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A B S T R A C T

This study investigates the physicochemical interactions between fibrinogen (Fib), a key glycoprotein in blood 
clotting, and a mixture of two biologically active compounds: dicloxacillin (Diclox), an antibiotic; and cetyl
trimethylammonium bromide (CTAB), a cationic surfactant. Understanding these interactions is crucial for 
enhancing drug delivery systems and optimizing pharmaceutical formulations. Molecular docking simulations 
and various spectroscopic techniques, including UV–Vis, fluorescence, and circular dichroism, were employed to 
explore how this mixture affects the structural and functional properties of fibrinogen. The docking results 
revealed that the binding affinity of the dicloxacillin-CTAB mixture with fibrinogen was stronger than either 
compound individually, suggesting a synergistic interaction. Spectroscopic analysis confirmed structural modi
fications in the fibrinogen molecule, notably in α-helix content and aromatic residues, indicating loosening or 
unfolding in protein conformation upon ligand binding. Thermodynamic analyses further supported that the 
binding process was driven by hydrophobic interactions and electrostatic forces, contributing to stable complex 
formation. This study advances the current understanding of protein-ligand interactions by exploring the syn
ergistic effects of a dual-ligand system, a novel approach that has not been comprehensively explored in previous 
literature. These findings provide new insights into the design of drug delivery systems, offering potential ap
plications for improving the efficacy and safety of pharmaceutical formulations targeting fibrinogen-related 
conditions.

1. Introduction

The dynamic interactions between proteins and surfactants at the 
molecular interface capture the essence of modern advancements in 
medicine and pharmacy. This interaction, central to the basic founda
tions in modulating drug behavior and bioavailability, is essential for 
unlocking novel therapeutic approaches and optimizing pharmaceutical 
formulations [1–4]. It is this relevance that has led to protein-surfactant 
interactions receiving enormous attention [5–8]. However, proteins and 
surfactant mixtures have attracted less interest. Understanding the in
teractions between these mixtures and proteins is crucial due to their 
potential impact on the efficacy, stability, and safety of pharmaceutical 
formulations, which can affect therapeutic outcomes.

Previous studies have examined how protein-surfactant mixtures 
affect interfacial tension, viscoelasticity, surface properties, and foam 
stability, thereby improving the understanding of the fundamental 
molecular interactions involved [9,10]. Other studies have investigated 

ionic interactions and the influence of the isoelectric point by devel
oping theoretical models based on thermodynamics and statistical me
chanics, which can effectively reproduce experimental observations 
[11,12]. However, research on the bulk properties of these systems is 
still limited. A study was conducted to investigate the solubilization of 
solid protein-surfactant complex salts using a secondary surfactant. The 
study found that catanionic associations play a predominant role over 
protein-surfactant interactions [13]. Another investigation was con
ducted to explore the phase behavior in aqueous two-phase systems that 
incorporate mixtures of cationic and anionic surfactants, shedding light 
on the importance of surfactant ratios, electrostatic interactions, and 
protein partitioning [14]. Efforts have also been made to discern the 
effects of substituting hydrogen atoms for fluorine atoms in these sys
tems [15]. Additionally, studies focusing on the interaction of small 
molecules with proteins have provided valuable insights into the bind
ing and modulation of protein structure and function, which is crucial 
for understanding the behavior of protein-surfactant mixtures. Such 
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research has demonstrated how small molecules can influence protein 
dynamics, potentially impacting the efficacy and stability of pharma
ceutical formulations [16–19]. Also noteworthy is the method devel
oped to create magnetic carbon nanotubes (MCNTs) that can bind and 
stabilize DNA and proteins using catanionic surfactants to enhance the 
electrostatic interaction between biomolecules and MCNTs, facilitating 
their rapid migration and compaction [20].

Building upon this foundation, the present study investigates the 
physicochemical interactions between fibrinogen and a mixture of two 
biologically active compounds: dicloxacillin, cetyltrimethylammonium 
bromide. Fibrinogen, a soluble plasma glycoprotein, plays an indis
pensable role in the hemostatic system of the human body, acting as a 
precursor of fibrin during the blood clotting process. In addition to its 
role in wound healing, it also serves as a scaffold for cellular components 
involved in tissue repair, acting as a ligand for several cell surface re
ceptors. This interaction influences cell adhesion, migration, and pro
liferation, essential steps in the inflammatory response and tissue repair. 
In addition, the plasma concentration of fibrinogen can increase 
significantly in response to inflammation, tissue injury, or infection, 
making it a marker for cardiovascular risk and other diseases. The 
structure of fibrinogen consists of three pairs of polypeptide chains (Aα, 
Bβ, and γ), linked together by disulfide bonds. The two D regions, 
located at the ends of the fibrinogen molecule, are well connected to the 
E-region by coiled-coil segments. Each D region includes the C-termini 
of the Bβ and γ chains and is involved in lateral aggregation and stabi
lization of the fibrin clot. These regions facilitate the formation of a 
stable, three-dimensional fibrin network by promoting interactions be
tween fibrin monomers, thereby enhancing the mechanical properties 
and resistance of the clot to fibrinolysis [21]. This structure provides a 
versatile platform for interactions with various molecules, including 
surfactants, that can alter its functionality and stability [22,23]. For 
their part, dicloxacillin and CTAB (Cetyltrimethylammonium Bromide) 
are two compounds with distinct chemical properties and uses in the 
pharmaceutical and biochemical fields. Dicloxacillin is a semi-synthetic 
penicillin antibiotic that belongs to the penicillinase-resistant group of 
beta-lactam antibiotics. It is specifically designed for penicillin-resistant 
Gram-positive bacteria, effective in treating skin infections, and pneu
monia. In the context of pharmaceuticals, its main use is therapeutic 
[24,25]. On the other hand, CTAB, a quaternary ammonium compound, 
is a cationic surfactant widely used in pharmaceutical formulations, 
cosmetic products, and as a reagent in molecular biology. CTAB’s sur
factant properties make it valuable for its ability to solubilize drugs, 
enhance the permeability of active pharmaceutical ingredients through 
biological membranes, and stabilize formulations. Additionally, in mo
lecular biology, CTAB is employed in the extraction and purification of 
DNA and RNA due to its ability to precipitate nucleic acids. Its broad 
spectrum of applications underscores its versatility and importance 
across multiple scientific and industrial fields. The commonality be
tween dicloxacillin and CTAB in biological contexts lies in their ability to 
interact with biological systems, albeit through vastly different mecha
nisms: dicloxacillin as an antibiotic agent targeting specific bacteria, and 
CTAB as a surfactant enhancing drug delivery and stability [26–29].

Given the central role of fibrinogen in essential physiological pro
cesses and its potential in therapeutic contexts, the study of its in
teractions with various molecules, particularly surfactants, offers a 
promising avenue for advancing medical and pharmaceutical in
novations. Such investigations lay a strong foundation for developing 
innovative strategies to address a wide range of medical conditions. As a 
result, exploring the interplay between fibrinogen and the combination 
of dicloxacillin and CTAB holds significant potential for uncovering in
sights that could refine drug delivery systems. This research aims to 
enhance both the efficacy and safety of pharmaceutical formulations, 
ultimately guiding the design of more effective and safer therapeutic 
solutions.

2. Materials and methods

2.1. Reagents

Hexadecyltrimethylammonium bromide (CTAB, 99 %, ref. n. 
H5882), sodium dicloxacillin [3-(2,6-dichlorophenyl)–5–methyl–4-Iso
xazolyl penicillin] (ref. n. D9016) and bovine plasma fibrinogen, frac
tion I, type IV, (No. 9001-32-5) were obtained from Sigma. The buffer 
solution used for fibrinogen was 50 mM glycine plus sodium hydroxide 
to achieve a pH of 8.5. Samples were freshly prepared for each experi
ment 1 h prior to use. Solutions were made using triple-distilled and 
degassed water.

