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A B S T R A C T

In this research, the toxicity of nano-[Cu2-(DIP)2-EA], a metal nano-complex consisting of ellagic 
acid and bathophenanthroline ligands, on human serum albumin (HSA) at a protein level was 
investigated. Molecular docking simulations and spectral analyses were conducted in a simulated 
physiological environment at pH 7.4 to explore the interaction of nano-[Cu2-(DIP)2-EA] with 
HSA. The results represented an increase in albumin absorption upon exposure to nano-[Cu2- 
(DIP)2-EA], demonstrating significant interaction between the two compounds. Steady-state and 
time-resolved fluorescence measurements pointed out that nano-[Cu2-(DIP)2-EA] induced static 
quenching of the albumin’s intrinsic fluorescence with a high binding affinity of approximately 
106 mol/L in a 1:1 interaction ratio. The thermodynamic variables clarified that binding of nano- 
[Cu2-(DIP)2-EA] to albumin occurs spontaneously and primarily driven by van der Waals in
teractions and H-bonds. The results of the computer simulations and the binding displacement 
experiments utilizing the site markers warfarin and ibuprofen revealed that nano-[Cu2-(DIP)2-EA] 
binds to site I within the subdomain IIA of albumin. Circular dichroism analysis elaborated that 
nano-[Cu2-(DIP)2-EA] slightly perturbed the microenvironment around of tryptophan residues 
and diminished the α-helix structure stability to a negligible amount.

1. Introduction

An understanding of the pharmacokinetics of drugs, such as their transport in plasma and delivery to target sites, is essential for 
deciphering a drug’s functionality within biological systems. After administration, medications circulate through the bloodstream, 
with their initial interaction occurring at the level of plasma proteins. The circulatory system contains a diverse array of proteins and 
peptides, with human serum albumin (HSA) being the predominant protein, comprising over 50 % of plasma proteins. Other signif
icant plasma proteins exist at much lower concentrations. While various essential transporter proteins are present in the human body, 
HSA primarily facilitates drug-protein interactions. This heart-shaped protein, characterized by X-ray crystallography, consists of 585 
amino acids (66.5 kDa) arranged in a single-stranded α-helical configuration. Its structure includes three domains, each divided into 
two subdomains designated as A and B. Notably, areas IIA and IIIA—termed Sudlow’s site I and site II, respectively—are located within 
these subdomains. As a versatile carrier, HSA possesses multiple binding sites that accommodate a wide variety of ligands including 
drugs, fatty acids, metal ions, amino acids, vitamins, hormones, and water. The functions of anticancer drugs can vary significantly. 
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HSA may influence the concentration of free, biologically active components of these drugs through interaction. Strong binding of 
drugs to HSA can reduce the concentration of unbound drugs in plasma, whereas weak binding may result in shortened drug lifespan or 
inadequate distribution. Hence, identifying the binding sites of drugs within HSA enhances our awareness of anticancer drugs 
competing with other compounds at these sites [1–5].

Coordination compounds are considerable in chemistry due to their unique structural arrangements and extensive applications 
across various fields. While not a novel concept in medicine and drug discovery, they often receive insufficient attention from me
dicinal chemists. These compounds not only possess biological relevance but also encompass a range of drug-like molecules and 
pharmaceuticals [6]. The quest for innovative metal-containing complexes with therapeutic potential has inspired researchers to 
explore, synthesize, and characterize metal-based complexes for medicinal uses. Central to this exploration is the grasp of binding 
mechanisms between biological targets and metallic complexes [7]. Modifying the nature of ligands and donor atoms can refine the 
pharmacological properties of metal complexes [8]. For instance, platinum complexes are recognized as effective anticancer drugs [6]; 
however, their clinical application is often hindered by severe side effects, including nephrotoxicity, neurotoxicity, and ototoxicity. As 
a result, the development of new copper coordination compounds exhibiting anticancer activity is an evolving and promising field in 
medicinal chemistry [8]. Copper plays a crucial role in the formation and function of several enzymes and proteins. Complexes 
enhanced with copper are highly valued due to the redox activity and biogenicity of copper ions, which facilitate a multitude of cellular 
pathways. Copper complexes serve as effective antitumor agents, presenting a cost-effective and safer alternative to traditional 
platinum-based chemotherapy. Furthermore, the redox activity of these copper-based compounds extends their therapeutic potential 
beyond merely antiproliferative effects; they can also effectively combat viral and microbial infections, as well as inflammatory 
conditions, through various mechanisms of action. The advancement of delivery and controlled release systems for copper complexes 
exemplifies their success in clinical applications [8].

The choice of coordinating ligands profoundly impacts both the toxicity and mechanism of action in cancer treatment [9]. Ligand 
selection is vital in determining the biological activity of metal complexes [10], as specific ligands can modulate the adverse effects 
associated with excess metal ions. When ligands coordinate with metal ions, substantial alterations occur, such as increases in lip
ophilicity, stabilization of distinct oxidation states, and enhanced substitution stability [11]. Bathophenanthroline, with its chelating 
mode of coordination, is a versatile ligand that has been employed to create numerous structures across various dimensionalities [12]. 
Given that HSA can interact with lipophilic compounds and transport a diverse array of hydrophobic ligands [1,3], we utilized 4, 
7-diphenyl-1,10-phenanthroline (bathophenanthroline) in the current investigation as both an auxiliary and ancillary ligand for the 
synthesis of nano-[Cu2-(DIP)2-EA].

In recent decades, nanomaterials and nanotechnology have garnered substantial interest in research due to their remarkable 
physical, chemical, and biological attributes. Previous investigations have indicated that interactions between biomolecules and 
nanomaterials can alter biomolecular structures, disrupting the normal functions of proteins, which may result in undesirable bio
logical reactions and toxicity. The size of nano-metal complexes is believed to influence their bioactivity, underscoring the importance 
of comprehension these interactions [13–18].

