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Abstract 12 

   This research addresses the crucial necessity for a deeper understanding of the 13 

binding interactions between surfactants and proteins, with a specific focus on ovalbumin. 14 

Considering ovalbumin's role in diverse biochemical processes, it remains a subject of 15 

significant interest for drug discovery and design. To fill existing knowledge gaps, we 16 

investigated the binding interaction between dicloxacillin and cetyltrimethylammonium 17 

bromide (CTAB) on ovalbumin, employing a comprehensive approach that combines 18 

computational modeling with experimental validations. Using the ezPocket tool, the 19 

computational phase predicted ten relevant binding sites on ovalbumin's surface. The 20 

isobologram combination index (CI) heatmap strongly suggested a complex interplay of 21 

antagonistic and synergistic effects. Besides, a conformational drug-drug interaction 22 

network was proposed to explore the stability of the surfactant mixture within specific 23 

binding sites of ovalbumin, revealing a dynamic landscape of suggested antagonist 24 

effects. Experimental validations through UV-vis, Fluorescence, and circular dichroism 25 

(CD) spectroscopy further corroborated the computational findings, confirming the 26 

formation of stable complexes. Finally, this study not only advances our comprehension 27 

of ovalbumin's interactions with surfactants but also offers a multidimensional 28 

perspective and an advanced methodological framework for efficient therapeutic 29 

strategies, opening new avenues for future applications in drug development and applied 30 

biochemistry.  31 
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• Structure-based docking on surfactant mixture interactions. 37 
• Building conformational binding network. 38 
• Performed mechanistic isobolograms based combination index. 39 
• Experimental spectrofluorimetric validation. 40 
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1. Introduction: 42 

Proteins are key biomolecules with crucial roles in biological processes. 43 

Understanding their structure and interactions, especially in aqueous environments with 44 

molecules like surfactants, is essential for developing new therapeutic strategies. This 45 

knowledge is decisive for applications such as drug delivery, protein stabilization, and 46 

formulation development [1-3].  47 

While protein-surfactant interactions have gained significant attention, the 48 

interactions involving protein-surfactant mixtures have been somewhat overlooked. 49 

Maldonado-Valderrama conducted thorough research on the interfacial characteristics of 50 

these mixtures, shedding light on their impact on interfacial tension, viscoelasticity, 51 

surface properties, and foam stability [4, 5]. Miller et al also delved into this area, 52 

specifically exploring ionic interactions and the influence of the isoelectric point. In this 53 

sense, they developed relevant theoretical models rooted in thermodynamics and 54 

statistical mechanics, capable of replicating experimental findings [6, 7]. 55 

On the other hand, pioneering papers explored the solubilization of solid protein-56 

surfactant complex salts using a second surfactant in order to explore bulk properties of 57 

these systems, addressing the predominant influence of the catanionic associations over 58 

protein-surfactant interactions [8]. Another interesting study investigated the phase 59 

behavior in aqueous two-phase systems with cationic-anionic surfactant mixtures, 60 

highlighting the role of surfactant ratios, electrostatic interactions and providing 61 

molecular insights into protein partitioning, contributing to our understanding of phase 62 

separation mechanisms [9], or to discern the effect of the substitution of hydrogen atoms 63 

for fluorine atoms [10]. Also noteworthy is the method developed to create magnetic 64 

carbon nanotubes (MCNTs) that can bind and stabilize DNA and proteins using catanionic 65 

surfactants to enhance the electrostatic interaction between biomolecules and MCNTs, 66 

facilitating their rapid migration and compaction [11].  67 

Within this research domain, ovalbumin (OVA), a major component of egg whites, 68 

emerges as a captivating protein because of its high content on essential amino acids 69 

which confer unique attributes beyond offering vital antimicrobial protection to the 70 

developing embryo [12, 13]. Ovalbumin has a primary structure consisting of a single 71 

polypeptide chain containing approximately 385 amino acid residues, with a molecular 72 

weight ranging from 45-50 kDa. Its secondary structure mainly adopts a α-helical 73 

conformation, with α-helices contributing approximately 60% of the secondary structure, 74 

thereby enhancing stability. Additionally, ovalbumin contains 1 disulfide bond that 75 
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enhance its stability by creating covalent linkages between specific cysteine residues 76 

(Cys87 and Cys133) within the polypeptide chain A [14, 15]. The ovalbumin's tertiary 77 

structure assumes a compact globular shape, which is stabilized by various non-covalent 78 

interactions, including hydrogen bonds, hydrophobic interactions, and van der Waals 79 

forces. Regarding all the points mentioned above, the physicochemical properties of 80 

ovalbumin have captured the interest of the scientific community, particularly in the 81 

context of interaction studies (including surfactant-drug mixtures studies), sparking 82 

curiosity among researchers in various scientific fields as food industry, biotechnology, 83 

pharmaceuticals, and drug development [16].  84 

      In this scenario, dicloxacillin (diclox) and CTAB are well-known surfactants that 85 

exhibit distinct characteristics and have been extensively studied individually. 86 

Dicloxacillin is a β-lactam penicillin-derivative well-known for its strong antibiotic 87 

properties, commonly used to treat infections caused by Gram-positive bacteria due to its 88 

ability to disrupt bacterial cell wall synthesis. While it is typically classified as a 89 

therapeutic drug or pharmacological agent, its amphiphilic nature has sparked interest in 90 

its potential surface-active properties from a purely chemical perspective [17]. On the 91 

other hand, cetyltrimethylammonium bromide (CTAB) is a versatile compound with 92 

diverse applications. From a chemical standpoint, CTAB is classified as a cationic 93 

surfactant, demonstrating a strong affinity for negatively charged groups from 94 

biomolecules, including proteins such as ovalbumin. Its high capacity to form micelles 95 

and interact with lipid membranes has led to its utilization in drug delivery and gene 96 

therapy [16]. Additionally, CTAB has been widely used in cosmetics and personal care 97 

products due to its emulsifying and conditioning effects. In molecular biology, CTAB is 98 

essential for DNA extraction, aiding in the separation of DNA from proteins and other 99 

cellular components. Furthermore, CTAB plays a pivotal role in material science, acting 100 

as a stabilizing agent in the synthesis of nanoparticles and nanomaterials to prevent 101 

particle aggregation. In the field of chemistry, CTAB serves as a cationic surfactant in 102 

various reactions, solubilizing a broad range of compounds in its micellar structures. This 103 

property facilitates chemical reactions and promotes the formation of organized 104 

assemblies, making CTAB valuable for applications such as thin film synthesis, 105 

nanomaterial templates, and the preparation of functional materials [18]. 106 

To study the interactions between ovalbumin and the dicloxacillin-CTAB mixture, 107 

a combined approach involving experimental techniques and heuristic computational 108 

methods was employed. This integration of experimental and computational approaches 109 
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presents several advantages. Primarily, it allows for the validation and cross-verification 110 

of the information obtained from both sources, thereby improving the reliability of the 111 

results. Secondly, it offers a multi-scale viewpoint, allowing the examination of both 112 

macroscopic characteristics and microscopic details concurrently. Among the 113 

experimental methods, ultraviolet-visible (UV-Vis) and fluorescence spectrometry have 114 

gained substantial prominence due to their adaptability, precision, and non-invasive 115 

properties in revealing the complexities of protein-surfactant interactions and 116 

highlighting the dynamic exchange between the molecules. Through integrating 117 

spectroscopic approaches, one can gain new insights into the structural, thermodynamic, 118 

and kinetic aspects of interactions between proteins and surfactants [19]. In recent years, 119 

computational techniques have become essential in elucidating complex interactions. 120 

Two techniques that have gained special attention are molecular docking simulations and 121 

Combination Index (CI) methodology, which can explore the binding mechanisms and 122 

thermodynamics of protein-surfactant as complex mixture [20]. With molecular docking 123 

simulations, one can predict the modes and strengths of protein-surfactant interactions 124 

[21]. Additionally, the CI methodology was employed to analyze the interaction between 125 

ovalbumin and the surfactant mixture. Our novel approach offers a strong theoretical and 126 

computational framework to determine whether these interactions are synergistic, 127 

additive, or antagonistic [20, 22-26]. We focus on the computational modeling aspects of 128 

our methodology to accurately quantify the subtle dynamics between the protein and the 129 

surfactant mixture. The use of theoretical isobolograms is essential to our analysis as they 130 

offer a graphical representation of the interaction patterns [20, 22-26].  131 

This study could significantly contribute to boosting the knowledge of molecular 132 

interactions in such systems and makes a significant contribution to the field of surfactant-133 

protein interactions. This understanding will aid in creating precise conformational 134 

models and theories about the behavior of ovalbumin in the presence of the dicloxacillin-135 

CTAB mixture, advancing progress in drug design, biotechnological applications, and 136 

tailored surfactant development. 137 

  138 
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2. Materials and Methods. 139 

2.1. Computational Approach.  140 

2.1.1. Binding pockets predictions 141 

Utilizing the ezPocket software, ten binding site cavities of the ovalbumin receptor 142 