2.2. Molecular docking and conformational drug-drug interaction 
network

A molecular docking approach was executed by using AMDock, a 
software tailored for proficient prediction of protein-ligand binding 
modes and ΔG binding affinities (kcal/mol). AMDock’s methodology 
amalgamates a genetic algorithm with a grid-based strategy [30]. The 
preliminary phase necessitated the preparation of the fibrinogen re
ceptor and the ligand structures of the binary catanionic mixture, spe
cifically dicloxacillin (PubChem CID: 18381; MW: 470.3 g/mol) and 
hexadecyltrimethylammonium bromide–CTAB (PubChem CID: 5974; 
MW: 364.4 g/mol) [31]. For the fibrinogen structure (RCSB Protein Data 
Bank (PDB) X-ray structures [32], i.e. with PDB ID: 1DEQ) [33] co- 
crystalized ligands and water molecules were excised. The diclox
acillin and CTAB structures forming the mixture were primed by allo
cating Gasteiger charges and optimizing geometries. The AMDock 
algorithm employs a hybrid scoring function, amalgamating various 
energy force field terms, to assess the ligand’s binding affinity across 
diverse orientations and conformations. For discerning the paramount 
binding mode based on individual ligand conformations (N = 10 con
formations) and the binary mixture, AMDock adopts a hierarchical 
simulation protocol [30]. This commences with a coarse-grained search 
via an FFT-based technique, succeeded by a refinement phase leveraging 
a Monte Carlo algorithm. Subsequent to docking, the predicted confor
mational binding modes and ΔG affinities values undergo further scru
tiny and validation through an array of post-docking analytical tools 
aiming to further construction of the conformational drug-drug inter
action network in three simulation conditions i) dicloxacillin confor
mational drug-drug interaction network, ii) CTAB conformational drug- 
drug interaction network, and iii) mixture dicloxacillin plus CTAB 
conformational drug-drug interaction network [30].

2.3. UV–vis absorption spectra

UV–visible absorption spectra were obtained using a Cary 100 Bio 
UV–Vis Spectrophotometer (Agilent Technologies, USA) within a 
wavelength range of 225–400 nm. A standard solution of fibrinogen, at a 
concentration of 0.07 mM, served as the reference for UV measurements. 
To assess the individual absorbance effects of each compound, solutions 
of pure dicloxacillin and CTAB were incrementally introduced in con
centrations between 0.083 mM and 0.83 mM, ensuring a consistent 
fibrinogen concentration. Additionally, mixtures with equal concentra
tions of both ligands were introduced to the 0.07 mM protein solution. 
The absorbance values were corrected for the corresponding blanks to 
eliminate any potential baseline interference. Each measurement was 
conducted in duplicate to validate accuracy and reduce potential errors. 
The observed replicates exhibited negligible variation, with the reported 
data reflecting the average of both measurements.

2.4. Fluorescence emission spectra

Fluorescence emission spectra were obtained using a Cary Eclipse 
spectrofluorometer (Agilent Technologies, USA), with both excitation 
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and emission slits calibrated to 5 nm. All measurements were conducted 
at a controlled temperature of 298 K. Measurements were taken at 0.5 
nm intervals, averaging over a 0.5 s duration. The excitation was 
consistently set at 280 nm, and the spectral analysis spanned from 250 to 
550 nm. To account for inner filter effects and ensure accurate 
quenching results, corrections were applied using the formula: Fcorr =

Fobs × 10[(Aexc+Aem)/2 ], where Fcorr and Fobs denote the corrected and 
observed fluorescence intensities, respectively. Aexc and Aem represent 
the system’s absorptions at the excitation and emission wavelengths, 
respectively. Data analysis was facilitated by the UV–Vis-IR Spectral 
Software (FluorTools) [34].

For thermodynamic analysis of the ternary complex formation, 
fluorescence quenching measurements were conducted at three speci
fied temperatures (e.g., 298 K, 303 K, and 308 K) to apply the van’t Hoff 
equation, enabling calculation of thermodynamic parameters. The 
fluorescence spectra of the fibrinogen-catanionic compound complexes 
were examined in a manner analogous to the UV–Vis approach. Initially, 
each ligand was added individually, followed by the combined cata
nionic mixture, with ligand concentrations ranging between 0.083 mM 
and 0.83 mM.

2.5. Circular dichroism (CD)

Utilizing a JASCO-715 spectropolarimeter (Jasco, Japan) equipped 
with a JASCO PTC-343 Peltier-regulated cell holder, Far-UV circular 
dichroism (CD) spectra were acquired. Quartz cuvettes possessing a 
pathlength of precisely 0.2 cm were employed. The spectral range was 

recorder between 190 and 280 nm for both pure protein and ligand 
solutions. The protein sample was 1 mg/mL, corresponding to a molarity 
of 0.02 mM. Concurrently, a mixture of dicloxacillin and CTAB was 
added, with concentrations ranging from 0.83 to 4.2 mM for both 
compounds. Instrumental parameters were meticulously set: a resolu
tion and bandwidth both at 1 nm, sensitivity calibrated at 50 mdeg, a 
response interval of 8 s, an accumulation factor of 3, and a scanning 
velocity of 50 nm/min. Any absorbance attributable to the buffer 
methodically negated, adhering to the instrumental parameters. 
Experimental data were expressed in terms of molar ellipticity by the 
equation [θ]λ = θλMr/ncl, where Mr is the molecular weight of the 
protein, n represents residue quantity, c is the protein concentration, l 
corresponds to the cuvette’s path length, and θλ is the ellipticity at a 
wavelength λ given by the apparatus. The resultant CD profiles represent 
the composite spectra inherent to α-helix, β-sheet, β-turn, and random 
coil configurations. Subsequent analysis of secondary structure compo
sition was conducted using the webserver BeStSel software [35].

3. Results and discussion

3.1. Computational approach

To investigate the molecular interactions involved, the primary aim 
was to theoretically elucidate the effects of the CTAB/dicloxacillin 
mixture on its interaction with fibrinogen. This was achieved through a 
series of computational methodologies, including: (i) structural 
modeling of fibrinogen in its unbound state, (ii) evaluation of the 

Fig. 1. A) Representation of the crystallographic 3D-structure of unbound fibrinogen highlighting relevant structural segments (E-region > D-region 1 > D-region 2) 
directly involved in its propensity to bind ligands (i.e., dicloxacillin, CTAB, and the mixture of dicloxacillin plus CTAB). B) Chemical structures of the evaluated 
ligands: i) CTAB, ii) Dicloxacillin. Next, 3D-structural views for (i) generated docking complexes obtained from blind docking modeling (above) with the corre
sponding bar-plot (ii) showing the relationship between the binding affinity ΔG (kcal/mol) vs. frequency of binding (below) considering the three docking conditions 
evaluated in this study: C) fibrinogen plus CTAB (labeled-blue bars), D) fibrinogen plus dicloxacillin (labeled-pink bars), and E) fibrinogen plus mixture CTAB/Diclox 
(labeled-dark red bars).
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thermodynamic binding affinity (ΔG, kcal/mol) in conjunction with the 
binding frequency for isolated docking systems (fibrinogen with CTAB 
and fibrinogen with dicloxacillin), and (iii) modeling of the binding 
affinity for mixed docking systems (fibrinogen in the presence of the 
CTAB/dicloxacillin mixture). The results of these analyses are presented 
in Fig. 1.

Using Fig. 1A, which represents the unbound state of fibrinogen, as a 
reference to explain where specific interactions occur in the fibrinogen 
structure, we can show showed different aspects of the interaction be
tween fibrinogen and evaluated ligands (Fig. 1B) based on the blind 
docking results. In general terms, both ligands exhibit spontaneous 
binding interactions from a thermodynamic perspective, as indicated by 
the negative values for the ΔG affinity of the formed docking complexes.