Extensive studies have established that ellagic acid (EA), a polyphenolic compound found in dicotyledonous plants, exhibits potent 
anti-inflammatory, antimutagenic, antiproliferative, and antioxidant properties. This compound is prevalent in various fruits and nuts 
and is primarily generated in plants through the hydrolysis of ellagitannins, a widespread class of secondary metabolites. EA dem
onstrates a variety of beneficial effects, including neuroprotective, hepatoprotective, cardioprotective, antiallergic, antinociceptive, 
antiestrogenic, skin-protecting, wound-healing, osteogenic, antimicrobial, antiviral, and antiparasitic activities, making it promising 
for cancer prevention and treatment. Moreover, EA has shown protective effects against the toxicity of metals, metalloids, and natural 
toxins, and it is utilized in both the pharmaceutical and cosmetics industries. Oxidative stress, resulting from excessive production of 
reactive oxygen and nitrogen species, is implicated in a range of human diseases. Natural polyphenols like ellagic acid possess mul
titargeting capabilities to mitigate oxidative stress, positioning them as advantageous therapeutic agents [19–23].

Spectroscopic techniques provide crucial perspectives on the binding characteristics and specific binding sites within macromol
ecules. These approaches are increasingly favored over traditional methods due to their simplicity, speed, and reproducibility [7].

This study focuses on the nano-material [Cu2-(DIP)2-EA], which consists of aggregated components, aiming to enhance our 
apprehension of its interactions with biological molecules, particularly HSA. We employ multispectral and computational methods as a 
lucrative toolkit for investigating the nano-[Cu2-(DIP)2-EA]-HSA interactions. The study evaluates agents affecting binding affinity and 
fluorescence quenching techniques that play a role in predicting the mechanism and evaluating the interactions engaged. Thus, we 
build upon our previous research [24] to explore the binding interactions between nano-[Cu2-(DIP)2-EA] and HSA. Utilizing both 
experimental and theoretical methods, our goal is to gain insights into the interaction mechanisms of metal nano-complexes with HSA. 
We believe that the from this research could markedly enhance our knowledge about how these complexes findings interact with the 
protein, paving the way for the development of more effective pharmaceutical agents, particularly in the treatment of cancer and other 
human diseases.

2. Experimental section

2.1. Compounds and solutions

Not refined, all of the materials employed in the work had the quality of analytical reagents. Additionally, the stock solutions in net 
aqueous media were made in a buffer solution that had 0.1 M phosphate buffer added to bring the pH down to 7.4. The phosphate 
buffer solution (0.1 M) was procured from Na2HPO4 and NaH2PO4 salts at ambient temperature. To prepare the HSA stock solution, 
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0.0132 g of HSA crystals were added to 2 mL of phosphate buffer without stirring the solution or shaking the container; the container 
was then placed in the dark at 4 ◦C for 1 h, resulting in a final concentration of 1.00 × 10-⁴ M. Moreover, the stock solutions of warfarin, 
ibuprofen, and nano-[Cu2-(DIP)2-EA were 1.00 × 10− 3 M.

2.2. Synthesis of nano-[Cu2-(DIP)2-EA

The following synthesis approach was utilized by Shahabadi and co-workers [24] to create the nano-[Cu2-(DIP)2-EA (Fig. 1). In 
short, 35 ml of ethanol solvent, which had been previously alkalinized to pH 8.8, was used to dissolve 0.1511 g (0.5 mmol) of ellagic 
acid x.H2O and 0.3324 g (1 mmol) of bathophenanthroline separately. Subsequently, the two solutions were combined and mixed 
together to undergo reflux. Next, 0.2416 g (1 mmol) of Cu(NO3)2.3H2O was dissolved into 10 ml of this solvent. Over the course of 2 h, 
the copper nitrate salt solution got added to the solution dropwise while reflux was occurring. After 24 h, the reflux process was halted 
and the reaction mixture was centrifuged at ambient temperature at 3800 rpm for 10 min. The formed blackish solid was filtered off, 
rinsed with an ethanol and water mixture, and allowed to dry for 24 h at 50 ◦C in an oven. Yield: 0.34 g, 62 %. Anal. M.p: 248–250 ◦C; 
IR (KBr, cm− 1): 3418 (ν O-H), 2920 (ν C-H), 1714 (ν C=O), 1615 (ν C=N), 1566 (ν C=C), 1272 (ν C-O), 768 (ν C-H), 549 (ν Cu-N), 482 
(ν Cu-O). MS: m/z = 1090 [M]+. UV–vis: λmax (nano-[Cu2-(DIP)2-EA) = 289 nm; λmax (bathophenanthroline) = 285 nm; λmax (ellagic 
acid) = 324 nm. λmax (Cu(NO3)2.3H2O) = .ـ

2.3. UV–vis spectrophotometry

A NordantecT-80 UV–Vis spectrophotometer model was served to detect the UV–Vis absorption data in the wavelength span of 240 
nm–350 nm utilizing a 1.0 cm cell. In UV–Vis titration tests, the concentration of HSA was held steady at 9.6 × 10− 7 M while the 
concentration of nano-[Cu2-(DIP)2-EA differed from 0.0 to 4.8 × 10− 7 to 7.4 × 10− 6 (ri = [complex]/[HSA] = 0.0 to 7.7). Shortly after 

Fig. 1. The computed structure of the nano-material [Cu2-(DIP)2-EA].
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adding the nano-[Cu2-(DIP)2-EA solution and reaching equilibrium, the absorbance amounts were noted.
In order to omit the effect of the nano-[Cu2-(DIP)2-EA absorption, control tests were conducted using a series of identical small 

fractions of the corresponding nano-[Cu2-(DIP)2-EA stock solutions in the absence of albumin as reference solutions. Interaction 
spectra were then obtained by subtracting the spectra of the nano-[Cu2-(DIP)2-EA reference solutions from the corresponding full 
spectra [25,26].

