSA have been identified in the spectral region of 285-400 nm in both the
presence and absence of the eugenol-based drug-loaded nanoemulsion, at an excitation wavelength of 279 nm and a scan speed of 500
nm/min. The quenching percentage of the interacted system was calculated using the below-mentioned formula [26].

Quenching Percentage = [[Io - 1]/Ip] *100 %

2.4.3. Synchronous fluorescence spectra

Synchronous fluorescence spectra aid in seeing fluorescence quenching, peak shifting, and conformational changes in BSA when
tryptophan or tyrosine residues are altered. Tryptophan and tyrosine residues indicate the molecular environment surrounding the
chromophores, and synchronous fluorescence spectra offer information on this environment when the wavelength interval (Dk) be-
tween the excitation and emission wavelengths is between 15 and 60 nm [27]. By simultaneously scanning the emission and excitation
monochromators using a Fluoro Spectrophotometer (Jasco FP-8300) fitted with a quartz cuvette (10 mm path length), synchronous
fluorescence spectra were generated. A conformational change around BSA could be observed when the wavelength interval (A1) 15
for tyrosine residues is 60 nm for tryptophan residues. Bandwidths for excitation and emission were held constant at 2.5 and 5 nm with
A) values of 15 and 60 nm 200 nm—400 nm were fixed as excitation start and end wavelengths with 500 nm/min as scan speed.

2.4.4. Resonance light scattering spectra (RLS)

Resonance light scattering spectra (RLS) indicate complex formation aggregation states between protein and the ligand. Rayleigh
scattering at a wavelength close to or at the scattering molecules’ absorption bands is known as resonance light scattering (RLS), and it
can provide strong signals and good selectivity [28]. RLS generation is associated with creating certain aggregates, and the dimensions
of the aggregate generated in solution are the primary determinant of RLS intensity. Considering these aspects, an interpretation from
RLS spectra would reveal the interaction with BSA when scanning in the synchronous mode in the 200 nm-800 nm range A4 at 0 [29].
Using a Fluoro Spectrophotometer (Jasco FP-8300) with a quartz cuvette (10 mm path length), resonance light scattering spectra were
acquired by simultaneously scanning the emission and excitation monochromators in a synchronous mode in the wavelength range of
200 nm-800 nm by fixing the A1 at 0 nm. Excitation and emission bandwidths were maintained at 5 nm, with a scan speed of 500
nm/min.

2.4.5. Three-dimensional fluorescence spectra

Utilizing a quartz cuvette (10 mm path length) and a Fluoro Spectrophotometer (Jasco FP-8300), three-dimensional fluorescence
spectra of the interacting samples were measured. The measurement type remains a 3D scan, and emission was chosen as the data
mode. The wavelengths of excitation and emission were adjusted to 200 nm and 900 nm. The medium sensitivity sample intervals for
excitation and emission were set at 5 and 0.5 nm respectively. The excitation and emission bandwidth were set at 5 nm, while the scan
speed remained at 5000 nm/min.

2.4.6. Fourier Transform Infrared Spectroscopy

FTIR spectroscopy is one of the most widely utilized methods for evaluating proteins and peptides. The repeating amino acid
building blocks that make up the structure of proteins and peptides yield many distinct infrared absorption bands or amide bands.
These bands communicate structural and chemical data. As a result, FTIR is frequently used to examine and characterize protein
secondary structures [30,31]. FTIR-ATR analysis can detect a change in the secondary structure of a protein by interpreting the visible
modification in their fingerprint amide region when an interaction occurs. Conformational changes show increased or decreased bands
of o -helix, p-sheets, p-turns, and random coils, providingignificant insights into the protein interaction with nanoemulsion [32].