Specifically, for the case of fibrinogen plus CTAB docking complexes 
the obtained histogram (labeled blue bars) representing the binding 
affinity (in kcal/mol) ranges from − 7.0 to − 4.5 kcal/mol, showing the 
energy required to form stable interactions [36,37], while the y-axis 
indicates the frequency of binding occurrences of the CTAB across the 
fibrinogen structure (Fig. 1C). Similarly, the docking results on the 
fibrinogen plus dicloxacillin are shown in the Fig. 1D for the case of 
fibrinogen plus dicloxacillin docking complexes the obtained histogram 
(labeled pink bars) with binding affinity values ranging from − 8.0 to 
− 4.5 kcal/mol, slightly with better affinity (− 1 kcal/mol) than the CTAB 
molecule. Moreover, dicloxacillin showed a higher frequency of binding 
events that the CTAB in the same theoretical simulation conditions.

In addition, we show analyzed the blind docking results for the 
mixed system (i.e., fibrinogen plus CTAB/dicloxacillin mixture). Fig. 1E 
shows three sets of bars: purple for CTAB alone, pink for dicloxacillin 
alone, and dark purple for their mixture. This comparative analysis 
highlights the differences in thermodynamic binding behavior when 
both molecules are present together versus individually. In this case, the 
ΔG of the CTAB/dicloxacillin mixture interacting with fibrinogen 
ranged from − 8.0 to − 4.8 kcal/mol theoretically suggesting that the 
mixture has a slightly higher affinity than the isolated compounds under 
the same simulation conditions.

The distinction between individual molecular interactions and those 
occurring within a mixture is well documented in the literature, where 
the presence of multiple interacting agents can lead to altered binding 
affinities and thermodynamic behavior. Singh et al. [38] showed that 
the interaction between two monoclonal antibodies (mAbA and mAbB) 
in a mixed system exhibited a synergistic effect, resulting in increased 
affinity compared to the individual components. This is consistent with 
our results for the mixture CTAB/dicloxacillin, where the ΔG values 
indicated a higher affinity for the combined system. Another analysis 
[39] highlights the limitations of traditional additive models in pre
dicting the effects of chemical mixtures, especially when synergistic or 
antagonistic interactions occur, as is likely to be the case in our study. 
Further studies [40] emphasize the challenges of risk assessment when 
dealing with complex mixtures where the behavior of individual 
chemicals may change significantly when present in combination, 
further supporting our observation of increased binding affinity in the 
CTAB/dicloxacillin system. Finally, the work of Carpenter et al. [41] on 
environmental mixtures reinforces the idea that external factors and the 
presence of multiple agents can alter both toxicokinetics and toxicody
namics, leading to deviations from expected individual behaviors; par
alleling the thermodynamic changes observed in our mixed system. 
Taken together, these studies underscore the critical importance of 
considering mixture-specific interactions when evaluating the binding 
behavior of compounds.

The docking analysis, further detailed in the Supporting information 
(SI), reveals distinct edge-to-face aromatic binding profiles regarding 
the best-ranked conformation-based affinity for CTAB (i.e., conf #11 >
conf #3 > conf #9) and dicloxacillin (i.e., conf #9 > conf #10 > conf 
#13), highlighting the E-region of fibrinogen as the preferred binding 
region (eg., best-ranked ligand binding sites 1, 2, 3). This finding aligns 
with prior studies on fibrinogen’s structural flexibility and functional 

importance in fibrin polymerization [42]. The dynamic and exposed 
nature of the E-region facilitates the accommodation of small molecules, 
making it a favorable target for both evaluated ligands.

Following this idea, results on 2D-lig-plot interaction diagrams show 
that, CTAB forms a stable docking conformation with key residues like 
LEU99-Chain A, PRO69-Chain C, ARG137-Chain B, TYR68-Chain C, and 
LYS72-Chain C, which primarily engage in hydrophobic and electro
static interactions. Notably, ARG137-Chain B forms attractive charge 
interactions with CTAB’s quaternary ammonium group, enhancing 
binding stability. Additionally, weak carbon‑hydrogen bonds involving 
GLN134-Chain B and GLN73-Chain C provide supplementary stabiliza
tion. These interactions underscore the role of hydrophobic forces and 
electrostatic contributions in stabilizing CTAB’s long hydrophobic chain 
within the non-polar environment of the E-region.

Dicloxacillin, on the other hand, demonstrated a slightly stronger 
binding affinity, driven primarily by conventional hydrogen bonding. 
Key residues include: ASP66-Chain E, SER48-Chain D, SER48-Chain A, 
and ARG51-Chain A, which form robust interactions with dicloxacillin’s 
polar functional groups. The involvement of ASP66-Chain E highlights 
the ionic interaction between its negatively charged carboxylate group 
and the protonated amine group of dicloxacillin. Hydrophobic in
teractions involving residues like CYS50-Chain A, VAL79-Chain B, and 
VAL79-Chain E further stabilize dicloxacillin by interacting with its ar
omatic and aliphatic regions. More details can be found in Figs. SI1, SI2 
and SI3.

The contrasting binding mechanisms of the two ligands reflect their 
chemical nature. CTAB, a cationic surfactant, predominantly relies on 
hydrophobic contacts and electrostatic interactions, effectively utilizing 
the non-polar and charged residues within the E-region. In contrast, 
dicloxacillin’s binding depends more heavily on polar and hydrogen- 
bond interactions, consistent with its antibiotic properties. These dif
ferences highlight the flexibility of the E-region to accommodate diverse 
ligands through varied interaction types. More details can be found in 
Figs. SI4, SI5, and SI6.

From this perspective, the slightly higher frequency of binding 
events in the mixed system (CTAB/dicloxacillin + fibrinogen) compared 
to the isolated systems (CTAB + fibrinogen and D dicloxacillin +
fibrinogen) suggests a more energetically stable docking complex. This 
thermodynamic stability could theoretically be attributed to the syner
gistic effects of the two drugs when combined, which may increase their 
binding affinity to the fibrinogen protein. The influence of the com
pounds (CTAB and dicloxacillin) under mixture combination interacting 
with fibrinogen can be rigorously explained by the combination index 
(CI) parameter proposed by Chou-Talalay [43–47]. The Chou-Talalay 
method for drug mixture combinations is based on the median effect 
equation, which is derived from the mass action law principle. This 
unified theory links single and multiple drug entities, as well as first- 
order and higher-order interaction dynamics. The Chou-Talalay com
bination index (CI) theorem quantitatively defines additive effects when 
(CI = 1), synergism (CI < 1), and antagonism (CI > 1) in drug combi
nations. In addition, this theory provides algorithms for theoretical 
simulations to assess synergism and/or antagonism at any level of action 
and concentration capturing the complexity of mixture interactions.

To visualize the results on the mixture interacting with fibrinogen, 
the corresponding isobolograms were generated. In this context, an 
isobologram represents a mechanistic tool which allows to explain 
specific combination effect linked to the concentrations of two or more 
compounds (or their conformations) required to achieve the combined 
effect.

Within this conceptual framework, we have applied the Chou- 
Talalay combination index (CI) oriented to theoretically explain three 
relevant aspects: i) identification of interaction mechanism based CI 
values of the mixture system (CTAB/dicloxacillin + fibrinogen) in the 
relevant structural segments of fibrinogen (i.e., E-region, D-region 1, 
and D-region 2), ii) generating the theoretical 2D-isobologram for the 
mixture system in the same range of experimental concentrations 
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evaluated, and iii) generating the theoretical 2D-isobologram derived 
from the combined docking conformations of CTAB and dicloxacillin 
interacting with fibrinogen protein. This is described in detail in Fig. 2.

Firstly, we evaluated the interaction mechanisms of a mixture of 
CTAB and dicloxacillin with fibrinogen by analyzing the Combination 
Index (CI) values across different structural segments of fibrinogen, 
specifically the E-region, D-region 1, and D-region 2. According to the 
obtained results, we observed that, for the evaluated mixture (CTAB/ 
dicloxacillin + fibrinogen), the synergistic and additive interactions 
were theoretically more predominant in D-region 1 and D-region 2 of the 
fibrinogen molecules. In contrast, antagonistic binding effects were 
more prevalent in the central E-region of the fibrinogen. These results 
are supported by the CI values obtained from blind docking over the 
entire crystallographic structure of the fibrinogen structure, plotted 
according to the combination index values. See Fig. 2A.