2.4. Fluorescence measurements

For fluorescence analysis, a JASCO FP 6200 spectrofluorimeter featuring a thermostatic bath and 1 cm quartz cell was put to use. 
The fluorescence quenching experiments were conducted at λex = 295 nm. Adjustments were made to the emission and excitation 
bandwidths at 5 and 10, respectively. For the HSA, the highest emission of fluorescence was detected at 347 nm. We acquired the 
fluorescence spectra with a wavelength area of 300–450 nm at 289, 292, and 295, 297 K. The ensuing steps were taken to carry out the 
nano-[Cu2-(DIP)2-EA-HSA interactions: a specific amount of HSA (2.9 × 10− 6 M) was titrated through enhancing the amount of nano- 
[Cu2-(DIP)2-EA (from 0.0, 2.5 × 10− 7 to 2.5 × 10− 6 M). Time-resolved fluorescence decays were conducted for HSA solution (2.9 ×
10− 6 M) without and with the various concentrations of nano-[Cu2-(DIP)2-EA (from 0.0, 2.5 × 10− 7 to 2.5 × 10− 6 M) to validate the 
main fluorescence quenching mechanism. The measurements were performed in triplicate at room temperature with excitation at 282 
nm [25], and emission wavelength at 338 nm [26], response time: 01 s, data pitch: 0.5 s, and time measurement duration: 300 s [27].

Displacement evaluations at 298 K through site markers of warfarin and ibuprofen were performed at fixed markers levels of 2.8 ×
10− 5 M and the protein at 2.9 × 10− 6 M, respectively. The binding constant for the nano-[Cu2-(DIP)2-EA-HSA was determined by 
means of fluorescence quenching titration with the specific site markers at varying concentrations of nano-[Cu2-(DIP)2-EA (ranging 
from 0.00, 4.71 × 10− 7 to 8.22 × 10− 5 M). The emission wavelength was set within the 300–500 nm scope, with an excitation 
wavelength of 295 nm, all conducted at ambient temp. The correction of fluorescence intensities was executed taking into account the 
absorption of the exciting light beam and the re-absorption of the emitted light beam via the compound structure at the excitation or 
emission wavelength, as determined by a specific equation (Eq. (1)) [28]: 

Fcor = Fobs × exp
(

Aex + Aem

2

)

(1) 

Wherein, the modified and observed fluorescence intensities are denoted as Fcor and Fobs, correspondingly, while Aex and Aem sym
bolize the absorbance measurements of nano-[Cu2-(DIP)2-EA at the excitation and emission wavelengths, respectively.

Subsequently, the modified quantities were exerted to elucidate the quenching process of the nano-[Cu2-(DIP)2-EA-HSA by 
employing the Stern-Volmer’s formula (Eq. (2)) [29,30]: 

F₀
/

F = 1 + KSV [Q] = 1 + Kq τ0[Q] (2) 

Here, the indexes F0 and F illustrate the intensity of fluorescence prior to and following the quencher addition, respectively. The 
quenching constant (KSV) came by the linear plot’s slope of F0/F versus [Q]. The quenching rate constant of a biomolecule and the 
average lifetime of the fluorophore in the non-presence of the quencher are indicated via Kq and τo = 10− 8 s, respectively. Eventually, 
the quencher concentration is exhibited via [Q].

The number of binding sites and the binding constant in the nano-[Cu2-(DIP)2-EA-HSA were gained through the formula (Eq. (3)): 

log
F0 − F

F
= log Kb + nlog[Q] (3) 

The formula describes the fluorescence intensities of the fluoroph ore in the attendance and non-attendance of the quencher 
quantities as F0 and F, respectively [31].

The Van’t Hoff formula (Eq. (4)) was exerted for calculating the thermodynamic values ΔH and ΔS [32]: 

ln Kb = − ΔH/RT + ΔS/R (4) 

In the given formula, the universal gas constant, temperature in Kelvin, and the binding constant at that temperature are clarified 
applying the symbols R, T, and Kb, respectively. Ultimately, Gibbs free energy change (ΔG) was captured through the Gibbs-Helm
holtz’s formula (Eq. (5)) [33]: 

ΔG= − RTlnKb (5) 

In the time-resolved fluorescence analysis, the lifetime τ was determined [34] by fitting the fluorescence intensity I as a function of the 
delay time t (nanosecond) employing the following equation (Eq. (6)), with I0 representing the initial intensity at t = 0: 

I (λ)= I0 (λ) × e
− t/τ (6) 

The dynamic component of the observed quenching was assessed [35,36] through lifetime measurements, applying the equation 
(Eq. (7)): 
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τ0

τ =1 + KD [Q] (7) 

Here, τ0 and τ represent the fluorescence lifetimes of HSA in the absence and presence of nano-[Cu2-(DIP)2-EA, respectively, while 
KD signifies the dynamic quenching constant.

The static quenching constant (KS) was calculated [25,35,36] using equation (Eq. (8)), which involves plotting the relationship 
between Kapp and the concentration of [Q], incorporating the value of KD obtained from the lifetime measurements: 

Kapp =
F0 − F/F

[Q]
=KS +KD + (KSKD[Q]) (8) 

In this equation, F0 and F correspond to the steady-state fluorescence intensities of HSA without and with the addition of nano-[Cu2- 
(DIP)2-EA, respectively. The terms Kapp, [Q], KD, and KS represent the apparent quenching constant, the concentration of nano-[Cu2- 
(DIP)2-EA, the dynamic quenching constant, and the static quenching constant, respectively.

In the Job plot, the fluorescence bands of several solutions were recorded between 300 and 450 nm wavelengths, with an excitation 
wavelength of 295 nm at 298 K; the concentrations of HSA and nano-[Cu2-(DIP)2-EA were varied while the overall concentration was 
kept constant (5.0 × 10− 6 M). The binding stoichiometry was got from the formula (Eq. (9)) [37]: 

binding stoichiometry=
1 − χ nano− [Cu2− (DIP)2− EA

χ nano− [Cu2− (DIP)2− EA
(9) 

In the aforementioned formula, the mole fraction of nano-[Cu2-(DIP)2-EA is symbolized by χ nano-[Cu2-(DIP)2-EA.                                 