FTIR- ATR analysis was carried out using Jasco FT/IR 6800 with 4 cm-1 resolution to investigate the influence of a eugenol-based
drug-loaded nanoemulsion on the secondary structure of BSA. Freshly produced BSA (1 mg/ml) was incubated for 30 min at room
temperature with a eugenol-based drug-loaded nanoemulsion. FTIR spectra of 4000 to 400 cm* with 512 scans were recorded for
each spectrum. A second derivative of the FTIR spectrum was created using OriginLab 2016 to decode the limited alterations emerging
in the BSA’s amide I region of the spectrum following the eugenol-based nanoemulsion binding.

3. Results and discussion
3.1. Characterization of prepared eugenol-loaded nanoemulsion

The optimized eugenol-based drug-loaded nanoemulsion undergoes characterization to ensure that the nanoemulsion is stable and
within the defined size range, as mentioned in our previous study [22]. Nanoemulsion stability was assessed through overnight
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incubation, heating and cooling cycles, and centrifugation. During the overnight incubation period, these formulations showed no
phase separation, and no precipitation was observed during three repeated heating and cooling cycles followed by centrifugation. No
phase separation or precipitation was observed, indicating stability. From the DLS, it can be confirmed that the prepared nanoemulsion
showed a slight increase in size compared to the free nanoemulsion due to different drugs incorporated into the nanoemulsion systems.
The same phenomenon was also seen in the cited literature, where the droplet size of nanoemulsion increased in addition to different
amounts of curcumin [13] The nanoemulsions produced for cinnamon oil, clove oil, and Eugenol produced had typical droplet sizes
between 10 and 20 nm. All nanoemulsions had Polydispersity index (PDI) values less than 0.5, which denotes the level of homogeneity
inside the nanoemulsion; a lower PDI value denotes a higher degree of homogeneity. Literature reveals that a PDI of 0.3 indicated
homogeneity in the case of a liposome or Nano formulation [33]. Nanoemulsion stability and accumulation probability are assessed by
measuring the electric charge on the emulsion’s surface. Nanoemulsion may keep their shape and size due to the strong surface charges
that generate repulsion between adjacent surfaces. All of the emulsions had values that were relatively small, negative, and in the
middle of the range when the charges were measured using the zeta potential. This suggests using of a non-ionic emulsifier that
encapsulates the entire particle, creating a certain force between the oil and water and acting as a barrier to prevent agglomeration.
Additionally, it is also clear from the literature that the non-ionic surfactants’ hydrophobic group causes the zeta potential to decrease
to a smaller, negative value [13]. The conclusion on eugenol-based drug-loaded nanoemulsion is mentioned in Table 1.

3.2. Protein interaction studies

3.2.1. UV-visible spectroscopy studies

UV-visible spectroscopy was used to investigate the protein interaction with the ligand. Typically, the aromatic milieu surrounding
the amino acid residues determines the molecular shape of proteins. Biomolecules’ interactions with their immediate environment
immediately cause variations in their UV-visible spectra [34].

Our study investigated the impact of a different eugenol-based drug-loaded nanoemulsion concerning the absorption spectrum of
BSA protein. BSA of 1 mg/ml concentration interacted with a series of 5 dilutions of Eugenol-based drug-loaded nanoemulsion with a
50 pL increase in concentration. As depicted in Fig. 1, BSA shows absorption peaks at 215 nm and 279 nm, where 215 nm stands for the
protein’s peptide backbone n-n* transition, and a less intense peak at 279 nm represents the aromatic amino acids of protein, i.e.,
Tryptophan, Tyrosine, and Phenylalanine [35-37].

The spectra of BSA, in addition to all eugenol-based drug-loaded nanoemulsions such as Eugenol, Clove, and Cinnamon, showed an
increase in absorption intensity and a bathochromic shift (redshift) in the absorption maxima revealed a variation in polarity pertinent
to the tryptophan residue and the conformation changes in peptide strand of BSA. As a result, the detected fluctuation in hydro-
phobicity indicated a structural modification of BSA near tryptophan residue, and ground-state complexes were formed [35].

The disturbance in absorption intensity at 215 nm is due to the polar solvent, such as PBS or water. This lessens the energy states of
n— n* electron cloud, thereby experiencing a bathochromic shift [37].