(RCSB PDB ID: 1OVA) were well-identified. This software employs an algorithm rooted 143 

in Delaunay triangulation with weighted points and rapid Voronoi tessellation to analyze 144 

the protein's concave surfaces, pinpointing pertinent binding pockets. The algorithm 145 

employs a grid-based methodology to evaluate protein surface attributes, encompassing 146 

hydrophobicity, polarity, and morphology. Post-execution, the software yields ranked data 147 

on detected junction cavities, the central XYZ coordinates of these cavities, and their 148 

respective volumes. Concurrently, a 3D representation of all identified cavities is rendered 149 

for visualization. Herein, ten relevant binding sites were obtained as volumetric maps for 150 

the ovalbumin receptor allowing to set the specific three-dimensional discrete space as 151 

docking box simulations [27, 28] in each pockets as follow: pocket 1 grid box size with 152 

dimensions of X = 20 Å, Y = 20 Å, Z = 20 Å and grid box center X = 5.65 Å, Y = 49.91 153 

Å, Z = 37.56 Å, with volume equal to 11231.9 Å3; pocket 2 grid box size with dimensions 154 

of X = 20 Å, Y = 20 Å, Z = 20 Å and grid box center X = 13.68 Å, Y = 25.64 Å, Z = 43.33 155 

Å, with volume equal to 1555.96 Å3; pocket 3 grid box size with dimensions of X = 20 156 

Å, Y = 20 Å, Z = 20 Å and grid box center X = -4.06 Å, Y = 62.88 Å, Z = 40.73 Å, with 157 

volume equal to 1393.71 Å3; pocket 4 grid box size with dimensions of X = 20 Å, Y = 20 158 

Å, Z = 20 Å and grid box center X = -20.52 Å, Y = 71.09 Å, Z = 41.15 Å, with volume 159 

equal to 1172.77 Å3, pocket 5 grid box size with dimensions of X = 20 Å, Y = 20 Å, Z = 160 

20 Å and grid box center X = 9.22 Å, Y = 19.83 Å, Z = 30.54 Å, with volume equal to 161 

887.56 Å3; pocket 6 grid box size with dimensions of X = 20 Å, Y = 20 Å, Z = 20 Å and 162 

grid box center X = -22.32 Å, Y = 55.94 Å, Z = 57.16 Å, with volume equal to 625.11 163 

Å3; pocket 7 grid box size with dimensions of X = 20 Å, Y = 20 Å, Z = 20 Å and grid box 164 

center X = 31.39 Å, Y = 37.65 Å, Z = 31.30 Å, with volume equal to 602.04 Å3; pocket 165 

8 grid box size with dimensions of X = 20 Å, Y = 20 Å, Z = 20 Å and grid box center X 166 

= -10.30 Å, Y = 23.92 Å, Z = 30.19 Å, with volume equal to 525.40 Å3; pocket 9 grid box 167 

size with dimensions of X = 20 Å, Y = 20 Å, Z = 20 Å and grid box center X = -22.15 Å, 168 

Y = 62.33 Å, Z = 31.96 Å, with volume equal to 508.45 Å3; pocket 10 grid box size with 169 

dimensions of X = 20 Å, Y = 20 Å, Z = 20 Å and grid box center X = 5.87 Å, Y = 82.75 170 

Å, Z = 43.11 Å, with volume equal to 493.40 Å3. 171 
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2.1.2. Molecular docking and conformational drug-drug interaction network 172 

A molecular docking approach was executed by using AMDock, a software tailored 173 

for proficient prediction of protein-ligand binding modes and ∆G binding affinities 174 

(kcal/mol). AMDock's methodology amalgamates a genetic algorithm with a grid-based 175 

strategy.[29] The preliminary phase necessitated the preparation of the ovalbumin 176 

receptor and the ligand structures of the binary catanionic mixture, specifically 177 

dicloxacillin (PubChem CID: 18381; MW: 470.3 g/mol) and 178 

hexadecyltrimethylammonium bromide–CTAB (PubChem CID: 5974; MW: 364.4 179 

g/mol) [30]. 180 

For the ovalbumin structure, co-crystalized ligands and water molecules were 181 

excised. The dicloxacillin and CTAB structures forming the mixture were primed by 182 

allocating Gasteiger charges and optimizing geometries. The AMDock algorithm 183 

employs a hybrid scoring function, amalgamating various energy force field terms, to 184 

assess the ligand's binding affinity across diverse orientations and conformations. For 185 

discerning the paramount binding mode based on individual ligand conformations (N = 186 

10 conformations) and the binary mixture, AMDock adopts a hierarchical simulation 187 

protocol [29]. This commences with a coarse-grained search via an FFT-based technique, 188 

succeeded by a refinement phase leveraging a Monte Carlo algorithm. Subsequent to 189 

docking, the predicted conformational binding modes and ∆G affinities values undergo 190 

further scrutiny and validation through an array of post-docking analytical tools aiming 191 

to further construction of the conformational drug-drug interaction network in three 192 

simulation conditions i)  dicloxacillin conformational drug-drug  interaction network, ii) 193 

CTAB conformational drug-drug interaction network, and iii) mixture dicloxacillin plus 194 

CTAB conformational drug-drug interaction network [29]. 195 

 196 

2.1.3. Determining the mixture combination index (CI)  197 

The Combination Index (CI) methodology was introduced to theoretically evaluate 198 

the drug combination binding effects (ie., antagonism or synergism) of a catanionic 199 

mixture formed by CTAB and dicloxacillin under interaction with each of the ten 200 

Ovalbumin binding pockets (numbered from θ = 1 to θ = 10) [22, 24-26, 31]. Within this 201 

computational framework, the foundational principle posits that two ligands or drugs 202 

exhibit synergistic binding affinity when their joint binding effect surpasses the 203 

cumulative effect of their individual binding contributions. Conversely, they display 204 

antagonistic binding affinity when their combined effect is less to their individual effects. 205 
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To ascertain CI values, it's imperative to assay various theoretical concentrations of each 206 

drug, both singularly and in tandem, and subsequently gauge the binding impact of the 207 

combination on the respective ovalbumin binding pockets. Given the theoretical docking 208 

simulation data, the CI for each catanionic ligand combination can be expressed according 209 

to the equation: 210 

 211 

𝐶𝐶𝐶𝐶(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶−𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑) = �
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
𝐶𝐶𝑖𝑖_𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

+
𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑖𝑖_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

+
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝐶𝐶𝑖𝑖_𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝑖𝑖_𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑

𝜃𝜃=10

𝜃𝜃=1

   (1)       212 

 213 

Here, CCTAB and Cdicloxacillin represent the theoretical concentrations of CTAB and 214 

dicloxacillin in the catanionic mixture, respectively. Meanwhile, Ci_CTAB and Ci_dicloxacillin 215 

denote the theoretical concentrations of CTAB and dicloxacillin that yield an equivalent 216 

effect when administered individually. The CI value for the CTAB-dicloxacillin mixture 217 

binding combination spans from < 1 to > 1 and can be estimated as the summation of the 218 

mixture and individual binding contribution of the ligands (CTAB-dicloxacillin) with the 219 

all the pocket binding sites denoted by the parameter θ (i.e., covering form the site θ =1 220 

to θ =10). From the mechanistic point of view, CI values < 1 can be associated to 221 

synergistic binding effect, CI values equal to 1 represent an additive binding effect, while 222 

CI values > 1 indicate an antagonistic binding effect. The obtained graph is called as 223 

theoretical isobologram representing a 2D matrix of drug-drug binding combination at a 224 

given theoretical concentration ranging from 0.0 mM to 1.0 mM. Theoretical 225 

isobolograms allow the visualization of the ligand interaction's nature its magnitude under 226 

combination conditions, such as in mixtures.  227 

 228 

2.2. Experimental validation 229 

2.2.1. Reagents 230 

Hexadecyltrimethylammonium bromide (CTAB, 99%, ref. n. H5882), sodium 231 

dicloxacillin [3-(2,6 - dichlorophenyl)–5–methyl–4-Isoxazolyl penicillin] (ref. n. 232 

D9016) and ovalbumin (albumin, chicken egg, product A-5253, powder, molecular 233 

weight 44287 Da, 62-88% agarose gel electrophoresis, Sigma Chemical Company) 234 

were used without further purification. Samples were freshly prepared for each 235 

experiment within 1 h. prior to usage. Solutions were made using triple-distilled and 236 

degassed water. 237 
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 238 

 239 

2.2.2. UV-vis absorption spectra 240 

UV-visible absorption spectra were obtained using a Cary 100 Bio UV-Vis 241 

Spectrophotometer within a wavelength range of 225 – 400 nm. A standard solution of 242 

ovalbumin, at a concentration of 1 mg/mL (equivalent to 0.07 mM), served as the 243 

reference for UV measurements. To assess the individual absorbance effects of each 244 

compound, solutions of pure dicloxacillin and CTAB were incrementally introduced in 245 

concentrations between 0.083 mM and 0.83 mM, ensuring a consistent ovalbumin 246 

concentration. According to the literature, the peak plasma concentration of dicloxacillin 247 

in standard dosage can reach up 0.2 mM [32]. Additionally, we aimed to investigate the 248 

impact of reaching the critical micelle concentration of CTAB, documented to be between 249 