2.5. CD spectroscopy

A JASCO spectropolarimeter Model J-810 (Tokyo, Japan) was implemented to collect the CD data of the protein (4.97 × 10− 7 M) in 
the existence of nano-[Cu2-(DIP)2-EA (0.00, 2.48, 4.95, and 7.41 × 10− 9 M) through a quartz cell that measured 1 cm. The spectra were 
taken between 200 nm and 250 nm in wavelength range, at 25 ◦C. Equation (Eq. (10)) went to use to convert the raw spectra data to 
mean residual ellipticity [θ] (deg cm2 dmol− 1) namely concentration independent parameter: 

MRE=
ϴλ.M
(10.C.l)

(10) 

In which, C is the HSA concentration in mg ml− 1, l is the cell’s path-length in centimeters, ϴλ is the seen ellipticity in millidegrees at 
wavelength λ, and M is the mean residue weight of HSA. The α-helix content percentage of HSA was determined based on the ellipticity 
quantities at 208 nm from the equation below (Eq. (11)) [38]: 

αhelix (%)=
( − MRE 208 – 4000)

(33000 – 4000)
× 100 (11) 

2.6. Molecular docking

For the docking process, the Auto Dock Vina (version 1.1.2, MGL tools 1.5.6) was launched. The crystalline form of the protein was 
earn from the Protein Data Bank (PDB ID: 7VR0) [39]. The files of ligand (nano-[Cu2-(DIP)2-EA) and receptor (HSA) were procured by 
Auto Dock Tools. (x min: 12.8439 x max: 29.2147), (y min: 3.16208 y max: 35.3773) and (z min: 10.6771 z max: 28.4299) (grid = 1.00 
◦A) were the settings for the grid box. The Lamarckian genetic algorithm was run to make the docking definitions. The remaining 
factors were set to their default settings. BIOVIA Discovery Studio Visualizer 2021 was exploited to visualize the docked poses [40].

2.7. Statistical analysis

2.7.1. UV–vis spectrophotometry
In the UV–Vis titration experiments, absorption data were collected within the wavelength range of 240 nm–350 nm using a 

Nordantec T-80 UV–Vis spectrophotometer. Different concentrations of nano-[Cu2-(DIP)2-EA] were tested in the presence of a constant 
concentration of HSA. Specifically, UV–Vis spectrophotometry was employed to detect the absorption characteristics of the system, 
with absorbance values measured after the addition of the nano-[Cu2-(DIP)2-EA] solution and the establishment of equilibrium.

2.7.2. Fluorescence spectroscopy
Fluorescence quenching experiments were conducted using a JASCO FP 6200 spectrofluorimeter, measuring emission spectra at 

various temperatures and concentrations of nano-[Cu2-(DIP)2-EA] and HSA. These experiments involved multiple calculations and 
evaluations to determine parameters such as binding constants, quenching constants, and thermodynamic values. Key equations 
employed included the Stern-Volmer equation for quenching analysis, equations for determining the number of binding sites and 
binding constants, the Van’t Hoff equation for thermodynamic parameters, and the Gibbs-Helmholtz equation for calculating Gibbs 
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free energy changes. Additionally, Job plot analysis was performed to assess binding stoichiometry.

2.7.3. Circular dichroism (CD) Spectropolarimetry
CD data for HSA in the presence of nano-[Cu2-(DIP)2-EA] were collected using a JASCO spectropolarimeter, analyzing spectra 

within a specified wavelength range. The analysis of CD data involved converting raw spectral data to mean residual ellipticity [θ] 
using equation (Eq. (7)). This parameter was employed to calculate the percentage of α-helix content of HSA based on equation (Eq. 
(8)), specifically at 208 nm. The interpretation of the CD data provided knowledge about the secondary structure content of the protein 
in the presence of varying concentrations of nano-[Cu2-(DIP)2-EA].

2.7.4. Molecular docking
Molecular docking simulations were executed using Auto Dock Vina to analyze the binding interaction between nano-[Cu2-(DIP)2- 

EA] and HSA. Molecular docking provided crucial cognition of the potential binding orientations and affinities of the ligand towards 
the protein receptor, aiding in understanding the molecular interactions at a structural level.

In the molecular docking process, the following steps and tools were utilized.

a) Software and Tools: Molecular docking simulations were conducted using AutoDock Vina (version 1.1.2) in conjunction with MGL 
Tools (version 1.5.6). These tools enable the prediction of binding modes and affinities between the ligand (nano-[Cu2-(DIP)2-EA]) 
and the receptor (HSA).

b) Protein Structure: The crystalline structure of HSA was obtained from the Protein Data Bank (PDB ID: 7VR0), serving as the 
receptor for the docking studies and yielding significant perspectives on the binding interactions. Preparation of Ligand and 
Receptor: The ligand (nano-[Cu2-(DIP)2-EA]) and receptor (HSA) files were prepared using AutoDock Tools, ensuring that they 
contained the necessary information and coordinates required for the docking simulations.

c) Grid Box Settings: A grid box was defined for the docking simulations with specific dimensions and coordinates: x min: 12.8439, x 
max: 29.2147, y min: 3.16208, y max: 35.3773, z min: 10.6771, z max: 28.4299. The grid spacing was set to 1.00 Å, influencing the 
search space for the ligand within the receptor’s binding site.

d) Docking Algorithm: The Lamarckian genetic algorithm was employed to perform the docking calculations, aiding in the explo
ration of conformational space and predicting the optimal binding pose of the ligand within the receptor’s binding site.

e) Visualization: The results of the docking simulations, including the docked poses of the ligand within the receptor, were visualized 
using BIOVIA Discovery Studio Visualizer 2021. This software facilitates interactive visualization and analysis of molecular 
structures and their interactions.

2.8. Rationale for selecting specific tests

2.8.1. UV–vis spectrophotometry
UV–Vis spectrophotometry is a widely employed technique for determining the absorption characteristics of compounds in solution 

at specific wavelengths. This method is particularly suitable for studying the interactions between biomacromolecules, such as HSA, 
and coordination compounds, exemplified here by nano-[Cu₂-(DIP)₂-EA].