As the EDLNE and CLDLNE concentration increases, the maxima peak at 279 nm drastically undergoes a bathochromic (red) shift of
340 nm as represented in Fig. 1 a and Fig. 1 b respectively. In contrast, CNDLNE also shows a similar shift with a less intense peak
maxima as shown in Fig. 1 c. It is surprising to learn that the hyper-chromic effect that is achieved is caused by the adhesion between
the BSA molecule to the outer surface of a nanoemulsion with a smaller size and an enhanced surface area. The BSA molecules and the
nanoemulsion form a ground state complex concerning changes in their hydrophobicity or polarity around tryptophan moieties [34].
As reported by Zadymova et al. absorption spectra of tween 80 on interaction with BSA showed a bathochromic and hyperchromic
shift, whereas tween 20 showed only a bathochromic shift in evidence with our results. This is due to their ground state complex
formation through hydrogen bonding between Tween and BSA polar moieties [38,39]. Researchers studied human serum albumin
interaction with Cinnamaldehyde and also showed increased absorption intensity of the UV absorption spectra [40]. LI Jin-zhi, LIU
Chang-jin, SHE Zhi-yu et al. also reported a similar interaction when BSA interacted with eugenol [41].

Further, many works of literature support the results obtained through UV absorption spectra, where BSA, upon interacting with
the anti-TB drug, showed an increase in their absorption spectra intensity on their increasing concentration [42-45]. The referred
literature shows that the interaction between nanoemulsion (quencher) and BSA formed a ground state complex formation. Hence,
interaction with nanoemulsion led to increased absorption intensity and a redshift, suggesting structural modifications.

3.2.2. Fluorescence spectra studies
Fluorescence spectroscopy is a useful technique for determining protein-ligand interactions [46]. BSA exhibits an endogenous

Table 1
Characterization of prepared Eugenol-based drug-loaded nanoemulsions and their code used in the present article.
Nano Emulsion Type with its code Overnight Incubation Temperature & Centrifugation studies Mean Droplet Size (nm)
ENE - Eugenol nanoemulsion No Phase separation Stable 11.2
EDLNE - Eugenol drug-loaded nanoemulsion No Phase separation Stable 17.4
CLNE - Clove nanoemulsion No Phase separation Stable 11.9
CLDLNE = Clove drug-loaded nanoemulsion No Phase separation Stable 13.6
CNNE - Cinnamon nanoemulsion No Phase separation Stable 9.9
CNDLNE - Cinnamon drug-loaded nanoemulsion No Phase separation Stable 12.9
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Fig. 1. UV-Visible absorption spectra of BSA, ¢(BSA) = 1 mg/ml and its interaction with a) Eugenol Drug loaded nanoemulsion, b) Clove Drug
loaded nanoemulsion, ¢) Cinnamon Drug loaded nanoemulsion, where the concentration ¢(EDLNE) = c(CLDLNE) = c¢ (CNDLNE) = 5 different
dilution with a 50 pL increase in concentration (50, 100, 150, 200, 250 pL).

fluorescence because it is rich in Tryptophan, tyrosine, and phenylalanine. In particular, Tryptophan in BSA contributes more to
intrinsic fluorescence than tyrosine and phenylalanine, thereby being extensively used to investigate Ligand-BSA interactions [47]. Trp
134 and Trp 213 are the two tryptophan residues present in BSA, whereas the former is located in domain I A (hydrophilic region) and
later in domain II A (hydrophobic region). Due to its ionization, Phenylalanine holds a low quantum yield and tyrosine quenching.
Therefore, the intrinsic fluorescence is highly susceptible to changes in the Tryptophan and its surrounding environment [48], while
the changes are due to the transition of protein conformation, association of subunit, substrate interaction, or degradation [49] We
utilized fluorescence quenching, which can happen in many ways, including excited-state reactions, molecular rearrangements, energy
transfer, ground-state complex formation, and collisional quenching, to examine the effects of a drug-loaded eugenol nanoemulsion on
BSA protein in our study [50].