0.8 - 0.9 mM [33]. Hence, concentration interval was selected to align with both the 250 

plasma drug concentration range and the CMC of CTAB. Additionally, mixtures with 251 

equal concentrations of both ligands were introduced to the 0.07 mM protein solution. 252 

Each measurement was conducted in duplicate to validate accuracy and reduce potential 253 

errors. The observed replicates exhibited negligible variation, with the reported data 254 

reflecting the average of both measurements. 255 

 256 

2.2.3. Fluorescence emission spectra 257 

Fluorescence emission spectra were obtained using a Cary Eclipse 258 

spectrofluorometer, with both excitation and emission slits calibrated to 5 nm. 259 

Measurements were taken at 0.5 nm intervals, averaging over a 0.5 s duration. The 260 

excitation was consistently set at 280 nm, and the spectral analysis spanned from 250–261 

550 nm. To account for inner filter effects and ensure accurate quenching results, 262 

corrections were applied using the formula: Fcorr = Fobs × 10[(Aexc+Aem)/2], where Fcorr 263 

and Fobs denote the corrected and observed fluorescence intensities, respectively. Aexc 264 

and Aem represent the system's absorptions at the excitation and emission wavelengths, 265 

respectively. Data analysis was facilitated by the UV-Vis-IR Spectral Software 266 

(FluorTools) [34]. The fluorescence spectra of the Ovalbumin-catanionic compound 267 

complexes were examined in a manner analogous to the UV-vis approach. Initially, each 268 

ligand was added individually, followed by the combined catanionic mixture. 269 

Concentrations for these measurements varied between 0.083 mM and 0.83 mM. 270 

 271 
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2.2.4. Circular Dichroism (CD)  272 

Utilizing a JASCO-715 spectropolarimeter (Japan) equipped with a JASCO PTC-273 

343 Peltier-regulated cell holder, Far-UV circular dichroism (CD) spectra were procured. 274 

For spectral acquisition, quartz cuvettes possessing a pathlength of precisely 0.2 cm were 275 

employed. The spectral range was recorder between 190 and 280 nm for both pure protein 276 

and ligand solutions. The protein sample was 1 mg/mL, corresponding to a molarity of 277 

0.02 mM. Concurrently, a mixture of dicloxacillin and CTAB was added, with 278 

concentrations ranged from 0.83 to 4.2 mM for both compounds. Instrumental parameters 279 

were meticulously set: a resolution and bandwidth both at 1 nm, sensitivity calibrated at 280 

50 mdeg, a response interval of 8 s, an accumulation factor of 3, and a scanning velocity 281 

of 50 nm/min. Any absorbance attributable to doubly distilled water was methodically 282 

negated, adhering to the instrumental parameters. Experimental data were expressed in 283 

terms of molar ellipticity by the equation [θ]λ = θλMr/ncl, where Mr is the molecular 284 

weight of the protein, n represents residue quantity, c is the protein concentration, l 285 

corresponds to the cuvette's path length, and θλ is the ellipticity at a wavelength λ given 286 

by the apparatus. The resultant CD profiles represent the composite spectra inherent to α-287 

helix, β-sheet, β-turn, and random coil configurations. Subsequent analysis of secondary 288 

structure composition was conducted using the webserver BeStSel software [35]. 289 

 290 

3. Results and discussion 291 

3.1 Computational approaches 292 

3.1.1 Binding site prediction and structural characterization 293 

Predicting binding sites is generally a complex and challenging task, with different 294 

strategies and methods being suitable depending on the specific target molecule and 295 

applications. In this context, we used the ezPocket tool to computationally predict and 296 

identify potential binding sites on the ovalbumin as receptor, which resulted in ten 297 

potential binding pockets spread across the ovalbumin’s surface. To this end, the ezPocket 298 

tool was applied which has been systematically used and validated in the context of 299 

multiple modeling problems [28, 36].  It works by identifying concave cavities that could 300 

potentially bind ligands (such as CTAB and dicloxacillin) and excluding convex ones in 301 

the protein structure, considering the ovalbumin’s shape and size, as shown in Figure 1. 302 

 303 
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 304 

Figure 1. On the top, from panel A) to panel J), is depicted the whole crystallographic 3D-structure of the 305 
ovalbumin with the predicted binding sites (from site θ =1 to θ =10) spread across the ovalbumin’s surface 306 
as van der Waals volumetric surface labelled-cyan. In the bottom is represented a breakdown of the four 307 
ovalbumin’s constitutional chains as K) chain A (labelled-red), L) chain B (labelled-yellow), M) chain C 308 
(labelled-light blue), and N) chain D (labelled-dark blue).  309 

The Figure 1 results on the binding sites prediction allow us to understanding the 310 

topological characteristics and size of the binding pockets in the ovalbumin which is 311 

crucial for understanding both, its function, and potential applications in structure-based 312 

drug design. Herein, the identified binding sites and their intrinsic structural differences 313 

(i.e., the constitutional chains A, B, C, D determining the pocket dimensions Vol(Å3) 314 

(please, refer to Materials and methods section 2.1.1) will further determine the 315 

stability-based binding affinity, type and strengths of interactions with the evaluated 316 

molecules (CTAB and dicloxacillin) will bind and undergo a chemical reaction under 317 

mixture combination [28, 36]. These sites are typically pockets or grooves on the 318 

ovalbumin’s surface that could fit the physiological substrates both in shape and in the 319 

chemical characteristics and could be directly affected by the interaction of the ligands 320 

dicloxacillin and CTAB by separated, or by the interaction with the mixture (i.e., CTAB 321 

plus dicloxacillin). Then, knowing the properties of these ten predicted binding sites 322 

(from site 1 to site 10) associated with the cited structural chains that form part of each of 323 

them, allows us to understand the ligand specificity by the ovalbumin protein, its binding 324 

mechanism, and theoretically explain potential binding perturbations which will be 325 

addressed in detail in the following sections. 326 
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In the binding mixture scenario, the study of docking interactions of ligands (as CTAB 327 

plus dicloxacillin) holds significant relevance. Then, CTAB and dicloxacillin could act 328 

by interacting with the binding sites of the ovalbumin, either amplifying or inhibiting the 329 

protein’s activity. The combination of CTAB and dicloxacillin could interact with the 330 

active sites in unique ways, potentially leading to a range of effects. This could result in 331 

synergistic binding effects, where the combined impact of the CTAB and dicloxacillin 332 

ligands is greater than the sum of their individual effects. Alternatively, it could lead to 333 

antagonism or competitive inhibition, where the cited mixture of ligands competes for the 334 

same binding site in the ovalbumin. Further explanation will be provided later. 335 

 336 
3.1.2 Computational modelling on the mixture binding affinity 337 

In the following discussion, we will examine the relationship between key factors to 338 

theoretically elucidate the effect of the mixture on its interaction with ovalbumin. We 339 

have employed several approaches to achieve this, including: i) assessing the 340 

thermodynamic binding affinity (∆G, kcal/mol) in relation to the frequency of binding, 341 

ii) constructing a comprehensive isobologram combination index (CI) heatmap to 342 

understand the binding mechanism of the mixture as either antagonistic or synergistic, 343 

with theoretical concentrations obtained after docking simulation, and iii) conducting a 344 

site-specific and global evaluation of the fractional binding occupancy in relation to the 345 

combination index of the mixture.  Please refer to Figure 2 for a visual representation.       346 

 347 
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 348 

 Figure 2. A) Graphical representation of the overall docking results showing the relationship between the 349 
binding affinity ∆G (kcal/mol) vs. frequency of binding by considering the three main ligand interaction 350 
evaluated in this study as CTAB (labelled-blue bars), dicloxacillin (labelled-pink bars), and the mixture 351 
CTAB plus dicloxacillin (labelled-dark red bars) for the whole structure of ovalbumin. B) Graphical 352 
representation of the theoretical 2D-isobolograms between CTAB and dicloxacillin under mixture binding 353 
combination in the whole lysozyme. Herein, the intensity bar color in the right-side of the heatmap is to 354 
represent the combination index (CI) of the evaluated mixture where labeled-red region (CI(CTAB-Dicloxacillin) 355 
> 1) corresponds to antagonistic binding effects. While labeled-blue region (CI(CTAB-Dicloxacillin) < 1) 356 
corresponds to synergistic binding effects, red and blue circles scattered in the heatmap represent the 357 
different conformations for both ligand CTAB and dicloxacillin; respectively. C) Graphical representation 358 
of the relationship between the fractional occupancy vs. combination index of the mixture in an antagonism 359 
scenario (CI > 1) showing a decrease in antagonistic behavior (CI > 1) with increasing fractional occupancy 360 
for individual site-specific and global interactions with the protein. Also, the values for the dissociation 361 
constants of the mixture (Kd_mix) in each binding site (θ; form the site θ =1 to θ =10) are represented. 362 