2.8.2. Fluorescence spectroscopy
The selected tests and formulas were specifically chosen to assess the fluorescence quenching process associated with the in

teractions between nano-[Cu₂-(DIP)₂-EA] and HSA. This approach enables the determination of various parameters, including binding 
constants, quenching constants, thermodynamic values, and binding stoichiometry. These tests are standard in fluorescence analysis, 
offering critical information regarding molecular interactions and binding events.

2.8.3. Circular dichroism (CD) Spectropolarimetry
Circular Dichroism (CD) spectroscopy is a powerful technique for exploring the secondary structure of proteins and identifying 

conformational changes triggered by ligand binding. Hence, it was employed to analyze the CD data of HSA in the presence of varying 
concentrations of nano-[Cu₂-(DIP)₂-EA]. The specific wavelength range of 200 nm–250 nm was selected for measuring the CD spectra, 
as this range is particularly sensitive for analyzing protein secondary structures. Equation (Eq. (7)) was utilized to convert the raw CD 
spectral data to mean residual ellipticity, which facilitated the calculation of the percentage of α-helix content of the protein at 208 nm, 
as determined by equation (Eq. (8)).

2.8.4. Molecular docking
Molecular docking was performed using AutoDock Vina to study the interaction between the ligand (nano-[Cu₂-(DIP)₂-EA]) and the 

protein receptor (HSA). AutoDock Vina was chosen due to its effectiveness in predicting ligand-protein interactions and the availability 
of the crystalline structure of HSA from the Protein Data Bank (PDB ID: 7VR0).
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2.9. Assumptions made and their testing

2.9.1. UV–vis spectrophotometry

i. Nano-[Cu2-(DIP)2-EA] interacts with HSA and binds to it.
ii. The UV–visible absorption profile of HSA, when interacting with other molecules, changes as a consequence of forming a complex 

with them.

Since the absorption spectroscopy in the UV–vis range is usually applied to study structural variations and the formation of new 
systems between biomacromolecules and other molecules, these assumptions were supported by the observed changes in the ab
sorption spectra of HSA, including hyperchromism, following the gradual and sequential addition of nano-[Cu2-(DIP)2-EA] (see Fig. 2).

2.9.2. Fluorescence spectroscopy

i. The interaction between nano-[Cu2-(DIP)2-EA] and HSA is presumed to occur through either a static or dynamic quenching 
mechanism.

This assumption was supported by the observed decrease in fluorescence emission intensity with increasing concentrations of nano- 
[Cu2-(DIP)2-EA] (see Fig. 3A), as well as an analysis of the fluorescence quenching data (refer to Eq. (2), Fig. 4) and conclusions drawn 
from the experimental results (see Table 1).

ii. It is hypothesized that nano-[Cu2-(DIP)2-EA] interacts with HSA via the Sudlow binding sites.

This assumption is based on the results of binding studies and competitive emission experiments (see Figs. 8 and 9; Table 4). The use 
of specific binding site tracers, such as warfarin and ibuprofen, was employed to further investigate these binding interactions.

iii. Thermodynamic assessments can elucidate the forces involved in the protein-ligand interactions (HSA-nano-[Cu2-(DIP)2-EA]).

This assumption was validated by the observed decrease in fluorescence intensity with increasing concentrations of nano-[Cu2- 
(DIP)2-EA] (see Fig. 3A), and was further supported by an analysis of fluorescence quenching data (refer to Eqs. (3)–(5); Fig. 6) and 

Fig. 2. The HSA (9.6 × 10− 7 M) absorption spectra with and without nano-[Cu2-(DIP)2-EA]. The concentration of nano-[Cu2-(DIP)2-EA] ranges 
from 0.0, 4.8 × 10− 7 to 7.4 × 10− 6; the punctulated black line displays absorption band of nano-[Cu2-(DIP)2-EA] (1.5 × 10− 6 M) in phosphate buffer 
and pH 7.4 at 25 ◦C.
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Fig. 3. A. Albumin (2.9 × 10− 6 M) fluorescence spectra in phosphate buffer, at 289, 292, and 295, 297 K, in the non-existence and existence of 
nano-[Cu2-(DIP)2-EA] (0.0, 2.5 × 10− 7 to 2.5 × 10− 6 M) upon excitation at 295 nm; pH 7.4. B) The nano-[Cu2-(DIP)2-EA] (4.76 × 10− 5 M) 
fluorescence spectrum in phosphate buffer at 25 ◦C and pH 7.4 following excitation at 363 nm.
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conclusions derived from the experimental results (see Table 3).

2.9.3. Circular dichroism (CD) Spectropolarimetry
It is assumed that the presence of nano-[Cu2-(DIP)2-EA] leads to alterations in the secondary structure of HSA, specifically affecting 

its α-helix content. This assumption was tested by comparing the CD spectra of HSA in the presence and absence of nano-[Cu2-(DIP)2- 
EA] (see Fig. 10). Calculations of mean residue ellipticity (MRE) at 208 nm (refer to Eq. (7)) and the percentage of α-helix content (refer 
to Eq. (8)) were conducted to assess any changes in secondary structure (see Table 5).

2.9.4. Molecular docking
The interaction mode of nano-[Cu2-(DIP)2-EA] with HSA is postulated to occur at the Sudlow I/IIA site, involving hydrogen 

bonding with specific amino acids. The assumptions regarding the interaction mode of nano-[Cu2-(DIP)2-EA] with HSA were sub
stantiated through molecular docking simulations, which included visualization of interactions, utilization of scoring functions, and 
thermodynamic analyses. These testing methods validated the predicted binding mode and confirmed its alignment with experimental 
outcomes (see Figs. 11–13; Table 6).

Fig. 4. The diagram of F0/F vs. the nano-[Cu2-(DIP)2-EA] concentration to achieve the kq amounts.

Fig. 5. The diagram of log (F0-F)/F versus log [nano-[Cu2-(DIP)2-EA]] to gain the Kb amounts.
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Fig. 6. Straight van’t Hoff diagram of the nano-[Cu2-(DIP)2-EA]-albumin binding.