After excitation at 279 nm, emission spectra of BSA in the presence of Eugenol-based nanoemulsion -EDLNE, CLDLNE, and CNDLNE
provided strong emission maxima of BSA at 339 nm, which mostly comes from excitation of tryptophan residue, Trp 213 present at the
hydrophobic pocket of domain II as depicted in Fig. 2 a, Fig. 2 b and Fig. 2 c respectively. It is generally recognized that tryptophan
residues buried in hydrophobic environments produce a fluorescence Peak of emission at 340-345 nm (shorter wavelength), While
tryptophan residues on the outermost layer and accompanied by a higher hydrophilic milieu exhibit an emission maximum at longer
wavelength [19,51]. Hence, it can be said that our nanoemulsion system interacted with Trp 213 present at the hydrophobic pocket of
domain II.

When increasing the concentration of nanoemulsion added to BSA, intrinsic fluorescence emission was found to be decreasing
along with a discernible blue shift from 339 nm to 313 nm, suggesting a loss in polarity, an increase in hydrophobicity surrounding
Tryptophan, and protein folding occurs most likely due to the loss of intricate structure of Trp 213 present in the domain II of hy-
drophobic core [27,52]. The quenching percentage of the interacted system was calculated using the below-mentioned formula [26].

Quenching Percentage = [[Iy - I]/Ip] *100 %

The quenching percentages of BSA- EDLNE, BSA — CLDLNE, and BSA — CNDLNE were 99 %, 68.48 %, and 87.91 %, respectively. As
a result of this strong quenching, it can be inferred that the binding of BSA on the surface of the nanoemulsion prompted the tertiary
structure to change into a less compact structure as an outcome of nanoemulsion permeation into their hydrophobic cavity, which
increases the hydrophobicity and modifies the aromatic milieu and lessens the polarity of the microenvironment surrounding the Trp-
213 residue. Hence, nanoemulsion induced a strong quenching effect on BSA intrinsic fluorescence, indicating structural changes.
Interaction primarily occurred with Trp 213 in the hydrophobic pocket of domain II.
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Fig. 2. Fluorescence emission spectra of BSA, ¢(BSA) = 1 mg/ml and its interaction of a) Eugenol Drug loaded nanoemulsion, b) Clove Drug loaded

nanoemulsion, ¢) Cinnamon Drug loaded nanoemulsion, where the concentration ¢(EDLNE) = ¢(CLDLNE) = ¢ (CNDLNE) = 5 different dilution with
a 50 pL increase in concentration (50, 100, 150, 200, 250 pL).

3.2.3. Synchronous spectra studies

By detecting the emission wavelength shift, synchronous fluorescence spectroscopy can reveal details regarding the milieu sur-
rounding BSA’s tryptophan and tyrosine residues. Any change or variation in the emission maxima location correlates to variations in
polarity surrounding the chromophore molecule, i.e., Tryptophan, Phenylalanine, and Tyrosine. Modification in tyrosine and tryp-
tophan residues of proteins is detected when the D-value between excitation and emission wavelengths is set to 15 and 60 [19].

As can be seen in Fig. 3, the synchronous spectra of BSA were obtained in the presence and absence of Eugenol-based nanoemulsion
(EDLNE, CLDLNE, CNDLNE) at D-values of 15 nm and 60 nm. It can be observed that the peak maxima at tyrosine residues are at 299
nm, which got red-shifted to 312 nm and decreased fluorescence intensity when interacted with increasing concentrations of EDLNE.
In the case of Tryptophan, peak maxima were found at 339 nm in context with fluorescence spectra, which got blue shifted to 320 nm
and decreased fluorescence intensity when interacted with increasing concentration of EDLNE as seen in Fig. 3 a and Fig. 3 b.