 363 

First, we will begin by examining the thermodynamic binding affinity results to gain an 364 

understanding of the interaction strength between the ligands (CTAB and dicloxacillin) 365 

and the active sites of ovalbumin. A lower ∆G value (kcal/mol) indicates a more 366 

favourable interaction, which can be linked to a higher frequency of binding. Regarding 367 

the Figure 2 panel A), we can note that the ∆G affinity values of the CTAB and 368 

dicloxacillin mixture range from -6.9 kcal/mol to -4.4 kcal/mol. It's also noticeable that 369 

the binding frequency of CTAB is two times higher (102) than the binding frequency (10) 370 
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of the dicloxacillin within the same affinity range. However, theoretically, the strength of 371 

the interactions for CTAB appear to be lower compared to dicloxacillin, based on the 372 

lowest binding affinity value of CTAB (∆G = -3 kcal/mol) compared with the lowest 373 

affinity observed for dicloxacillin (∆G = -3.7 kcal/mol). This suggests that while CTAB 374 

may bind more often with the ovalbumin binding sites, the interactions it forms are less 375 

energetically favourable compared to those formed by dicloxacillin.  376 

This differential binding behaviour could have significant implications for the function 377 

of the ovalbumin protein. Because proteins work by binding to their physiological 378 

substrates at their active sites and facilitating biochemical reactions, the strength of this 379 

binding, as indicated by the binding affinity, could theoretically influence the rate and 380 

efficiency of these biochemical reactions and the overall function of the ovalbumin 381 

protein. Secondly, from the mechanistic point of view, the isobologram combination 382 

index (CI) heatmap allows us to visualize the binding mechanism of the CTAB plus 383 

dicloxacillin mixture [20, 22-26]. By examining the heatmap, we can determine whether 384 

the evaluated ligands in the mixture bind to the ovalbumin protein in a synergistic or 385 

antagonistic manner. Besides, the binding affinity observed in the interaction between the 386 

CTAB and dicloxacillin mixture with ovalbumin could be significantly influenced by 387 

several factors. These include: i) the obtained theoretical concentration range of the 388 

CTAB and dicloxacillin mixture being evaluated, ii) the combination index (CI) of the 389 

mixture, and iii) the unique amino-acid chain composition and molecular structure of the 390 

different ovalbumin binding pockets evaluated (refer to Figure 1). It's conceivable that 391 

mechanisms based on synergistic binding effects could coexist with antagonistic binding 392 

effects within the same ovalbumin pocket [20, 22-26]. This can be effectively studied by 393 

determining the CI by performing the whole isobologram considering that it includes all 394 

the binding pockets (i.e., covering form the site θ =1 to θ =10). See Figure 2 panel B).  395 

For this instance, we could theoretically suggest the presence of both binding behaviours 396 

(i.e., antagonistic > synergistic ~ additive binding effect) for the catanionic mixture 397 

interacting with the protein. As shown in Figure 2B, the red-labelled region of the 398 

isobologram with CI (CTAB-dicloxacillin) > 1 represents antagonistic binding effects 399 

while the blue-labelled one with CI (CTAB-dicloxacillin) < 1 represents synergistic 400 

binding effects. Then, it is clear a predominance of antagonistic binding effects for the 401 

whole protein in the range of theoretical concentration from 0.1 mM to 1 mM for 402 

dicloxacillin and from 0.1 mM to 0.25 mM for the CTAB. Regarding the tendency to 403 

induce synergistic binding for the case of dicloxacillin appears in the range of theoretical 404 
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docking concentration from 0.1 mM to 0.2 mM while in the case of CTAB appears in the 405 

concentration interval from 0.4 mM to 1 mM. The additive effects (CI = 1) seem to have 406 

less relevance in the context of this study.  407 

Lastly, the evaluation of the fractional binding occupancy in relation to the combination 408 

index of the mixture provides a comprehensive view of how the ligands in the mixture 409 

interact with the protein's active sites. This could help to understand how the mixture as 410 

a whole system affects the function of the ovalbumin protein [37, 38]. 411 

According to the results obtained in the Figure 2C. In the context of the relationship 412 

between the fractional occupancy vs. combination index (CI) graph, a global and 413 

individual decrease within an antagonistic scenario (CI > 1). Could increase the fractional 414 

occupancy as showed. This fact suggests that, as more binding sites on the ovalbumin are 415 

occupied by the ligands in the mixture, the overall interaction becomes less antagonistic. 416 

This could be attributed to various factors, such as changes in the binding site 417 

conformation or the influence of different CTAB and/or dicloxacillin binding 418 

conformations linked to alterations in the local biophysical environment at the binding 419 

sites [37, 38]. 420 

From a biochemical perspective, this shift from antagonism to less antagonistic or even 421 

potentially synergistic interactions could have significant implications. It could alter the 422 

rate and efficiency of the reactions catalysed by the ovalbumin protein, potentially 423 

affecting catalytic pathways in which ovalbumin is involved. Regarding the dissociation 424 

constants of the mixture (as Kd_mix) in each binding site of the ovalbumin provided 425 

valuable insights into the binding affinities of the CTAB and dicloxacillin mixture with 426 

ovalbumin. Lower Kd values indicate stronger binding affinities, suggesting that binding 427 

sites 3 and 10 have the strongest interactions with the mixture, while binding sites 8 and 428 

7 have the weakest. This differential binding affinity could theoretically could modules 429 

the activity of the ovalbumin when separately evaluated [37-40].  430 

 431 

3.1.3 Results on conformational drug-drug interaction network on ovalbumin 432 

In the context of this mechanistic study, it is essential to address not only the drug-drug 433 

interactions within the entire mixture formed by the CTAB and dicloxacillin system but 434 

also interactions that may occur individually, such as CTAB with CTAB or dicloxacillin 435 

with dicloxacillin in a drug-drug interaction system. The complexity of the issue 436 
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intensifies when we simulate the influence of various conformations interacting with 437 

different binding sites of the protein [41-44]. 438 

Understanding the conformational drug-drug interaction network requires us to consider 439 

the intricate interplay between different ligands within the mixture and how these 440 

interactions could vary depending on the specific binding sites on the ovalbumin protein. 441 

This comprehensive exploration is essential to understand the interdependent 442 

conformational network of synergistic or antagonistic effects on the structure, dynamics, 443 

and interactions of ovalbumin, which may have significant implications for its 444 

biochemical function. To address the high-dimensionality of this conformational network 445 

problem, mechanistic results and corresponding interpretations will be provided for both 446 

the best- and worst-ranked binding sites of ovalbumin based on the stability of the formed 447 

docking complexes. See Figure 3.  448 

 449 

Figure 3. A) Representation of the conformational drug-drug interaction network within the same category 450 
(dicloxacillin plus dicloxacillin) showing the conformational network architecture resulting from the 451 
docking interactions with the different binding sites of the ovalbumin (covering form the site θ =1 to θ =10). 452 
Herein, the associated colour intensity bar (from blue to red) in the right-side of the network is to represents 453 
the strength of the interactions-based affinity (kcal/mol). Being the x-axis the i-conformation (dicloxacillin) 454 
vs. the y-axis as the specific j-binding site evaluated. B) Representation of the best-ranked binding site of 455 
the ovalbumin (site 10, chains C and D) showing the best interaction stability of the docking complexes for 456 
the dicloxacillin plus dicloxacillin system (network nodes mainly labelled-yellow to red). C) 457 
Representation of the worst-ranked binding site of the ovalbumin (site 4, chains C and D) showing the 458 
worst interaction stability of the docking complexes for the dicloxacillin plus dicloxacillin system (network 459 
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nodes mainly labelled-grey to light green) that means lower docking stability in the binding site 4 (just two 460 
dicloxacillin poses were detected). 461 

 462 

Figure 4. A) Representation of the conformational drug-drug interaction network within the same category 463 
(CTAB plus CTAB) showing the conformational network architecture resulting from the docking 464 
interactions with the different binding sites of the ovalbumin (covering form the site θ =1 to θ =10). Herein, 465 
the associated colour intensity bar (from blue to red) in the right-side of the network is to represents the 466 
strength of the interactions-based affinity (kcal/mol). Being the x-axis the i-conformation (CTAB) vs. the 467 
y-axis as the specific j-binding site evaluated. B) Representation of the best-ranked binding site of the 468 
ovalbumin (site 2, chains A and B) showing the best interaction stability of the docking complexes for the 469 
CTAB plus CTAB system (network nodes mainly labelled-blue to green). C) Representation of the worst-470 
ranked binding site of the ovalbumin (site 9, chains C and D) showing the worst interaction stability of the 471 
docking complexes for the CTAB plus CTAB system (network nodes mainly labelled light blue to dark 472 
blue) that means lower docking stability in the binding site 9 (just four CTAB poses were detected). 473 