The theoretical isobologram generated by considering the same 
range of experimental concentrations evaluated by spectroscopic 
methods strongly suggests that the mixture of CTAB and dicloxacillin 
exhibits a predominance of synergistic and additive binding effects over 
antagonistic effects for the mixture as illustrated by the blue labeled 
region in the isobologram (Fig. 2B). This suggests that within certain 
concentration ranges for example from 0.14 to 0.24 mM for CTAB and 
from 0.0007 to 0.001 mM for dicloxacillin reinforcing the idea that the 
combined effect of CTAB and dicloxacillin enhances the overall inter
action with fibrinogen, potentially leading to thermodynamically stable 
binding complexes. However, as the concentration ranges increased, a 
transition towards antagonistic binding effects was observed based on 
the CI values of the interacting mixture represented by the labeled red 

region of the isobologram (Fig. 2B). This shift indicates that at higher 
mixture concentrations, the combined effect of CTAB and dicloxacillin 
may lead blocking binding mechanisms (antagonisms). The identifica
tion of these interaction mechanisms is crucial for optimizing the dosage 
of potential combinations for therapeutic strategies to maximize bene
ficial effects while minimizing adverse interactions.

Linked to previous theoretical results (shown in Fig. 1), it should be 
noted that in molecular docking studies, a higher frequency of binding 
events typically correlates with lower binding energy value (ΔG < 0 
kcal/mol), indicating a more stable interaction for most of the ligands 
and simulation conditions evaluated. Therefore, the mixed system is 
likely to form a more stable complex with fibrinogen, reducing the 
overall binding energy of the protein compared to the isolated systems. 
This increased stability may be due to complementary interactions be
tween CTAB and dicloxacillin, which may create a more favorable 
synergistic binding environment compared with the antagonistic effects 
on the fibrinogen molecule. From the structural point of view, the 
slightly increased stability and binding frequency previously observed 
for the mixed system could have significant implications for the function 
of fibrinogen. Fibrinogen is a key protein in the formation of blood clots 
and its interaction with drugs could affect its ability to form clots. A 
more stable docking complex formed with the mixture could alter the 
physiological conformation of the fibrinogen molecule when interacting 
with the mixture, potentially enhancing or inhibiting its clotting 
function.

To further explore the conformational aspects, we then decided to 
generate theoretical 2D isobologram derived for all docking conforma
tions of CTAB and dicloxacillin combinations interacting with the 

Fig. 2. A) 3D-crystallographic structure of the fibrinogen highlighting relevant structural segments (i.e., E-region, D-region 1, and D-region 2) rendered according to 
the combination index values obtained after CTAB plus dicloxacillin mixture interaction. The bar color in the bottom is to qualitatively represent the evaluated 
parameter CI from the mechanistic point of view as synergistic, additive and antagonistic binding according to the color intensity (blue-to-white-red transitions) in 
the rendered fibrinogen structure. B) Graphical representation of the theoretical 2D-isobologram between CTAB and dicloxacillin under mixture combination with 
fibrinogen. Herein, only the best-ranked conformations-based on the ΔG binding affinity (i.e., lowest negative ΔG values) were considered for both ligands. The 
intensity bar color in the right-side of the isobologram is to depict the combination index (CI) of the formed binary mixture as labeled-blue region (CI(CTAB-Dicloxacillin 

mixture) < 1) corresponds to synergistic effects while labeled-red region (CI(CTAB-Dicloxacillin) > 1) corresponds to antagonistic effects. C) Representation of the theo
retical 2D-isobolograms based on overall generated conformations between CTAB and dicloxacillin under combination interacting with the fibrinogen protein. Here, 
the different conformations for CTAB and D dicloxacillin are represented as red and blue circles; respectively scattered in the isobologram heatmap. The intensity bar 
color in the right-side represents different levels of the synergistic or antagonistic binding effects based on the CI values.
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fibrinogen protein (Fig. 2C). In particular, these results revealed a gen
eral predominance of strong to moderate antagonistic effects (CI ≫ 1) 
over strong to moderate synergistic effects (CI ≪ 1) for the CTAB/ 
dicloxacillin mixture when interacting with fibrinogen, highlighting the 
importance of conformational aspects in anticipating the intensity of 
these binding mechanisms. The conformational isobologram strongly 
suggests that some specific conformations of the CTAB and dicloxacillin 
in the mixture are more likely to induce antagonistic effects with varying 
intensities, ranging from weak to strong. Conversely, other conforma
tions in the mixture may induce moderate to strong synergistic effects. 
These observations suggest that allosteric interactions may play a sig
nificant role in the interaction of the mixture with the binding sites of 
fibrinogen, particularly in the E-region, D-region 1, and D-region 2. The 
influence of binding factors is also suggested by the presence of positive 
allosteric binding cooperativity, usually determined by the Hill coeffi
cient (n) with positive values.

Both the theoretical isobologram and the experimental Stern-Volmer 
analysis, which will be discussed in detail later, converge on the idea 
that specific conformations of the CTAB/dicloxacillin mixture signifi
cantly influence the binding mechanism, with cooperative binding ef
fects playing a key role. The observed variation in binding intensity, 
ranging from antagonistic to synergistic, could be attributed to the 
involvement of allosteric sites on fibrinogen that modulate ligand in
teractions across different regions. Furthermore, the study highlights 
non-linear concentration and conformational dependent binding 
behavior, as evidenced by the sigmoidal lines within the isobologram 
(Fig. 2C). This non-linearity highlights the complexity of the interaction 
mechanisms, where conformational factors significantly influence the 
binding profile of the mixture.

From the structural point of view of the fibrinogen molecule, if the 
binding of the drug mixture induces a conformational change that ex
poses or hides critical binding sites, it could either promote or inhibit the 
formation of fibrin clots. This could have therapeutic implications, such 
as improving the efficacy of anticoagulant treatments or enhancing the 
stability of fibrin clots during wound healing.

A potential limitation of this computational approach is the inherent 
complexity and variability of biological systems, which may not be fully 
captured by computational models. Although isobologram analysis 
provides valuable insights into the conformational and concentration- 
dependent interactions, it is based on theoretical assumptions that 
may not account for all biological contexts. In addition, the accuracy of 
the combination index and the predicted antagonistic or synergistic ef
fects are highly dependent on the quality and completeness of the 
crystallographic input data of both the protein receptor (fibrinogen) and 
the ligands (CTAB and dicloxacillin). Furthermore, experimental vali
dation is crucial to confirm the computational predictions, as in vitro 
and in vivo conditions can introduce variables that are difficult to 
simulate accurately. Despite these limitations, this computational 
approach offers a powerful tool to anticipate the potential adverse 

effects of mixing systems, complementing experimental studies (e.g., 
spectroscopic). Therefore, we believe that the predictive potential of this 
theoretical approach for understanding complex mixture interaction 
mechanisms remains significant in this still largely unexplored field.

3.2. Experimental characterization

3.2.1. Spectroscopic analysis
Measurement via UV–vis absorption offers an immediate means to 

investigate alterations in protein conformation and complex formation. 
Fig. 3 illustrates the UV–vis absorption spectra of Fibrinogen in its plain 
state and in conjunction with CTAB, dicloxacillin and the mixture of 
catanionic ligands. The spectra demonstrated that fibrinogen exhibits 
two absorption peaks, notably at 214 nm and 280 nm. The peak at 214 
nm is associated with the n-π* electronic transition of peptide bonds 
within the protein structure, particularly indicative of α-helix confor
mations. This absorption peak is indicative of the characteristic struc
ture of fibrinogen, with the intensity and wavelength of this peak 
susceptible to changes induced by alterations in its environment or in
teractions with ligands. For its part, the absorption peak around 280 nm 
is attributed to the presence of aromatic amino acid residues, predom
inantly tryptophan (Trp) and tyrosine (Tyr), within the protein. These 
residues absorb light in the ultraviolet range due to their aromatic ring 
structures, rendering them sensitive to changes in their 
microenvironment.