However, in the case of CLDLNE as shown in Fig. 3 c to Fig. 3 d, and CNDLNE as shown in Fig. 3 e to Fig. 3 f, it was observed that the
Tryptophan predominately involved in the interaction with respective nanoemulsion was much stronger than the tyrosine residue,
which can be evident. The results suggest that CNDLNE and CLDLNE show decreased fluorescence intensity with the prominent blue
shift from 340 nm to 319 nm and 325 nm, indicating a strong interaction with tryptophan moieties. In contrast, a weak or null
interaction with tyrosine was observed as having a D-value of 15 nm spectra showing no quenching in CLDLNE, and a slight quenching
starts at increasing concentration. A similar case was observed in many studies, where the tyrosine moieties interact very weakly with
their respective ligand [53].

This significant shift (both red and blue) in the synchronous fluorescence spectra of tyrosine and tryptophan residues shows that
molecular alteration surrounding the residues occurs, resulting in a more polar environment (less hydrophobic) around tyrosine and
less polar environment (more hydrophobic) around Tryptophan in context with the intrinsic fluorescence spectra (Fig. 2). However, it
is evident from the cited literature that on the increasing concentration of Tween 20, tryptophan residues in BSA moved to the more
hydrophobic milieu, indicating that the CNDLNE and CLDLNE nanoemulsion system undergoes most of its interaction in the tryp-
tophan residue present in the hydrophobic cavity [39]. Further, Synchronous spectra revealed red and blue shifts, indicating changes
in polarity around tryptophan and tyrosine residues. Hence, the obtained synchronous spectra reveal that the fluorescent quenching
takes place strongly around Tryptophan rather than tyrosine, indicating the optimal interaction between BSA and the nanoemulsion
system.

3.2.4. Resonance light scattering spectra (RLS) studies
RLS is an easy-to-use, quick, and sensitive technique for using a fluorescence spectrophotometer to analyze macromolecule
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Fig. 3. Synchronous spectra of BSA, c¢(BSA) = 1 mg/ml and its interaction of a) & b) D-value of 15 nm and 60 nm of Eugenol Drug loaded
nanoemulsion, ¢) & d) D-value of 15 nm and 60 nm of Clove Drug loaded nanoemulsion, €) & f) D-value of 15 nm and 60 nm of Cinnamon Drug
loaded nanoemulsion, where the concentration c(EDLNE) = ¢(CLDLNE) = ¢ (CNDLNE) = 5 different dilution with a 50 L increase in concentration
(50, 100, 150, 200, 250 pL).

scattering signals. This method was used to investigate how BSA’s size, shape, and structure change when it forms a complex with
nanoemulsion [54]. As depicted in Fig. 4, the RLS peak intensity of protein increased when interacting with the nanoemulsion. This is
due to the aggregation of BSA and our prepared nanoemulsion [51,52], and a larger aggregate dimension was formed in the solution
[55]. Significantly, EGDLNE showed a maximum increase in peak intensity when compared to the other two. Therefore, RLS peak
intensity increased, indicating BSA aggregation onto the nanoemulsion surface.

3.2.5. Three-dimensional fluorescence spectra

Additional information on the conformation of biomolecules in complexes with exogenous ligands may be gathered from the three-
dimensional spectra of proteins. It assesses potential alterations in the Trp and Tyr residues and the aromatic milieu of BSA [56]. The
3D color plot was used in this work to express the 3D spectra of BSA and its interaction with Eugenol-based drug-loaded nanoemulsion.
From Fig. 5, It was found that 3D spectra of BSA show Peak a, Peak 1, and 2, where Peak a is associated with the initial Rayleigh



K. Met al.

Fluorescence Intensity (a.u.)