 474 

In both drug-drug interaction networks, involving the same category as i) dicloxacillin 475 

plus dicloxacillin and ii) CTAB plus CTAB, a mechanistic and molecular docking 476 

analysis was performed to elucidate their conformational architectures within the context 477 

of different ovalbumin binding sites. The obtained conformational networks allow us to 478 

illustrate the conformational landscape resulting from docking interaction affinity across 479 

the different binding sites evaluated (θ = 1 to θ = 10). In the dicloxacillin system, the best-480 

ranked binding site (site 10) exhibited high interaction stability, indicated by 481 

predominantly yellow to red network nodes, while the worst-ranked binding site (site 4) 482 
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displayed lower stability, shown as primarily grey to light green nodes. Similarly, in the 483 

CTAB system, the best-ranked binding site (site 2) demonstrated strong interaction 484 

stability (blue to green nodes), whereas the worst-ranked binding site (site 9) exhibited 485 

lower stability, shown with light blue to dark blue nodes.  486 

Regarding the two conformational drug-drug interaction networks obtained for the 487 

isolated systems (i.e., pure or without the mixture) represented by as: i) conformational 488 

network of dicloxacillin-dicloxacillin interaction (Figure 3A) and ii) conformational 489 

network of CTAB-CTAB interaction (Figure 4A). It is clear to note that, the obtained 490 

values of the interaction affinity (kcal/mol) for the conformational dicloxacillin-491 

dicloxacillin network interacting system exhibits significantly higher affinity values (in 492 

the range from -5.5 kcal/mol to -7.0 kcal/mol) compared with the conformational CTAB-493 

CTAB network interacting systems (in the range from -4.0 kcal/mol to -5.0 kcal/mol). 494 

This theoretical insight is strongly associated with a higher strength of interactions for 495 

dicloxacillin-dicloxacillin drug-drug system respect to the CTAB-CTAB which was 496 

expressed in overall ovalbumin binding site evaluated. It is well-known that, from a 497 

thermodynamic-based interaction stability point of view, a more negative values of the 498 

Gibbs free energy ∆G (kcal/mol) indicates the formation of more stable docking 499 

complexes (i.e., dicloxacillin-dicloxacillin plus OVA >> CTAB-CTAB plus OVA). 500 

Except for the network nodes dicloxacillin-dicloxacillin which include the conformations 501 

3, 4, 5, 6, 8 and 10 of the dicloxacillin-dicloxacillin drug-drug system placed within the 502 

binding site θ = 4, where energetically unfavorable dicloxacillin-dicloxacillin plus OVA 503 

docking complexes were obtained. Suggesting either an extremely low or complete 504 

absence of binding affinity maybe by the presence of repulsive interactions in this specific 505 

biophysical environment (θ = 4) nodes-labelled as gray). 506 

The consideration of drug-drug interactions within the same category (i.e., CTAB plus 507 

CTAB and dicloxacillin plus dicloxacillin) is an imperative to discern how these 508 

interactions may contribute independently to the overall conformational landscape of the 509 

ovalbumin protein. The conformational drug-drug interaction network under 510 

investigation not only involves the interactions within the mixture but also the study of 511 

interactions occurring individually. The simultaneous exploration of these aspects 512 

provides a more comprehensive understanding of the intricate mechanisms at play, 513 

particularly when considering the diverse conformations interacting with various binding 514 

sites of the ovalbumin. These theoretical findings collectively emphasize the significance 515 

of understanding the specific binding sites and their corresponding interaction stabilities 516 
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alone as a starting point to understand the conformational binding of the mixture as 517 

showed in the Figure 5.  518 

 519 

Figure 5. A) Representation of the conformational drug-drug interaction network for the mixture formed 520 
by dicloxacillin and CTAB showing the conformational network architecture resulting from the mixture 521 
with the different binding sites of the ovalbumin (covering form the site θ =1 to θ =10). Herein, the 522 
associated colour intensity bar (from blue to red) in the right-side of the network is to represents the strength 523 
of the interactions-based affinity (kcal/mol) of the mixture. Being the x-axis the i-conformation 524 
(dicloxacillin + CTAB) vs. the y-axis as the specific j-binding site evaluated. B) Representation of the best-525 
ranked binding site of the ovalbumin (site 10, chains C and D) showing the best interaction stability of the 526 
docking complexes coming from the mixture dicloxacillin plus dicloxacillin (network mixed nodes mainly 527 
labelled-mixed orange + green to green + blue colour). C) Representation of the worst-ranked binding site 528 
of the ovalbumin (site 4, chains C and D) showing the worst interaction stability of the docking complexes 529 
for the dicloxacillin plus dicloxacillin system (network mixed nodes mainly labelled mixed blue + grey) 530 
that means lower docking stability for the mixture in the binding site 4. 531 

In order to provide an integrated discussion on the mechanistic implications of our 532 

conformational drug-drug interaction network results, we focus solely on the top-ranked 533 

and lowest-ranked binding sites of ovalbumin. This involves considering the stability of 534 

the formed docking complexes with the ligand surfactants acting individually and 535 

forming the mixture in three representative drug-drug binding scenarios: i) OVA + 536 

dicloxacillin, ii) OVA + CTAB, and iii) the mixtures of OVA + dicloxacillin plus CTAB. 537 

In this context, for all the binding scenarios, was theoretically observed that, for the top-538 

ranked binding sites (Figure 3B, Figure 4B, and Figure 5B), the ligands can interact 539 
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strongly and simultaneously in the same biophysical environment with the corresponding 540 

best-ranked binding sites identified. Specifically, in the case of dicloxacillin drug-drug 541 

interactions (see Figure 3B) with the binding site 10 formed between the β-sheets of chain 542 

C and the α-helix from chain D. In the case of CTAB, drug-drug interactions occur 543 

specifically within binding site 2 formed by two β-loops from a β-sheet and an α-helix 544 

that belong to chains A and B, respectively (see Figure 4B). On the other hand, in the 545 

case of the mixture dicloxacillin plus CTAB, the best-ranked binding site was found in 546 

site 10. For this instance, the target pocket is formed by a β-sheet and α-helix from chains 547 

C and D, respectively (Figure 5B). The theoretical evidence obtained for the best-ranked 548 

binding sites strongly suggests that the influence of the mixture (dicloxacillin + CTAB) 549 

could have a higher impact than the ligands (dicloxacillin and CTAB) acting separately 550 

(please refer to equation 1). In this context, from a mechanistic point of view, the 551 

occurrence of binding antagonistic mechanisms (CI > 1) is more likely than the 552 

occurrence of synergistic binding effects (CI < 1) due to the different physicochemical 553 

nature of the evaluated ligands and the simultaneous interaction of ligands in the same 554 

biophysical environment, which could also be modulated by the influence of steric factors 555 

under mixture interaction. 556 

On the other hand, when analyzing the binding scenario based on the worst-ranked 557 

binding sites in the obtained docking complexes with ovalbumin (Figure 3C, Figure 4C, 558 

and Figure 5C), we can corroborate that the number of ligand molecules that can bind to 559 

these low-affinity sites is significantly lower compared to the best-ranked binding sites 560 

cited above. Besides, it is possible to observe that the distribution of ligand molecules is 561 

not only restricted to the same biophysical environment as in the previous case (with the 562 

best-ranked stability sites for docking), but also the binding distribution was found to be 563 

more randomly localized in the ovalbumin binding site structure. This fact suggests that 564 

the interaction of individual molecules could occur more likely than the interaction of the 565 

mixture (dicloxacillin plus CTAB) for the predicted worst-ranked binding sites (site 4, 566 

site 9 involving the chains C and D). In these cases, we could theoretically expect that the 567 

combination index (CI) is not affected by the influence of the dicloxacillin + CTAB 568 

mixture concentration. However, it could be influenced by the concentration of the 569 

ligands acting separately, which is frequently associated with potential synergistic (CI < 570 

1) or additive effects (CI = 1) (please refer to Figure 2B above on the combination index 571 