In this particular case, the intensity peak at 214 nm of fibrinogen 
demonstrates a consistent diminishment and accompanying red shift in 
correlation with escalating CTAB concentrations. Conversely, the 
observed increase in the absorption peak at 214 nm upon the addition of 
dicloxacillin indicates a significant interaction between dicloxacillin and 
the fibrinogen protein, leading to changes in the protein’s structural 
environment. The differential responses of the absorption peak at 214 
nm to the addition of CTAB and dicloxacillin suggest distinct modes of 
interaction between the fibrinogen protein and the ligands. The decrease 
in the absorption peak intensity at 214 nm upon the addition of CTAB is 
likely indicative of a disruption or alteration of the fibrinogen’s native 
α-helix structure. CTAB is known to interact with proteins through 
electrostatic interactions, which may potentially lead to protein dena
turation or structural perturbations. The decrease in absorption intensity 
suggests a destabilization of the α-helix motifs within fibrinogen, 
indicative of structural rearrangements or unfolding induced by CTAB 
binding. Conversely, the increase in the absorption peak intensity at 214 
nm following the addition of dicloxacillin suggests a stabilization or 
restoration of the α-helix structure within fibrinogen. Dicloxacillin, is 
likely to form noncovalent bonds with specific amino acid residues 
within the protein, which may promote the reformation of α-helix motifs 
or induce structural rearrangements that enhance the absorption at 214 
nm. The contrasting effects of CTAB and dicloxacillin on the absorption 
peak at 214 nm highlight the diverse mechanisms by which ligands can 

Fig. 3. UV absorption spectra of fibrinogen protein (CFib = 0.07 mM) with increasing concentrations of ligands: A) fibrinogen + dicloxacillin, B) fibrinogen + CTAB, 
C) fibrinogen + Mixture CTAB/Diclox. Please note that for all the spectroscopic conditions, increasing concentrations of ligands were established as (CDiclox = CCTAB 
= mixture CTAB/Diclox (0.083, 0.166, 0.250, 0.330, 0.416, 0.500, 0.580, 0.660, 0.750, 0.830) mM). The reference control is represented by the UV absorption 
spectra labeled in red for the fibrinogen protein (0.07 mM) in the absence of any evaluated ligands (i.e., Diclox, CTAB, and mixture CTAB/Diclox at 0.00 mM).
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modulate the structure and stability of fibrinogen.
Focusing on the peak at 280 nm, Fig. 4 shows a detailed view at a 

closer range. When CTAB is added, the absorption peak at 280 nm re
mains largely unaffected, suggesting that CTAB does not induce signif
icant changes in the polarity or hydrophobicity of the microenvironment 
and indicating that the surfactant may not directly interact with these 
residues or alter their accessibility. In the case of dicloxacillin, we 
observe a notable increase in the intensity, meaning that dicloxacillin 
does induces changes in the microenvironment surrounding the aro
matic residues within fibrinogen, potentially by altering the solvent 
polarity or hydrophobicity or by inducing conformational changes that 
affect the exposure or arrangement of the aromatic residues. However, 
when a mixture of both CTAB and dicloxacillin is added, the absorption 
peak at 280 nm experiences a decrease in intensity and a red shift. This 
simultaneous alteration suggests a synergistic interaction between CTAB 
and dicloxacillin, leading to changes in the microenvironment sur
rounding the aromatic residues that differ from the effects of each ligand 
individually. The decrease in absorption intensity may indicate a 
reduction in the polarity or hydrophobicity of the microenvironment. 
Additionally, the red shift in the absorption peak suggests changes in the 
electronic environment, potentially resulting from alterations in the 
ligand-protein interactions or conformational changes induced by the 
combined presence of both ligands. These observed synergistic effects 
suggest a complex interplay between the two ligands and the protein. As 
explained, CTAB, a cationic surfactant, is known to interact with pro
teins through electrostatic interactions, which may result in alterations 
to protein conformation or denaturation. In contrast, dicloxacillin, forms 
bonds with specific amino acid residues within the protein, influencing 
its structural stability. When both CTAB and dicloxacillin are present, 
they may compete for binding sites on the fibrinogen protein, leading to 
altered ligand-protein interactions compared to when each ligand is 
present alone. This competition could result in changes in the protein’s 
conformational dynamics or stability, affecting both the absorption peak 
at 214 nm, associated with α-helix structures, and the absorption peak at 
280 nm, indicative of the microenvironment surrounding aromatic 
residues. Furthermore, the simultaneous presence of CTAB and diclox
acillin may result in cooperative effects, whereby the binding of one 
ligand enhances the affinity or accessibility of binding sites for the other 
ligand. This cooperative binding could lead to synergistic changes in the 

protein’s structure or microenvironment, resulting in the observed 
decrease in absorption intensity and red shift in both absorption peaks.

In conjunction with the UV–vis absorption data, circular dichroism 
(CD) spectroscopy offers valuable insights into the structural alterations 
induced by CTAB, dicloxacillin, and their combination on fibrinogen. 
The observed changes in absorption peaks at 214 nm and 280 nm 
correspond to alterations in protein conformation and the microenvi
ronment surrounding aromatic residues, as evidenced by the CD spectra. 
The decrease in absorption intensity at 214 nm, indicative of alterations 
in α-helix structures, correlates with the decrease in α-helix content 
observed in the CD spectra upon ligand binding. This suggests that the 
disruption or stabilization of α-helix motifs within fibrinogen, as infer
red from the absorbance data, is accompanied by corresponding changes 
in protein secondary structure, as revealed by CD spectroscopy.

Furthermore, the synergistic effects observed in the CD spectra, 
characterized by significant alterations in protein secondary structure 
upon the combined addition of CTAB and dicloxacillin, parallel the 
synergistic changes observed in the UV–vis absorption data. This sug
gests that the combined presence of CTAB and dicloxacillin induces 
cooperative effects on fibrinogen conformation, resulting in more pro
nounced alterations in protein structure compared to individual ligand 
treatments. The interaction of the cationic mixture, comprising CTAB 
and dicloxacillin, with the protein fibrinogen is likely to involve specific 
binding sites and molecular interactions that influence protein confor
mation. CTAB, being a cationic surfactant, primarily interacts with 
fibrinogen through electrostatic interactions due to its positively 
charged nature. These interactions can occur with negatively charged 
residues, such as glutamic acid (Glu) and aspartic acid (Asp), which are 
abundant in protein structures. Furthermore, the hydrophobic alkyl 
chains of CTAB can associate with non-polar regions of fibrinogen, 
thereby contributing to the overall stability of the ligand-protein com
plex. Conversely, dicloxacillin may form noncovalent bonds with spe
cific amino acid residues within fibrinogen, including cysteine (Cys) 
residues or other nucleophilic residues susceptible to nucleophilic 
attack. Such interactions may result in localized structural rearrange
ments within fibrinogen, which could influence its overall conforma
tion. When both CTAB and dicloxacillin are present in the cationic 
mixture, they may compete for binding sites on the fibrinogen protein, 
potentially leading to altered ligand-protein interactions compared to 

Fig. 4. On the left, a graphical representation of the absorption spectra for the fibrinogen protein showing details on the variation of the absorption peak at 280 nm 
under the different spectroscopic conditions evaluated with the isolated ligands: A) Fib plus Diclox and B) Fib plus CTAB. Please note that for both spectroscopic 
conditions mentioned above, increasing concentrations ranging from 0.008 to 0.083 mM were established. Here, the reference control is represented by the ab
sorption spectra labeled in black for the fibrinogen protein (0.07 mM) in the absence of the evaluated ligands (i.e., Diclox or CTAB at a concentration of 0.00 mM) 
included for comparison purposes. On the right, C) represents the absorption spectra of the fibrinogen plus a mixture of CTAB/Diclox (1:1) (i.e., fib + Mix) with the 
corresponding reference control represented by the absorption spectra labeled in black for the fibrinogen protein (0.07 mM) in the absence of the evaluated mixture 
(i.e., mixture CTAB/Diclox at 0.00 mM) included for comparison purposes.
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when each ligand is present alone. This competition could result in al
terations to the protein’s conformational dynamics or stability, which 
would affect both the absorption peak at 214 nm, which is associated 
with α-helix structures, and the absorption peak at 280 nm. Further
more, the cooperative effects observed in the circular dichroism spectra 
suggest that the binding of one ligand may enhance the affinity or 
accessibility of binding sites for the other ligand.