2500
BSA
CLDLNE + BSA
2000 + CNDLNE + BSA
EGDLNE + BSA
1500 -
1000 -
500
0+
T T T T T T
200 300 400 500 600 700

T
800
‘Wavelength (nm)

Heliyon 10 (2024) €28306

Fig. 4. Resonance Light Scattering Spectra of BSA, ¢(BSA) = 1 mg/ml and its interaction of Eugenol Drug loaded nanoemulsion, Clove Drug loaded
nanoemulsion, Cinnamon Drug loaded nanoemulsion, where the concentration c(EDLNE) = ¢(CLDLNE) = ¢ (CNDLNE) = 250 pL).

a

)

(E) ApsURIu A0

N’

A

(E) ANsUaIuY FIUIIIIONY

2

~
2
3
3

=
2
3

S

[
S
2

- T

R

(e ANSUIITY IUIISIAONA

(=%
~

(wn) SHSUSIUY FIUIIIIONL

1
|

Fig. 5. Three-dimensional fluorescence spectra of BSA, a) BSA alone where c¢(BSA) = 1 mg/ml and its interaction of b) Eugenol Drug loaded
nanoemulsion, c¢) Clove Drug loaded nanoemulsion, d) Cinnamon Drug loaded nanoemulsion, where the concentration ¢(EDLNE) = ¢(CLDLNE) = ¢

(CNDLNE) = 250 pL).

scattering, in which the emission maxima (Aem) and excitation maxima (\ex) are equal. Peak a showed increased intensity following
contact with the nanoemulsion, verifying that BSA has aggregated onto the surface of the nanoemulsion. The system grows in size as
aggregation improves, which causes the scattering mechanism to become more effective [34]. Peak 1 represents the behavior of
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aromatic amino acid residues. When excited at 279 nm, the emission maxima of BSA were seen at 339 nm, as represented in Fig. 5a. A
blue shift was seen for the interacted sample, and peak maxima were shifted from 339 nm to 314 nm-325 nm. The appearance of
distinct overlapping peaks observed in the interacted sample was due to their conformation changes in the secondary structure of the
BSA protein as shown in Fig. 5 b for EDLNE, Fig. 5 ¢ for CLDLNE, and Fig. 5 d for CNDLNE. Peak 2 was due to the backbone of
polypeptide structures [57]. Hence, 3D spectra given below showed increased intensity (Peak a), indicating BSA aggregation and blue
shift in Peak 1, which suggested conformational changes in the secondary structure.

3.2.6. FTIR spectroscopy

The secondary structure of protein plays a pivotal role in analyzing the interaction between the protein and its ligand. Through the
use of FTIR analysis, the conformational shift brought by nanoemulsion upon binding to BSA was further analyzed. No significant
peaks are seen in the FTIR spectra of BSA due to the PBS, which lessens or dominates the band structure as represented in Fig. 6 a.
Hence, a second derivative FTIR spectrum has been derived as represented in Fig. 6 b. When nanoemulsion bound to BSA, the
magnitude of the secondary structure bands increased, indicating a conformational shift. The amide portion of the spectrum exhibits a
typical peak for BSA, with peaks at 1600-1690 cm ™!, 1480-1575 cm ™!, 1229-1301 cm ™!, and 3300 cm L.

Moreover, the band at 1650 cm ™!, which originates from out-of-plane CN stretching and C-O stretching vibration, is characteristic
of the amide I region. A vibration in the N-H bond causes amide II. The N-H or O-H stretching vibration is associated with a big feature
between 3000 and 3300 cm ™! in the amide A region [58]. When nanoemulsion bound to BSA, the magnitude of the secondary structure
bands increased, indicating a conformational shift. Given the increased sensitivity of the amide I region to the protein’s secondary
structure, we have carried out the second derivative of IR from a spectral range of 1600-1700 cm™!. The a-helix, p-sheets, p-turns, and
random coils are attributed to the bands in 1648-1659, 1610-1639, 1665-1688, and 1648 respectively.

Consequently, the o-helix was attributed to the peak at 1648 cm™! and 1656 cm —1 of Amide II and Amide I. The p-sheets were
allocated to bands ranging from 1615 to 1639 cm—1 in the second derivative IR of BSA [59]. Therefore, FTIR analysis indicated a
conformational shift in BSA secondary structure upon interaction with nanoemulsion, and further Changes in amide I and II regions
suggested alterations in a-helix and f-sheets.

From all studies, it can be concluded that a strong interaction between tryptophan residues and nanoemulsion indicates the
occurrence of conformational changes. However, there is a lack of quantitative results that reveal the extent of BSA interaction with
nanoemulsions.