CI). Many other relevant factors could affect the biochemical function of ovalbumin in 572 

both the unbound and bound states, such as structural perturbations linked to 573 
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conformational changes that influence the flexibility profile of the ovalbumin protein 574 

induced by the ligands and their mixture. Further details can be found in the 575 

supplementary information (Figure S1). 576 

The exploration of the conformational drug-drug interaction network for the entire 577 

mixture of dicloxacillin and CTAB is of significant importance in elucidating the 578 

antagonist binding obtained above [41-44]. This multimodal approach provides a detailed 579 

picture of how the mixture interacts with different binding sites on ovalbumin, 580 

showcasing variable stability across these binding sites. Understanding the intricacies of 581 

these interactions could shed light on the dynamics of mixture binding. Such theoretical 582 

insights not only contribute to our comprehension of the molecular interplay within the 583 

mixture but also offer valuable information for the design and optimization of better 584 

therapeutic strategies where antagonistic interactions play a crucial role. Therefore, the 585 

conformational drug-drug interaction network emerges as a powerful tool for dissecting 586 

the complex landscape of antagonist binding in the studied mixture [41-44]. 587 

 588 

3.2. Experimental validation 589 

3.2.1. Absorbance Changes in Ovalbumin Analysis 590 

By leveraging computational simulations, we gain a molecular-level understanding 591 

of the interactions within the system, predicting potential binding sites and energy 592 

landscapes. These theoretical insights guide our experimental design, providing a 593 

roadmap for targeted analyses. Subsequently, experimental findings validate and refine 594 

the computational predictions, establishing a reciprocal relationship between theory and 595 

practice. To this end, we analyzed absorbance shifts in ovalbumin, which are key to 596 

unraveling interaction dynamics. Ovalbumin's UV-Vis absorbance spectrum is 597 

intrinsically linked to the presence of its aromatic amino acid residues, primarily 598 

tryptophan (Trp) and tyrosine (Tyr), which significantly contribute to its optical 599 

properties. Tryptophan, with its complex indole ring structure, is particularly instrumental 600 

in determining the protein's spectral behaviour. The indole ring's extensive conjugation 601 

allows it to efficiently absorb light in the ultraviolet region, resulting in a dominant 602 

absorbance peak at approximately 280 nm, Figure 6. This peak is primarily driven by 603 

π→π* electronic transitions within the indole ring. Tyrosine, with its phenolic ring 604 

structure, adds to the UV-Vis absorbance spectrum of ovalbumin, typically manifesting 605 

with peaks in the range of 270-275 nm. While less intense compared to tryptophan, these 606 

tyrosine-associated peaks are nevertheless vital for the overall spectral profile. The 607 
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absorbance characteristics of these aromatic residues are sensitive to changes in the 608 

protein's local environment, including alterations in pH, temperature, or interactions with 609 

ligands. Therefore, a comprehensive understanding of ovalbumin's UV-Vis absorbance 610 

properties, notably its aromatic amino acid residues, offers a crucial foundation for 611 

studying its structural dynamics and the impact of various ligands on the protein's 612 

absorbance spectrum. This insight is fundamental to elucidating the structural 613 

transformations and binding interactions of ovalbumin and similar proteins in a variety 614 

of applications. In the case of dicloxacillin, the UV-Vis absorbance primarily arises from 615 

the presence of conjugated functional groups within its molecular structure, with distinct 616 

features that reflect its electronic transitions. The absorbance spectrum of dicloxacillin 617 

typically displays peaks at specific wavelengths, namely 274 and 280 nm, Figure 6, 618 

indicative of the presence of chromophoric moieties, including aromatic rings and 619 

carbonyl groups. These structural elements are prone to π→π* and n→π* electronic 620 

transitions. For its part, the UV-Vis absorbance spectrum of CTAB exhibits main peaks 621 

and absorption bands within the 200-300 nm range. Below the Critical Micelle 622 

Concentration (CMC), peaks around 205 nm and 215 nm are observed, associated with 623 

electronic transitions within individual CTAB molecules. Near the CMC, when CTAB 624 

forms micelles, new peaks appear at longer wavelengths (around 250-300 nm), signifying 625 

the collective behaviour of CTAB molecules within the micelles. The relationship 626 

between concentration and absorbance becomes nonlinear above the CMC, with a 627 

saturation effect, signifying the collective behaviour of surfactant molecules within the 628 

micelles. This transition often results in a red shift, leading to the emergence of these 629 

distinctive absorption peaks. In the present case, the highest value of the ovalbumin 278 630 

nm band increases at 298 K upon complexation with the catanionic complex until 631 

reaching a maximum value (Figure 6A), curve ii.)), then the maximum absorption 632 

decreases regularly with increasing concentrations of the ligand mixture, indicating a 633 

decrease in hydrophobicity and an increase in polarity [15]. Besides, the red shift 634 

observed can be explained by the π-π stacking contact between the aromatic ring of the 635 

dicloxacillin molecule and the phenyl rings of amino acid residues, combining charge 636 

transfer and hydrophobic forces.  637 
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 638 
Figure 6. A) Absorbance spectra of OVA (COVA = 0.02 mM) in the absence (unbound OVA) and in the 639 
presence of the mixture of surfactant (Dicloxacillin plus CTAB). B) Absorbance spectra of increasing 640 
concentrations of Dicloxacillin. C) Absorbance spectra of increasing concentrations of CTAB. CDiclox = 641 
CCTAB as 0.08 mM, 0.16 mM, 0.25 mM, 0.33 mM, 0.42 mM, 0.50 mM, 0.58 mM, 0.66 mM, 0.75 mM, 0.83 642 
mM. 643 

3.2.2 Assessment of fluorescence features 644 

The primary component of the OVA fluorescence spectrum is the Trp fluorescence. 645 

Specifically, OVA contains three Trp residues with distinct structural placements: Trp 160 646 

is exposed to the solvent, Trp 194 is situated within a hydrophobic pocket, and Trp 275 is 647 

partially exposed. When varying amounts of ligands are added, a decrease in OVA 648 

fluorescence occurs within the 290-450 nm range, as depicted in Figure 7.  649 

The stepwise addition of CTAB to the aqueous solution of the protein initially leads 650 

to a reduction in fluorescence intensity, a trend that persists until a value close to the 651 

critical micellar concentration of CTAB [45]. Subsequently, there is a gradual rise in 652 

fluorescence intensity until it reaches its maximum saturation level. Furthermore, it is 653 

worth noting that CTAB causes a blue shift in the fluorescence spectra once the probe-654 

micelle interaction reaches saturation. In the lower concentration range of CTAB, the 655 

fluorescence intensity of ovalbumin notably decreases. This phenomenon is a common 656 

occurrence when dealing with lower surfactant concentrations and is often attributed to 657 

the formation of premicellar aggregates [45]. This effect is particularly pronounced with 658 

CTAB, given its long chain length [46]. Upon reaching a given concentration near the 659 

CMC, an enhancement in the emission yield becomes evident, indicating a marked 660 
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departure in the microenvironments enveloping these fluorophores within the CTAB 661 

medium in contrast to a pristine aqueous phase, occurrence already demonstrated by [45, 662 

47].  663 

It is well-documented that water can infiltrate micelles, reaching a certain depth that 664 

depends on the compactness of the micellar units [48]. Micelles characterized by more 665 

compact headgroups tend to experience less water penetration compared to micelles with 666 

less compact headgroups. Neutron scattering experiments conducted on micelles with 667 

varying surfactant chain lengths have revealed significant disparities in the headgroup 668 

structure of these micelles [48]. This observation strongly implies that as the surfactant 669 

chain length increases, the head-group becomes more compact. Consequently, water 670 

penetration is relatively minor in CTAB micelles when comparing with other bromide 671 

surfactants [45, 48]. Furthermore, the literature also reports an increase in the close 672 

packing and microviscosity of alkyltrimethylammonium bromide micelles as the alkyl 673 

chain length increases [49]. This leads to the fluorophore experiencing more rigid and 674 

less polar environments in CTAB micelles. 675 

The observed shift towards the blue end of the spectrum in the fluorescence 676 

emissions upon the introduction of CTAB hints at the destabilization of the excited states 677 

of these complexes. It also signifies a decrease in the polarity of the micellar solution 678 

when compared to the aqueous medium. The fluorescent probe plays a central role in 679 

assessing the microscopic polarity of the bio-mimicking environment, utilizing diverse 680 

photo-physical parameters to offer a relative measure of the microenvironment's polarity. 681 

It's worth emphasizing that the polarities of homogeneous and micro-heterogeneous 682 

media cannot be presumed to be identical.  683 
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 684 
Figure 7. Fluorescence emission spectra obtained from the ovalbumin protein in different binding 685 
conditions as in the absence (Ova unbound state at 0.00 mM) and in the presence of the evaluated ligands 686 
as: A) Ova + dicloxacillin, B) Ova + CTAB, C) Ova + surfactant mixture (dicloxacillin + CTAB) and D) 687 
maximum intensity fluorescence vs. surfactant concentrations for the tree binding conditions evaluated 688 
(Ova + dicloxacillin, Ova + CTAB, Ova + surfactant mixture). E) Results on graph interaction networks of 689 
the fluorescence-sensitive aromatic residues (i.e., phenylalanine Phe, tyrosine Tyr, and tryptophan Trp) 690 
belonging to the ovalbumin target-chains (C and D) regarding the aforementioned binding conditions. 691 
Herein, ovalbumin = 0.02 mM, CDicloxacillin = CCTAB = (0.083 mM, 0.166 mM, 0.250 mM, 0.330 mM, 0.416 692 
mM, 0.500 mM, 0.580 mM, 0.660 mM, 0.750 mM, 0.830 mM). 693 

To assess the strength of the interaction between i) OVA and dicloxacillin, and ii) 694 