The percentage of α-helix can be obtained through the following 
expression (Eq. (1)) [48]: 

∝ − helix (%) =
− MRE210 − 4000

33000 − 4000
×100 (1) 

where MRE210 represents the observed mean residue ellipticity (MRE) 
value at 210 nm, with 4000 denoting the MRE of the β-form and random 
coil conformation cross at 210 nm, and 33,000 indicating the MRE value 
of the pure α-helix at 210 nm.

While the CD results show a decrease in α-helix content as diclox
acillin concentration increases (Table 1), this does not necessarily 
contradict the hypothesis that dicloxacillin interacts with fibrinogen in a 
stabilizing manner at specific structural sites. The observed reduction in 
α-helix content could indicate that dicloxacillin induces local structural 
rearrangements that lead to the unfolding or alteration of the fibrinogen 
secondary structure. This behavior is consistent with the notion that 
dicloxacillin forms strong non-covalent interactions with certain amino 
acids, promoting conformational changes that may disrupt the native 
α-helix configuration. The increase in absorption at 214 nm, while 
indicating changes in protein structure, reflects a complex interaction 
that may involve both stabilization of certain motifs and disruption of 
others, particularly as concentration increases. Thus, the data align with 
the idea that dicloxacillin induces significant structural modifications, 
but these modifications may not exclusively restore or stabilize the 
α-helix structure across all conditions.

To continue the analysis and to further investigate supramolecular 
protein-ligand interactions, changes in fluorescence spectroscopy were 
studied. Fluorescence offers a detailed view into the structural changes 
occurring within proteins upon ligand binding, particularly by moni
toring the fluorescence emitted by aromatic amino acid residues like 
tryptophan (Trp) and tyrosine (Tyr), which in the case of fibrinogen, 
contribute significantly to its fluorescence spectrum.

Upon examination of the interaction between fibrinogen and CTAB 
(Fig. 5), it is plausible to suggest that CTAB molecules may interact with 
charged or polar residues on the protein surface. This interaction may 
alter the microenvironment surrounding the aromatic residues, leading 
to changes in fluorescence intensity. When CTAB is introduced to 
fibrinogen, an increase in fluorescence intensity is observed. This in
crease can be attributed to several factors, including the unfolding of the 
protein’s tertiary structure induced by weak electrostatic and strong 
hydrophobic interactions between fibrinogen and CTAB. Fibrinogen 
possesses a net negative charge due to its composition, containing 
numerous protonated acidic residues and fewer deprotonated basic 
residues. Conversely, CTAB is positively charged, facilitating weak 
electrostatic interactions with the negatively charged residues on the 
fibrinogen surface. Furthermore, the hydrophobic portions of CTAB may 

interact with hydrophobic regions within the protein structure, thereby 
further stabilizing the CTAB-fibrinogen complex. Similarly, dicloxacillin 
could interact with specific amino acid residues within fibrinogen, 
potentially through hydrogen bonding or hydrophobic interactions. 
These interactions could lead to conformational changes in the protein 
structure, resulting in fluorescence quenching. In this context, the Stern- 
Volmer approach holds significant importance in studying systems 
involving proteins and ligands, as this approach allows for the quanti
fication and characterization of the quenching process, which is vital for 
understanding the interactions between the protein and the ligands at a 
molecular level.

The Stern-Volmer equation is particularly useful in elucidating the 
nature of the quenching mechanism. When a ligand is introduced, the 
Stern-Volmer equation can reveal whether the quenching process fol
lows a dynamic or static mechanism. In the case of dynamic quenching, 
collisions between the fluorophore (in this instance, fibrinogen) and the 
quencher (dicloxacillin) result in a decrease in fluorescence intensity. In 
contrast, static quenching is characterized by the formation of a non- 
fluorescent complex between the fluorophore and the quencher. 
Finally, mixed quenching arises from a combination of both collision 
and complex formation. To elucidate the underlying mechanism, the 
Stern-Volmer equation is employed [49]: 

F0
/
F = 1+Ksv[Q] = 1+ kqτ0[Q] (2) 

where F0 and F represent the fluorescence intensities in the absence and 
presence of the quencher, respectively. The Stern-Volmer quenching 
constant (Ksv) is employed to ascertain the quenching mechanism, while 
the biomolecular quenching constant (kq) quantifies the rate at which 
the quencher interacts with the fluorophore. An essential parameter for 
determining quenching efficiency is the excited state lifetime (τ0) of the 
biomolecule in the absence of the quencher. Experimentally determined, 
τ0 is specific to the fluorophore under study. For fibrinogen, τ0 was used 
as 7.208 ns as recently experimentally probed [48].

Furthermore, the addition of a mixture of dicloxacillin and CTAB to 
the system renders the Stern-Volmer approach even more crucial. The 
observed deviation from linearity in the Stern-Volmer plot indicates a 
departure from a simple static or dynamic quenching model. Instead, it 
suggests the presence of additional, more complex interactions between 
the fluorophore (fibrinogen) and the quenchers (dicloxacillin and 
CTAB). These interactions may involve changes in the 

Table 1 
Contents (in %) of the α-helices elements in fibrinogen upon the addition of 
dicloxacillin and the mixture CTAB/Diclox.

[Ligand] (mM) α – Helix (%)

Diclox CTAB/Diclox

0 39.98 39.98
0.083 35.86 26.31
0.16 32.70 21.57
0.25 29.58 17.54
0.33 27.66 9.79
0.42 26.24 4.82

Fig. 5. Graphical representation of the Far-UV CD spectra obtained for the two 
spectroscopic conditions evaluated: i) Fib plus Diclox (spectra in the foreground 
as labeled-purple lines) and ii) fibrinogen plus a mixture of CTAB/Diclox (1:1) 
(spectra in the background as labeled-purple lines). Please note that for both 
spectroscopic conditions mentioned above, increasing concentrations ranging 
from 0.08 to 0.42 mM were established. Herein, the reference control is 
fibrinogen (0.07 mM) in the absence of the evaluated ligands (i.e., Diclox or the 
mixture CTAB/Diclox both at 0.00 mM) and was included for compari
son purposes.
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microenvironment of the fluorophore, alterations in protein conforma
tion, or the formation of multiple quenching complexes.

Fig. 6E displays a Stern-Volmer plot of F0/F against [Q]. For either 
purely dynamic (K = 0) or purely static (k = 0) quenching, the plot 
manifests linearity, while combined quenching yields an upward cur
vature. In this scenario, the system between fibrinogen and dicloxacillin 
is well adjusted to a linear fit (R2 = 0.978), while with the addition of the 
mixture of ligands, especially at higher concentrations, the plot notably 
deviates from linearity. This fact signifies a coexistence of interactions 
between fibrinogen, dicloxacillin and CTAB in both the ground and first 
excited single states, corresponding to static and dynamic quenching, 
respectively. Consequently, accounting for the product of static and 
dynamic quenching, the intensity ratio F0/F can be more precisely 
described by the equation: 

F0

/
F = (1+KSV [Q] )

(
1+Kg[Q]

)
= 1+

(
KSV +Kg

)
[Q] +

(
KSVKg

)
[Q]

2 (3) 