Fig. 7. Time-resolved fluorescence decays for HSA (2.9 × 10− 6 M) without and with the concentrations of nano-[Cu2-(DIP)2-EA] (2.5, 4.9, and 7.5 
× 10− 7 M) at room temperature.
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Table 1 
The biomolecule quenching rate constant (kq), and the quenching constant (KSV) of the nano-[Cu2-(DIP)2-EA] interacting with 
albumin at four distinct temperatures.

T (K) KSV (M− 1) × 10− 4 kq (M− 1s− 1) × 10− 12 R2

289 96.3810 ± 2.17 96.3810 ± 2.17 0.9886
292 95.8801 ± 2.11 95.8801 ± 2.11 0.9867
295 51.9009 ± 0.22 51.9009 ± 0.22 0.9952
297 10.3787 ± 0.17 10.3787 ± 0.17 0.9903

Table 2 
The binding constants (Kb), and the number of binding sites (n) for the nano-[Cu2-(DIP)2-EA]-albumin in differing temperature.

T (K) n Log Kb Kb (M− 1) × 10− 6 R2

289 1.43 ± 0.16 8.3217 ± 0.331 209.749048 ± 37.56 0.9981
292 1.31 ± 0.25 7.665 ± 0.122 46.238102 ± 12.74 0.9957
295 1.27 ± 0.35 7.1703 ± 0.233 6.313933 ± 0.01158 0.9963
297 1.11 ± 0.21 5.6403 ± 0.141 0.436817 ± 0.01188 0.9875

Fig. 8. A) Stern-Volmer plots comparing the steady-state and time-resolved fluorescence data for HSA-nano-[Cu2-(DIP)2-EA] at 297 K. B) The 
apparent quenching constant plot to the separation of the dynamic and static quenching constants at 297 K.

Fig. 9. Job’s curve of the nano-[Cu2-(DIP)2-EA]-protein fluorescence in phosphate buffer; overall concentration (To = 5.0 × 10− 6 M); excited at 295 
nm and 25 ◦C; pH 7.4.
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Table 3 
Thermodynamic amounts of the nano-[Cu2-(DIP)2-EA]-protein adduct in four variant temperature conditions.

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

289 − 46.07 ± 1.61 − 489.03 ± 31.47 − 1530.36 ± 156.12
292 − 42.87 ± 1.34
295 − 36.81 ± 1.22
297 − 32.20 ± 1.13 ​ ​

Table 4 
Comparative evaluation of the binding constant for the nano-[Cu2-(DIP)2-EA]-albumin system with and without the use of the site tracers at 
pH 7.4.

T (K) Adduct Kb (M− 1) × 10− 4 R2

298 nano-[Cu2-(DIP)2-EA]-HSA 33.7753 ± 2.12 0.9933
nano-[Cu2-(DIP)2-EA]-War-HSA 3.9502 ± 0.42 0.9820
nano-[Cu2-(DIP)2-EA]-Ibu-HSA 28.5001 ± 1.87 0.9883

Fig. 10. The nano-[Cu2-(DIP)2-EA] impact in the ibuprofen-albumin fluorescence into phosphate buffer, excitation = 295 nm [Albumin] = 2.9 ×
10− 6 M, [site tracer] = 2.8 × 10− 5 M and [nano-[Cu2-(DIP)2-EA]]: (0.00, 4.71 × 10− 7 to 8.22 × 10− 5 M); pH 7.4; 298 K.

Table 5 
α-Helix content of serum albumin before and after the addition of nano-[Cu2-(DIP)2- 
EA]; 298 K; pH 7.4.

Concentration of nano-[Cu2-(DIP)2-EA] α-Helical % (208 nm)

0.00 £ 10¡9 M 66.43 ± 0.232
2.48 £ 10¡9 M 62.58 ± 0.204
4.95 £ 10¡9 M 61.31 ± 0.112
7.41 £ 10¡9 M 55.85 ± 0.147
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2.10. Data preparation and transformation procedures

2.10.1. UV–vis spectrophotometry
The absorbance data obtained from the UV–Vis spectrophotometer were directly utilized for analysis. Data preparation involved 

recording absorbance values at varying concentrations of nano-[Cu2-(DIP)2-EA] relative to HSA.

Fig. 11. The nano-[Cu2-(DIP)2-EA] impact in the warfarin-albumin fluorescence into phosphate buffer, excitation = 295 nm [Albumin] = 2.9 ×
10− 6 M, [site tracer] = 2.8 × 10− 5 M and [nano-[Cu2-(DIP)2-EA]]: (0.00, 4.71 × 10− 7 to 8.22 × 10− 5 M); pH 7.4; 298 K.

Fig. 12. The CD bands of the serum protein in the non-existence and existence of the nano-[Cu2-(DIP)2-EA]; [protein] = 4.97 × 10− 7 M, [nano-[Cu2- 
(DIP)2-EA]] = 0.00, 2.48, 4.95, and 7.41 × 10− 9 M; 298K; pH 7.4.
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2.10.2. Fluorescence spectroscopy
Data preparation included acquiring fluorescence spectra at different temperatures and wavelengths, as well as various concen

trations of nano-[Cu2-(DIP)2-EA] and HSA. Additionally, evaluations of displacement were conducted using specific site markers. 
Fluorescence intensities were corrected for factors such as the absorption of the excitation light beam and the re-absorption of emitted 
light using a designated equation (Eq. (1)).

2.10.3. Circular dichroism (CD) Spectropolarimetry
The data preparation for CD involved collecting spectra at different wavelengths and protein concentrations. The data were 

subsequently converted to mean residual ellipticity utilizing equation (Eq. (7)). Furthermore, the percentage of α-helix content in HSA 
was calculated based on equation (Eq. (8)), particularly at 208 nm.

2.10.4. Molecular docking
The molecular docking data preparation process entailed acquiring the necessary files for docking. The crystalline form of the 

protein was sourced from the Protein Data Bank (PDB ID: 7VR0), while the ligand (nano-[Cu2-(DIP)2-EA]) and receptor (HSA) files 
were generated using AutoDock Tools. Specific parameters for the grid box, such as dimensions and grid spacing, were established for 
the docking procedure. The Lamarckian genetic algorithm was employed to define the docking parameters, while default settings were 
maintained for all other factors. Finally, the docked poses were visualized using BIOVIA Discovery Studio Visualizer 2021.