4. Conclusion

This study aims to investigate the BSA protein interaction with prepared Eugenol-based drug-loaded nanoemulsion. To perform this
study, three individual Eugenol-based drug-loaded nanoemulsions, such as Cinnamon, Clove, and Eugenol oil nanoemulsion, were
prepared as per the published literature. Further, the stability of the nanoemulsion was evaluated by centrifugation, heating and
cooling cycles, and overnight incubation, which shows that the nanoemulsion is stable as there is no phase separation or precipitation.
Additionally, dynamic light scattering was used to measure size, PDI, and zeta potential, revealing the nanoemulsion’s stability. The
nanodroplet size range of clove oil, Eugenol, and cinnamon oil ranged from 10 to 20 nm, and due to drug incorporation, a little increase
in nanoemulsion size was observed when compared to free nanoemulsion. More importantly, homogeneity was indicated by poly-
dispersity index (PDI) values less than 0.5, with a small, negative zeta potential value indicating using a non-ionic emulsifier.
UV-visible spectroscopy showed that the interaction with the nanoemulsion enhanced absorption intensity and a redshift, indicating
structural changes. As revealed by intrinsic fluorescence spectra, interaction mostly occurred with Trp 213 in the BSA’s hydrophobic
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Fig. 6. FTIR spectra of BSA, c¢(BSA) = 1 mg/ml and its interaction of Eugenol Drug loaded nanoemulsion, Clove Drug loaded nanoemulsion,
Cinnamon Drug loaded nanoemulsion, where the concentration c(EDLNE) = ¢(CLDLNE) = ¢ (CNDLNE) = 250 pL). a) FTIR Spectra b) Second
derivative of FTIR Spectra.
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pocket of domain II. Here, interaction with the nanoemulsion has a significant quenching impact on BSA, indicating structural
alterations.

Additionally, strong contact with tryptophan residues was found, and synchronous spectra showed red and blue shifts, indicating
changes in polarity around tryptophan and tyrosine residues. Further, increased intensity in Resonance light scattering spectra sug-
gests that BSA aggregates on the nanoemulsion surface. Three-dimensional Fluorescence spectra and FTIR spectroscopy also revealed
the conformation changes in interacting BSA with nanoemulsion, where a change in the amide I and amide II region in FTIR spectra
indicates modification in a-helix and p-sheets of BSA. By analyzing all the results obtained from the experiments, we can infer that our
prepared eugenol-based nanoemulsion system (Eugenol. Clove and Cinnamon) causes substantial alteration of BSA protein by losing
their stability and ending with their open structure.

The study found that all the eugenol-based drug-loaded nanoemulsions significantly influenced the BSA biomolecule. This influ-
ence can be described as an initial protein stabilization, followed by a rapid and enhanced interaction with Tryptophan compared to
tyrosine. Given the limited data on biomolecule interactions with nanoemulsions, understanding the toxicity of nanoemulsions and
their interaction with biomolecules is crucial. Consequently, our study has paved the way for understanding how nanoemulsions
interact with biomolecules. By analyzing the biosafety of the prepared nanoemulsion using Serum albumin, a transporter protein in the
bloodstream, we can provide a more efficient drug delivery system by reducing toxicity. This research, therefore, holds substantial
pharmacological importance in developing a safer and more precisely targeted drug delivery system with improved biosafety. The
outcomes of the interaction between the blood carrier protein, BSA, and the newly developed nanoemulsion-based drug-carrier system,
offer important information for developing better carriers that will cause fewer side effects in patients in the future. This is especially
crucial since medications that bind to transport proteins using ligands have the potential to cause unfavorable conformational al-
terations. Finding safe, side-effect-free therapy options is aided by screening innovative delivery systems, such as nanoemulsion, using
BSA. The effectiveness and biosafety of this therapy approach in MDR-TB patients can be strongly validated by additional research
employing in vitro and in vivo models.
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