Here, KSV and Kg are the dynamic quenching constant and ground- 
state association constant of the complex, respectively. In Fig. 6e at 
higher quencher concentrations, the Stern-Volmer plot exhibits a 
continuous ascending curve. A quadratic least square fit proves suitable 
in this instance, with a correlation constant close to 1 (R2 = 0.991). The 
obtained KSV from the slope for the system Fib-Diclox at 298 K was (8.87 
± 0.09) × 103 L mol− 1, corresponding to a quenching constant (kq) of 
(1.23 ± 0.03) × 1012 M− 1 s− 1. Regarding the mixed ligands, the indi
vidual values for KSV and Kg can be obtained from the two solutions of 
the quadratic (Eq. (3)). In this case, the respective values for the 

constants were 8.74 ± 0.03 and 2.91 ± 0.01, with the Kg being sub
stantially smaller than the KSV. By analyzing this condition alongside the 
measured values of kq, it is possible to identify the host-guest interaction 
mechanism. When the interaction is predominantly diffusion-controlled, 
the values of kq for dynamic quenching typically fall within the range of 
1 × 1010 M− 1 s− 1. If the values exceed this limit, it can be inferred that 
the interaction is static quenching. For both systems, Fib-Diclox and Fib- 
CTAB/Diclox, the quenching rate constant is significantly greater than 
the maximum diffusion rate limit. Therefore, it can be concluded that 
the interaction is a static quenching process resulting from complex 
formation. Additionally, the Ka value of CTAB/Diclox and fibrinogen 
mixture decreases as temperature increases, indicating that higher 
temperatures reduce the stability of these association complexes. This 
suggests that the binding reactions between the ligands and fibrinogen 
are exothermic. This conclusion is further supported by the enthalpy 
change data presented in Table 3.

3.2.2. Binding parameters
In the context of static quenching, it is assumed that the protein’s 

binding sites are identical and independent, meaning each site binds the 
ligand with the same affinity. This binding process can be described by a 
series of equilibrium steps, where each successive ligand molecule binds 
to the protein, forming complexes of increasing size (more details can be 
found in the SI). By analyzing the changes in fluorescence intensity, we 
can calculate the binding constants (KA) and determine the number of 
binding sites (n) on the protein.

The data shows that the fluorescence intensity changes with the 

Fig. 6. Emission spectra of fibrinogen (CFib = 0.07 mM) in the absence and presence of the ligands A) CTAB, B) Diclox and C) Mixture of dicloxacillin and CTAB 
combined. The black line in the spectra corresponds to the reference control, which consists of fibrinogen (0.07 mM) without Diclox or the CTAB/Diclox mixture 
(both at 0.00 mM) and is included for comparison. D) Maximum intensity variation as a function of the concentration of the ligand added. E) Stern Volmer plot for the 
three studied systems. CDiclox = CCTAB = (0.083, 0.166, 0.250, 0.330, 0.416, 0.500, 0.580, 0.660, 0.750, 0.830 mM.
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concentration of ligand and protein, and the relationship follows a linear 
pattern (R < 0.98) (Fig. 7b), indicating that the interaction between 
dicloxacillin and CTAB/Diclox with fibrinogen aligns well with the site- 
binding model described by Eq. (SI1). This suggests the presence of a 
single class of binding sites on the fibrinogen molecule for these ligands. 
Examining the experimental data reveals that the average number of 
binding sites (n) in both systems is close to 1. Specifically, the complex of 
fibrinogen with dicloxacillin exhibits a value of 0.72 ± 0.01, while the 
catanionic complex of fibrinogen with CTAB/Diclox yields a value of 
0.84 ± 0.01. This indicates the presence of a predominant binding site 
for both scenarios. Moreover, the binding affinities are on the order of 
104 strongly implying that the drug’s affinity for the biomacromolecule 
is moderate.

Computational results of the conformational isobologram (Fig. 2C) 
have provided a detailed theoretical framework suggesting that the 
interaction of the mixture may vary depending on specific conforma
tions, with some binding modes showing strong to moderate antago
nistic effects, while others show moderate to strong synergistic effects. 
This variability suggests the complexity of allosteric interactions, where 
different ligand-binding conformations alter the overall binding mech
anisms of fibrinogen. These theoretical predictions can be verified by 
analyzing the experimental data in Table 2. In this sense, the static 
quenching dominance indicates the formation of non-fluorescent 

complexes between fibrinogen and the mixture. This is also in good 
agreement with the computational prediction of stable docking com
plexes. The observed static quenching suggests that the conformational 
changes induced by the mixture are likely to result in binding modes that 
stabilize the fibrinogen-ligand complex, as evidenced by the higher 
frequency of binding events in the mixture system in the theoretical 
docking results. In addition, the Hill coefficient (n) derived from both 
the computational predictions and the experimental data suggests pos
itive allosteric cooperativity in the binding process. The computational 
results indicate that conformational changes may lead to positive allo
steric effects, especially in the E and D regions, which is supported by the 
experimental binding parameters. The near-unity binding site numbers 
and moderate binding affinities suggest that the binding of fibrinogen to 
CTAB and dicloxacillin involves a single predominant binding site, 
further supporting the theory that specific conformations of the mixture 
enhance the overall interaction with fibrinogen. The non-linear 
behavior observed in the Stern-Volmer plots, especially at higher con
centrations, reinforces the idea of conformational diversity in the ligand- 
protein interaction highlighted in the isobologram analysis. The exper
imental data showing a combination of static and dynamic quenching 
probably reflect the dual binding mechanism of the mixture, where 
different conformations induce either synergistic or antagonistic effects, 
depending on the concentration and the conformational state of the 

Fig. 7. A) Fluorescence spectra of fibrinogen with increasing concentrations of the mixture of ligands at three different temperatures (298 K, 302 K and 309 K). B) 
Results of the fittings for the Eq. (12). Inset: Fitting for the obtention of the thermodynamic parameters. C) Overlap of fluorescence emission spectrum (J(λ), pink 
area) of fibrinogen (purple line) and absorption spectrum of the mixture of CTAB and Diclox (dotted line). T = 298 K. CFib = 0.07 mM, CCTAB = CDiclox = 0.5 mM.
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protein-ligand complex.
Based on the current findings, the role of allosteric interactions and 

conformational changes in modulating the binding behavior of fibrin
ogen is closely related to observations in the existing literature. For 
example, previous studies [50] emphasize that cooperativity in non
covalent interactions, such as hydrogen bonding, enhances molecular 
stability and significantly influences conformational landscapes. In this 
study, the observed static quenching dominance and the formation of 
stable non-fluorescent complexes suggest that the binding of fibrinogen 
to the mixture, including CTAB and dicloxacillin, is stabilized by these 
weak but cooperative interactions, leading to conformational changes. 
These changes are in good agreement with the theoretical prediction of 
positive allosteric cooperativity. Another interesting study [51] showed 
that allosteric regulation, through subtle but crucial conformational 
shifts, can either enhance or inhibit enzymatic activity. In the context of 
the fibrinogen-ligand interaction, the different computationally pre
dicted binding modes, ranging from antagonistic to synergistic effects, 
reflect this complexity of allosteric modulation. The non-linear behavior 
in the Stern-Volmer plots supports the hypothesis that the mixture in
duces distinct conformational states that either facilitate or inhibit 
binding, depending on the concentration and protein-ligand conforma
tional alignment. This non-linear binding behavior may reflect a 
mechanism similar to uncompetitive inhibition, where certain confor
mations selectively promote synergistic binding. The dynamic nature of 
these interactions is further emphasized by the findings of how confor
mational flexibility in malaria vaccine antigenic proteins affects their 
immunogenicity [52]. The dual binding mechanism observed in the 
current system, where both static and dynamic quenching occur, sug
gests that fibrinogen undergoes a similar conformational flexibility. This 
flexibility may allow the protein to adopt multiple binding conforma
tions, which in turn may influence the observed synergistic or antago
nistic effects observed. The predicted positive allosteric cooperativity in 
the E and D regions of fibrinogen likely arises from this conformational 
plasticity, mirroring the antigen-protein interactions described by 
Ragotte et al. [52]. In addition, the findings from Minnelli et al. [53] 
highlight how membrane components undergo allosteric changes due to 
amphiphilic molecules, leading to increased permeability and destabi
lization. Although the current system involves fibrinogen, the mecha
nism of action may be analogous, with the amphiphilic nature of CTAB 
inducing conformational changes that stabilize the fibrinogen-ligand 
complex. This is supported by the experimental binding affinities and 
Hill coefficients suggesting that specific conformations enhance the 
interaction.