2.11. Information on the software and versions used for analysis

2.11.1. UV–vis spectrophotometry
UVWin 5.0.

Fig. 13. Structure of HSA and nano-[Cu2-(DIP)2-EA], illustrating domain IIA and the subdomain of the interaction site I.

Table 6 
Docking outcomes for the nano-[Cu2-(DIP)2-EA]-HSA pattern.

mode Affinity kcal/mol dist from rmsd l.b. best mode rmsd u.b.

1 − 10.9 0.000 0.000
2 − 10.1 4.843 15.367
3 − 9.6 4.715 7.235
4 − 9.6 2.597 16.049
5 − 9.4 4.361 17.182
6 − 9.1 2.659 2.620
7 − 8.5 2.158 18.971
8 − 8.5 3.479 16.283
9 − 8.5 4.607 6.524
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2.11.2. Fluorescence spectroscopy
Spectra Manager II Version 2.2.

2.11.3. Circular dichroism (CD) Spectropolarimetry
JASCO 32-bit Spectra Manager.

2.11.4. Molecular docking
Software previously mentioned.

3. Results and discussion

In this study, we primarily focused on the free concentrations of the nano-[Cu₂-(DIP)₂-EA] interacting with HSA. This focus aligns 
with our hypothesis regarding the effects of these free species on binding dynamics with HSA, allowing us to elucidate the pharma
cokinetic implications of these interactions. While we acknowledge that the bound concentrations are significant, we plan to explore 
this aspect in future studies for a more comprehensive perception of the interactions at play.

3.1. Assessment of nano-[Cu2-(DIP)2-EA]-HSA interaction in the UV–vis region

The interaction between biomolecules and small molecules, including ligands, often induces significant alterations in UV–visible 
absorption profiles, indicative of complex formation [41]. UV–visible absorption spectroscopy is a widely utilized technique for 
investigating structural modifications and the formation of complexes involving biomacromolecules, such as transport proteins like 
(HSA), along with other molecules [42,43]. This method is particularly favored due to the capability of aromatic amino acid residues 
within protein structures to absorb ultraviolet light [43]. Consequently, UV–visible spectroscopy can be regarded as a straightforward 
yet powerful approach for examining the structural changes that occur when the substances under investigation interact to form 
complexes with HSA [44].

In the UV–visible spectrum of HSA solutions, distinct absorbance peaks are observed at approximately 210 nm and within the range 
of 275–280 nm, corresponding to π→π* and n→π* transitions, respectively. The absorbance peak at 210 nm is primarily associated 
with the carbonyl groups present in the peptide bonds of the protein. In contrast, the absorbance between 275 and 280 nm is attributed 
to the presence of aromatic amino acid residues, including tryptophan (Trp), tyrosine (Tyr), and phenylalanine (Phe). These transitions 
mirror the inherent structural characteristics of HSA and provide nuanced insights into its biochemical properties [42,43,45,46]. 
Conformational alterations in the HSA structure are closely linked to the polarity of the microenvironments surrounding amino acid 
residues, backed by shifts in emission or alterations in the absorption characteristics of these residues [47]. The interaction mecha
nisms between small compounds and biomacromolecules can be categorized as dynamic or static. Dynamic interactions primarily 
influence the excited state of fluorophores without modifying the absorption spectrum, whereas static interactions result in observable 
changes in absorption characteristics due to the formation of stable complexes [42,46].

To investigate the interaction between HSA and nano-[Cu2-(DIP)2-EA], the absorption band in the range of 275–280 nm was 
selected. Remarkably, the albumin absorption peak at 278 nm progressively increased upon the addition of nano-[Cu2-(DIP)2-EA], as 
illustrated in Fig. 2. The observed hyperchromism and accompanying wavelength shift suggest a robust interaction between nano- 
[Cu2-(DIP)2-EA] and the hydrophobic regions of the protein. These spectral changes imply modifications in hydrophobicity, resultant 
from variations in the polarity surrounding the tryptophan residue. Our appraisals signal that the interaction with nano-[Cu2-(DIP)2- 
EA] induces conformational changes and structural adjustments in the HSA molecule, substantiated by the increased absorbance at 
278 nm and the consequent exposure of chromophores responsible for absorption at these wavelengths. These alterations likely arise 
from changes in the local microenvironment surrounding the aromatic residues, along with partial unfolding of the HSA backbone. 
Furthermore, the binding of nano-[Cu2-(DIP)2-EA] to HSA appears to proceed via a static quenching mechanism, with minimal 
perturbation of the microenvironment surrounding the albumin crystallized aromatic amino acid residues [41,42,44,46,48].

The hyperchromism observed in the interaction between nano-[Cu2-(DIP)2-EA] and HSA is consistent with outcomes derived from 
multiple studies in the literature. For instance, Liu et al. [49] reported increased absorbance at similar wavelengths connected with the 
binding of a binuclear Cu(II) complex to bovine serum albumin (BSA), reflecting consistent spectroscopic behavior. Additionally, Peng 
et al. [50] underscored hyperchromic effects in HSA linked to the binding of various metal complexes, including a Cu(II) complex 
containing 1,10-phenanthroline ligands, paralleling our observations in the present study. Moreover, Inci et al. [51] detailed the 
occurrence of static mechanisms and hyperchromic effects in the interaction of two synthesized Cu(II) complexes containing 1, 
10-bathophenanthroline ligands with HSA/BSA. Similar results were also reported by Yilmaz et al. [52].