OVA and the mixture (i.e., CTAB + dicloxacillin), we performed fluorescence quenching 695 

for the tryptophan amino acid from OVA (OVA-Trp). The emission at 340 nm was 696 

analyzed using the Stern–Volmer analysis. In the context of the present study, the Stern-697 

Volmer plot was used to evaluates the kinetics of the fluorescence deactivation 698 

(quenching of the OVA-Trp) induced by the ligands as dicloxacillin and the mixture 699 

CTAB + dicloxacillin (acting as the quenchers in both scenarios). In general, this process 700 

can be represented by the following simple equation: P* + Q → P + Q. Here, P* represents 701 

an excited state (denoted by “*”) of the protein OVA-Trp, with fluorescence intensity (F) 702 

measured in the presence of a given ligand or quencher (Q). The resulting P represents a 703 

non-excited state of the protein OVA-Trp, with fluorescence intensity (F0) measured in 704 

the absence of the quencher Q. The kinetics of this process follow the Stern-Volmer 705 

relationship, as described in equation 2. 706 

 707 

𝐹𝐹0
𝐹𝐹

= 1 +  𝐾𝐾𝑠𝑠𝑠𝑠[𝑄𝑄] (2) 
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The parameter Ksv represents the Stern-Volmer quenching constant. By plotting the linear 708 

ratio of F0/F versus the quencher’s Q at different concentrations for each system (i.e., 709 

OVA plus dicloxacillin and OVA plus the mixture of CTAB + dicloxacillin), we can 710 

determine the experimental Stern-Volmer constant. 711 

 712 
Figure 8. A) Stern-Volmer plots for the quenching of Ovalbumin by Diclox (○) and the mixture of 713 
surfactants (■). B) Plots of log[(F0-F)/F] vs log[Q] of Diclox (○) and mixture of surfactants (■). COvalbumin 714 
= 0.02 mM. 715 

As shown in the linear Stern-Volmer plot (Figure 8A), both ligand systems quench 716 

ovalbumin (OVA) fluorescence, allowing for the determination of the quenching rate 717 

constants and binding affinities. By applying the Stern - Volmer equation, we found that 718 

the quenching constants (Ksv) were 7.09 x 102 mol-1 and 33.78 x 102 mol-1 for the OVA 719 

plus dicloxacillin and OVA plus the mixture of CTAB + dicloxacillin); respectively. 720 

Assuming a Trp half-life of the emissive excited state of 10 ns in ovalbumin [50], the 721 

bimolecular quenching constant markedly exceeds the rate of diffusion-limited 722 

quenching, as in water, the maximum value of kq for diffusion-limited quenching is 723 

approximately 1010 L mol−1 s−1 [51]. Consequently, we could infer the formation of stable 724 

complexes in solution for the evaluated systems by inducing the quenching of OVA 725 

fluorescence through a static mechanism. Next, the static fluorescence quenching 726 

mechanism allowed us to use equation 3 to experimentally determine relevant binding 727 

parameters such as the Hill cooperativity binding coefficient (n) and the association 728 

constant (Ka) for the aforementioned systems. 729 

 730 

𝑙𝑙𝑙𝑙𝑙𝑙
(𝐹𝐹0 −  𝐹𝐹)

𝐹𝐹
= 𝑙𝑙𝑙𝑙𝑙𝑙𝐾𝐾𝑎𝑎 +  𝑛𝑛 ∙ 𝑙𝑙𝑙𝑙𝑙𝑙[𝑄𝑄] 

(3) 

 731 
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In the Figure 8B, the obtained binding profile as two parallel lines in the plot of log 732 

[(F0 − F)/F] vs. log [Q] suggests a coherent relationship in the binding behavior of the 733 

evaluated systems, dicloxacillin and the CTAB plus dicloxacillin mixture, in terms of 734 

interaction with OVA binding sites. Since dicloxacillin is common in both interacting 735 

systems, the chemical properties of dicloxacillin may be the main responsible for the 736 

observed binding trend. In this regard, this quenching mechanisms (i.e., fluorescence 737 

decrease) could be indicative of the presence of potential antagonistic binding 738 

mechanisms in two different probable ways as: i) competition for OVA binding sites at 739 

the same biophysical environment as showed by the theoretical approaches (refer to 740 

Figure 5B and Figure 7C), ii) coexistence of uncompetitive and competitive inhibition, 741 

both of which are antagonistic and non-mutually exclusive mechanisms, involves  742 

network conformational changes influencing the binding affinity (refer to Figure 5A). 743 

Both mechanisms could independently modulate the quenching decrease of OVA 744 

interaction. However, additional studies, such as the application of a double reciprocal 745 

Lineweaver-Burk plot, could be proposed in future investigations of these hybrid 746 

mechanisms [52].  747 

Next, The estimated binding parameters (n and Ka) for the aforementioned systems 748 

are presented in Table 1, following the application of equation 3. Regarding the obtained 749 

results derived from the Figure 8B, the slope (n) of the linear plot of log [(F0 − F)/F] vs. 750 

log [Q] provides relevant information on the interaction behavior of the evaluated ligands-751 

based quenchers (i.e., dicloxacillin and the mixture CTAB plus dicloxacillin) with the 752 

OVA binding sites. Here, the binding parameter 'n' corresponds to the experimentally 753 

obtained Hill cooperativity coefficient. The experimental parameter ‘n’ provides 754 

additional insights into the intrinsic dynamics of the OVA with the aforementioned 755 

interaction systems. This allows for a better explanation of the cooperativity behavior of 756 

binding, which could be associated with potential synergistic, additive, or antagonistic 757 

binding effects of the evaluated ligands with the OVA binding sites. Furthermore, there is 758 

widespread acknowledgment of the connection between the synergistic, additive, and 759 

antagonistic binding mechanisms with the Hill cooperativity binding coefficient (n) [53, 760 

54]. From a rigorous mathematical perspective, the following expectations are associated 761 

with a mechanistic interpretation of the obtained Hill cooperativity binding coefficient 762 

(n) as: i) antagonistic binding manifests when the experimentally observed value of n is 763 

strictly < 1; ii) synergistic binding occurs when the value of n strictly > 1, and iii) an 764 

additive binding effect is anticipated when the value of n equals 1 [53, 54].Then, in 765 
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accordance with the docking results and the theoretical isobologram obtained (Please, 766 

refer to Figure 2B), the antagonistic effects seem to be predominant over synergistic 767 

effects in the concentration range from 0.4 mM to 1 mM.  768 

By the other hand, the association binding constant (Ka) can be obtained from the 769 

intercept as Log Ka[53]. Here, the association constant (Ka) is a crucial parameter that 770 

allows for the measurement of the equilibrium constant for the binding association 771 

between the OVA and the evaluated ligand systems, providing a quantitative kinetic 772 

measure of the strength of the binding interaction. Therefore, a higher Ka value indicates 773 

a stronger binding affinity between the OVA protein and the ligands, such as dicloxacillin 774 

or the mixture of CTAB and dicloxacillin.  775 

Table 1. Stern-Volmer quenching constants and binding parameters for the interaction of Ovalbumin with 776 
Dicloxacillin and the mixture CTAB plus dicloxacillin at 298 K. 777 

Docking System ID Stern-Volmer constants Binding parameters 
10-2 Ksv (mol-1) R2 n 103 Ka (mol-1) R2 

OVA plus Diclox 7.09 ± 0.02 0.997 0.908 ± 0.01 3.02 ± 0.04 0.998 
OVA plus Mixture 33.78 ± 0.05 0.989 0.913 ± 0.01 15.88 ± 0.01 0.986 

 778 

In terms of the association constant, it is worth noting that the value for the mixture 779 

of CTAB + dicloxacillin is approximately 50 times higher than the value for dicloxacillin 780 

interacting alone. These results show that the drug’s affinity for the OVA is relatively low 781 

but gets strengthened by the presence of CTAB in the mixture.  782 

 783 

3.2.3 FRET Insights: Examining Molecular Bonds and Proximity 784 

Energy transfer offers a more comprehensive insight into molecular interactions, 785 

and within the realm of investigating protein-ligand interactions and alterations in protein 786 

structure induced by ligand binding, Fluorescence Energy Transfer (FRET) is of 787 

paramount significance. FRET, firmly rooted in classical physics, operates as a non-788 

invasive spectroscopic technique, facilitating the non-radioactive transfer of excitation 789 

energy from the protein ovalbumin, which functions as the donor molecule in this context, 790 

to the acceptor molecule(s) in their ground state. Donor molecules, in this scenario, 791 

typically emit photons at shorter wavelengths that significantly overlap with the 792 

absorption spectrum of the acceptor. In this specific case, the shifts observed in the 793 

fluorescence spectra of ovalbumin upon interaction with ligands reveal the occurrence of 794 

energy transfer between the ligands and the protein. Assessing the efficiency of energy 795 

transfer serves as a valuable means for estimating the proximity between the Trp residues 796 
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within the protein and the ligand. For energy transfer to exist, three essential criteria must 797 

be met: (1) the donor molecule should emit fluorescent light; (2) the absorption spectrum 798 

of the acceptor should exhibit substantial overlap with the fluorescence emission 799 

spectrum of the donor; and (3) the distance separating the donor and acceptor should be 800 

less than 8 - 10 nm [54]. As per Förster's theory, the efficiency of energy transfer (E) can 801 

be mathematically computed using the ensuing expression: 802 

𝐸𝐸 = 1 − (𝐹𝐹/𝐹𝐹0) = 𝑅𝑅06 (𝑅𝑅06 + 𝑟𝑟6)⁄  (4) 