3.2.3. Thermodynamic parameters and binding forces
Thermodynamic parameters such as enthalpy change (ΔH), entropy 

change (ΔS), and free energy change (ΔG) play a crucial role in eluci
dating the interaction mechanism. If ΔH remains relatively constant 
over the temperature range being studied, it can be considered as a 
constant. The Van’t Hoff equation (Eq. (4)) allows the evaluation of ΔH 
and ΔS using the binding constant (KA) at different temperatures, where 
R represents the gas constant: 

lnKA = −
ΔH
RT

+
ΔS
R

(4) 

By examining the linear relationship between ln Ka and 1/T, the 
slope yields ΔH, and the intercept provides ΔS (Fig. 7b). The values of 
ΔG can be obtained then using the thermodynamic expression: 

ΔG = ΔH − TΔS (5) 

Negative ΔG and ΔH values indicate that the binding process of li
gands to fibrinogen is a spontaneous exothermal reaction. ΔG reflects 
the combined effects of ΔH and ΔS. Negative ΔH and ΔS values suggest 
that the interaction between fibrinogen and the mixture of CTAB and 
dicloxacillin is primarily enthalpy-driven, with entropy contributing 
unfavourably to the spontaneity of the reaction. The negative ΔS value 
may reflect a reduction in configurational freedom within the system, 
potentially due to structural reorganization in the fibrinogen molecule 
or the formation of highly ordered molecular complexes. Noncovalent 
interaction forces such as van der Waals forces, hydrophobic in
teractions, electrostatic interactions, and hydrogen bonds are known to 
mediate the interaction between small molecules and bio
macromolecules. In this context, the observed decrease in entropy could 
result from specific interactions, such as hydrogen bonding or electro
static interactions, which impose a more constrained configuration on 
the system.

The formation of a hydrophobic cavity within the fibrinogen mole
cule facilitates the interaction with drug molecules, inducing an 
exothermic process. In addition, electrostatic forces between CTAB/ 
Diclox and fibrinogen may also contribute to the exothermic effects. The 
negative ΔH value suggests the involvement of hydrophobic interactions 
and electrostatic forces, with the possible formation of intermolecular 
hydrogen bonds facilitated by hydroxyl groups on the backbone of the 
ligand mixture.

3.2.4. FRET
The study of energy transfer provides valuable insights into the in

teractions between fibrinogen and catanionic ligands. Fluorescence 
resonance energy transfer (FRET) has become a widely used tool for 
investigating protein-ligand interactions and changes in protein struc
ture upon ligand binding [54]. This non-invasive technique allows the 
observation of energy transfer from an excited donor molecule (fibrin
ogen) to an acceptor molecule (catanionic ligands), without the 

Table 2 
Stern-Volmer quenching constants and binding parameters for the interaction of fibrinogen with dicloxacillin and the mixture CTAB/dicloxacillin at 298 K.

Ligands (temperature) Stern-Volmer constants Binding parameters

10− 3 Ksv (mol− 1) 10− 3 kg (mol− 1) 10− 12 kq (mol− 1 s− 1) R2 n 104 KA (mol− 1) R2

Diclox (298 K) 8.87 ± 0.09 – 1.23 ± 0.03 0.978 0.78 ± 0.02 8.63 ± 0.03 0.986
Mixt (298 K) 8.74 ± 0.03 2.91 ± 0.01 1.21 ± 0.02 0.993 0.82 ± 0.04 5.24 ± 0.07 0.981
Mixt (302 K) – – – – 0.90 ± 0.05 2.45 ± 0.03 0.985
Mixt (309 K) – – – – 1.06 ± 0.07 0.66 ± 0.06 0.982

Table 3 
The thermodynamic parameters of the interaction between fibrinogen and the 
catanionic mixture at different temperatures.

Thermodynamic parameters

T (K) ΔG (kJ mol− 1 K− 1) ΔH (kJ mol− 1) ΔS (J mol− 1 K− 1)

Mixt 298 − 26.942 − 144.131
302 − 25.369 − 393.252
309 − 22.616

Table 4 
Fluorescence resonance energy transfer (FRET) results of fibrinogen with the 
mixture CTAB/d Diclox.

FRET parameters

J (M− 1 cm− 1 nm4) R0 (Å) r (nm)

CTAB/Diclox 4.036 × 1014 36.29 5.17
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emission of radiation. In FRET, the donor typically emits at shorter 
wavelengths that overlap with the acceptor’s absorption spectrum. For 
effective energy transfer to occur, certain conditions must be met: (i) the 
donor must be fluorescent, (ii) the spectral overlap between the donor’s 
emission and the acceptor’s absorption should be significant (Fig. 7C), 
and (iii) the distance between the donor and acceptor must be suffi
ciently small, generally <7 nm. These criteria ensure the likelihood of 
energy transfer and make it possible to estimate the proximity between 
fibrinogen’s key residues and the interacting ligands [55]. (For a more 
detailed explanation of the theoretical aspects of the FRET analysis, 
please refer to the SI). In the present case, FRET analysis helps to assess 
the spatial arrangement and binding dynamics. The efficiency of energy 
transfer can be used to deduce the conformational changes occurring in 
the protein upon binding. Since the interaction between fibrinogen and 
ligands is characterized by the formation of a non-fluorescent complex, 
the observed energy transfer strongly suggests that a static quenching 
mechanism dominates the interaction. This is in line with the idea that 
fibrinogen undergoes structural rearrangements upon binding, leading 
to a reduction in fluorescence intensity.

Furthermore, the calculated transfer distances (Table 4) indicate that 
the binding sites of catanionic ligands are in close proximity to the 
protein’s fluorescent residues, making energy transfer highly probable. 
The observed energy transfer efficiency highlights the non-radiative 
nature of the process, where excitation energy is effectively trans
ferred from the donor to the acceptor molecules. These results support 
the hypothesis that the binding between fibrinogen and catanionic li
gands is characterized by strong, specific interactions that likely induce 
changes in the protein’s conformation.

4. Conclusions

This study combines theoretical docking and experimental ap
proaches to elucidate the interactions between fibrinogen and the CTAB- 
dicloxacillin mixture, revealing both synergistic and antagonistic effects 
across specific binding regions. Theoretical predictions identified the D- 
regions as sites of synergistic interactions and the E-region as a site of 
antagonistic effects, aligning with experimental data from UV–vis and 
fluorescence spectroscopy that indicated distinct binding mechanisms. 
Notably, CTAB disrupted the α-helix structure of fibrinogen, while 
dicloxacillin stabilized it, reflecting the region-specific effects predicted 
by docking studies. Additionally, both experimental and theoretical re
sults suggest that the ligand mixture forms more stable complexes than 
the individual ligands. FRET analysis confirmed the close proximity of 
ligands to fibrinogen’s fluorescent residues, supporting specific binding 
interactions, while thermodynamic analysis revealed spontaneous, 
exothermic binding driven by hydrophobic and electrostatic forces. The 
non-linear behavior observed in Stern-Volmer plots and isobologram 
models emphasizes the complex, cooperative interactions within this 
ligand system, providing a detailed understanding of how mixed ligand 
systems like CTAB and dicloxacillin modulate fibrinogen structure 
through synergistic and antagonistic effects, which offers a valuable 
framework for future studies on protein-ligand interactions and 
modulation.

While these findings offer valuable insights, the study is limited by 
the fact that the in vitro conditions may not fully replicate the com
plexities of physiological environments. Further studies are necessary to 
investigate the impact of these interactions on clot formation, drug 
bioavailability, and toxicity in real biological systems. Nonetheless, the 
strength of this study lies in the comprehensive approach combining 
molecular docking and various spectroscopic techniques, providing a 
thorough understanding of the binding mechanisms and structural al
terations induced by the ligand mixture. These results contribute to the 
growing knowledge on protein-ligand interactions, offering a valuable 
framework for the future design of drug delivery systems and exploring 
new therapeutic strategies.
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