F represents the fluorescence intensity exhibited by ovalbumin in the presence of 803 

ligands, whereas F0 signifies the intensity exhibited by the protein in isolation. The 804 

variable 'r' designates the distance at which binding occurs between the donor and the 805 

receptor, and 'R0' denotes the critical distance for energy transfer. At 'R0', precisely 50% 806 

of the excitation energy gets transferred to the acceptor. This particular parameter is 807 

ascertainable through the following mathematical expression: 808 

𝑅𝑅06 = 8.79 × 10−25 𝐾𝐾2 𝑛𝑛−4 Φ J (5) 

In this context, K2 stands for the spatial orientation factor between the dipoles of 809 

the donor and the acceptor, 'n' signifies the refractive index of the surrounding medium, 810 

Φ represents the fluorescence quantum yield of the donor (in this case, ovalbumin), and 811 

'J' characterizes the spectral overlap between the emission spectrum of the donor and the 812 

absorption spectrum of the acceptor (in this case, dicloxacillin and CTAB). When 813 

determining 'R0', the factor that introduces the most uncertainty is the dipole orientation 814 

factor, which can potentially vary from 0 to 4. However, in scenarios where both the 815 

protein and the ligands experience rapid tumbling and can assume any orientation, a 816 

commonly accepted value for K2 is 2/3. The refractive index 'n' is typically assigned the 817 

value of 1.333, corresponding to the refractive index of water, while Φ is commonly 818 

assumed to be 0.15, aligning with the fluorescence quantum yield of tryptophan. Lastly, 819 

the spectral overlap can be computed as follows: 820 

𝐽𝐽 =  
∫ 𝐹𝐹(𝜆𝜆) Ɛ(𝜆𝜆) 𝜆𝜆4 d𝜆𝜆∞
0

∫ 𝐹𝐹(𝜆𝜆) d𝜆𝜆∞
0

 
(6) 

F(λ) is the fluorescence intensity of the protein and Ɛ(λ) is the molar absorption 821 

coefficient of the acceptor at a given wavelength λ.  822 
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 823 
Figure 9. Overlap area (J(λ)) of donor fluorescence emission spectrum (blue) and acceptor absorption 824 
spectrum (purple). 𝑇𝑇 = 298 K. COVA = 0.02 mM, CDiclox = CCTAB = 0.50 mM. 825 

Following the explained methodology, Figure 9 displays the overlap curves 826 

obtained, while Table 2 provides the corresponding FRET values. Within the catanionic 827 

system, the binding distance (denoted as 'r') between the donor and receptor falls in the 828 

range of 2-8 nm. It is noteworthy that the conditions where 0.5 times 'R0' is less than 'r' 829 

and 'r' is less than 1.5 times 'R0' strongly indicate a high likelihood of energy transfer from 830 

ovalbumin to the ligands. This observation aligns with the presence of non-radiative 831 

energy transfer, signifying that the highly excited elements may return to the ground state 832 

[55]. Furthermore, these results provide additional support for the predominant 833 

involvement of static-type fluorescence mechanisms, as previously demonstrated. 834 

Table 2. Fluorescence resonance energy transfer (FRET) results of the interaction between the 835 
protein Ovalbumin and the mixture of ligands. 836 

Docking System ID FRET parameters 

J (M-1 cm-1 nm4) R0 (Å) r (nm) 

OVA plus Mixture 7.98 × 1012 18.85 2.59 

 837 

3.2.4 Circular Dichroism (CD) Investigation: Probing Molecular Architecture 838 
and Structural Characteristics 839 

Far-UV Circular Dichroism is a widely employed technique for discerning the α-840 

helix and β-sheet secondary structural components in proteins, offering insights into their 841 

conformational variations. In this investigation, the influence of dicloxacillin and the 842 

mixture of surfactants on the secondary structure of ovalbumin was probed through far-843 

UV CD spectroscopy. The outcomes revealed that the addition of varying concentrations 844 

of dicloxacillin, spanning from 0.083 to 0.33 mM, induced pronounced alterations in the 845 
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shape of the minima, accompanied by a notable decrease in negative ellipticity. These 846 

changes signify a reduction in the secondary structure of the protein. In a similar way, the 847 

mixture of both surfactants caused an even more pronounced alteration in the CD results 848 

(Figure 10). 849 

 850 

Figure 10. Far-UV CD spectra of OVA (COVA = 0.02 mM) with increasing concentrations of: A) OVA+ 851 
Dicloxacillin (CDiclox = 0.083 mM, 0.16 mM, 0.25 mM, 0.33 mM) and B) OVA + Mixture (CDiclox = CCTAB 852 
= 0.083 mM, 0.16 mM, 0.25 mM, 0.33 mM, 0.45 mM).  853 

To quantitatively assess these modifications, the BeStSel analysis was applied to 854 

compute the overall percentage of α-helix structural variations, and the results are 855 

outlined in Table 3. 856 

Table 3. Quantitative results on the contents of ovalbumin α-helices elements (%) as a function 857 
of the surfactant mixture concentration added.  858 

[Surfactant Mixture] (mM) α – Helix (%) 

0.0 38.24 

0.083 32.51 

0.16 30.98 

0.25 28.75 

0.33 27.01 

0.42 25.13 

 859 

As it can be inferred from the results, the mixture of dicloxacillin and CTAB can 860 

significantly influence the results obtained from circular dichroism (CD) spectroscopy 861 

when applied to ovalbumin. The cationic surfactant CTAB can bind to ovalbumin through 862 

electrostatic and hydrophobic interactions, disrupting the protein's native structure. 863 

Additionally, dicloxacillin, can also directly interact with ovalbumin, causing 864 

conformational shifts. These dual interactions may lead to synergistic effects or 865 
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competing influences on ovalbumin's secondary and tertiary structures, ultimately 866 

reflected in the CD spectra. The CD results show variations in the characteristic CD peaks 867 

associated with different secondary structural elements, such as α-helices and β-sheets, as 868 

well as in the near-UV region where changes in the local environment of aromatic 869 

residues are monitored. The chiral environment can also be altered due to these 870 

interactions, further impacting the CD spectra. Furthermore, any complex formation 871 

between ovalbumin, dicloxacillin, and CTAB will contribute to distinct CD signatures, 872 

possibly differing from those of individual components or unbound the protein. 873 

Therefore, a mixture of dicloxacillin and CTAB presents a complex interplay of structural 874 

modifications within ovalbumin, posing both cooperative and competitive effects that 875 

significantly influence the CD results and provide insights into the intricate interactions 876 

between the components of the mixture and the protein. It is important to note that 877 

mechanistic studies of interactions involving mixture of compounds still pose a 878 

significant challenge, and certain experimental limitations are inherent when increasing 879 

the complexity of the system under investigation. In this context, strategies for addressing 880 

these methodological issues are outlined in the supplementary material (Table S1). 881 

4. Conclusions 882 

Our research has combined computational modelling and experimental methods to 883 

enhance our comprehension of the intricate conformational binding between mixtures of 884 

dicloxacillin plus CTAB on the ovalbumin protein. This multi-modal network approach 885 

has led to significant advancements in our understanding of this subject matter. We 886 

identified active sites on ovalbumin and analysed the interaction dynamics, including the 887 

possibility of a prevalence of antagonistic binding effects over the synergistic and additive 888 

ones by using computational and spectrofluorimetric methods. Our thermodynamic 889 

analysis distinguished the isolated binding strengths of CTAB and dicloxacillin, revealing 890 

precise insights into their respective interactions with ovalbumin. These computational 891 

predictions were experimentally validated by observing changes in ovalbumin's 892 

fluorescence properties and confirmed by both, the Stern-Volmer analysis and circular 893 

dichroism spectroscopy. The findings fit excellent and confirmed the theoretical models 894 

emphasizing that mixture interactions could promote structural and conformational 895 

changes in whole ovalbumin and its relevant binding sites. Finally, by combining new 896 

computational approaches with experimentally validated spectrofluorimetric data, this 897 

work enhances the current understanding on the bio-interactions between proteins and 898 
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surfactant mixtures. The precise and efficient control over interfacial properties and the 899 

conformational behavior of ovalbumin during interaction with the isolated and mixed 900 

system could open new opportunities for applications in food processing, chemistry, and 901 

the rational design of pharmaceutical drugs. 902 
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