3.2. Fluorimetric investigations of HSA with nano-[Cu2-(DIP)2-EA]

Steady-state spectrofluorimetry is a broadly adopted technique for elucidating the binding characteristics between bio
macromolecules and various compounds [42]. Fluorescence arises from photon emission as an electron transitions from a 
higher-energy orbital to a lower-energy orbital [48]. This spectroscopic approach is specifically effective in studying protein in
teractions, owing to the intrinsic fluorescence properties of certain amino acids, especially tryptophan and tyrosine, when incorporated 
into protein structures. Within the context of HSA, tryptophan, located in subdomain IIA, serves as the predominant contributor to 
fluorescence emission, while the role of tyrosine is comparatively minor. Both amino acids exhibit fluorescence emission at 315 nm and 
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340 nm, respectively, upon excitation at 280 nm; however, tryptophan emission can be distinctly observed by exciting HSA at 295 nm 
[41,42,44,46,48,53,54]. Consequently, tryptophan is frequently employed as a fluorescent probe to explore the interaction dynamics 
between HSA and various ligands [43]. The binding of a drug or ligand to HSA can induce alterations or quenching of its fluorescence 
features, propelled by changes in the microenvironment surrounding the fluorescent residue [46,48]. Therefore, spectrofluorimetry 
was chosen to examine the nature of the nano-[Cu2-(DIP)2-EA]-HSA interaction due to its simplicity, accuracy, and reliability [46].

The fluorescence emission spectra of albumin at pH 7.4 under varying concentrations of nano-[Cu2-(DIP)2-EA] at 285, 290, and 
298 K are illustrated in Fig. 3A. The intrinsic fluorescence of albumin is characterized by a pronounced peak at approximately 350 nm. 
While the microenvironment of tryptophan remains predominantly stable, there is a consistent reduction in fluorescence intensity with 
increasing concentrations of nano-[Cu2-(DIP)2-EA], accompanied by no significant shifts in the emission peak. This observation de
notes that nano-[Cu2-(DIP)2-EA] binds to albumin, leading to a decrease in its intrinsic fluorescence intensity. Fig. 3B displays the 
emission spectrum of nano-[Cu2-(DIP)2-EA], showing a maximum at λmax = 460 nm when excited at 363 nm.

In fluorescence quenching studies, researchers typically focus on two primary mechanisms: static quenching, which involves the 
formation of a non-emissive ground-state complex, and dynamic quenching, which occurs when the fluorophore and quencher collide 
in the excited state. Fluorescence quenching is significantly influenced by temperature, facilitating the assessment of the dominant 
quenching mechanism. In the case of static quenching, the Stern-Volmer constant (KSV) values decrease with increasing temperature, 
while the opposite trend is observed for dynamic quenching. The maximum quenching constant in dynamic scenarios involving 
biomolecules and quenchers averages around 10− 10 M− 1s− 1 [55]. As shown in Fig. 4, the plots derived from the Stern-Volmer equation 
for albumin in the presence of escalating concentrations of nano-[Cu2-(DIP)2-EA] at various temperatures reveal a linear correlation. 
This finding suggests that the interaction between albumin and nano-[Cu2-(DIP)2-EA] is chiefly directed by a static quenching 
mechanism. By analyzing the slope in the regression plot of F0/F versus [Q], the quenching constants (Kq) and KSV values were 
calculated (Table 1). The data in Table 1 validate that with rising temperatures, both KSV and Kq values experience a decline. In 
addition, the computed Kq values exceed 10− 10 M− 1s− 1, confirming that the quenching process of albumin by nano-[Cu2-(DIP)2-EA] is 
indeed static. To derive the binding constant (Kb) and the number of binding sites (n) for small ligands bound to a protein, a double 
logarithmic analysis can be employed (Eq. (3)). The plot of log (F0-F)/F against log [Q] at four distinguished temperatures (Fig. 5) 
demonstrates a linear relationship, with the slope corresponding to the number of binding sites (n) and the intercept suggestive of the 
binding constant (Kb). Table 2 summarizes these findings, illustrating the binding affinity of nano-[Cu2-(DIP)2-EA] to albumin and the 
presence of a singular binding site. The data in Table 2 uncover that the binding constant for the nano-[Cu2-(DIP)2-EA]-albumin 
complex decreases with rising temperature, suggesting a reduction in system stability associated with increased temperature [56]. In 
essence, the fluorescence quenching of albumin by nano-[Cu2-(DIP)2-EA] across multiple temperatures detects that the stability of the 
HSA-nano-[Cu2-(DIP)2-EA] complex is inversely influenced by temperature. This observation further substantiates the notion that 
nano-[Cu2-(DIP)2-EA] induces static quenching of albumin, in agreement with the existing literature [57–60].

Thermodynamic assays constitute a classic methodology employed to elucidate the forces influencing protein-ligand interactions, 
as proposed by Ross [61]. These experiments utilize thermodynamic parameters (ΔG, ΔS, and ΔH) to evaluate the interactions that 
transpire between small molecules and larger biological macromolecules. The forces involved commonly encompass hydrophobic 
interactions (ΔH > 0, ΔS > 0), electrostatic forces (ΔH < 0, ΔS > 0), van der Waals interactions, and hydrogen bonding (ΔS < 0, ΔH <
0), all of which are regarded as weak interactions. A negative ΔG signals the spontaneity of the interaction process [56,61–63]. The 
thermodynamic parameters, outlined in Table 3 and depicted in Fig. 6, were calculated using equations (Eqs. (4) and (5)). The negative 
values for ΔG, ΔS, and ΔH imply that the binding of nano-[Cu2-(DIP)2-EA] to the protein occurs spontaneously, with van der Waals 
forces and hydrogen bonding identified as the primary driving mechanisms in this interaction [38,64,65]. When comparing these 
results with appraisals documented in the literature [59,66–68], it is evident that the interaction of various copper complexes with 
serum albumin proteins is significantly affected by van der Waals forces and hydrogen bonds.

The highly negative ΔH value marks a highly favorable interaction between HSA and nano-[Cu2-(DIP)2-EA], attributable to robust 
binding forces, potential cooperative effects, beneficial changes in entropy, and precise measurement methodologies. Collectively, 
these factors likely contribute to the substantial heat release observed during the interaction. In the studies conducted by Shiri et al. 
and Shahabadi et al., ΔH values were reported as − 304.6 kJ mol− 1 and -167.768 kJ mol− 1, respectively [69,70].

The examination of lifetime measurements aims to further clarify the quenching mechanism at play. Given its inherent sensitivity to 
interactions within the excited state, fluorescence lifetime measurements have long been recognized as a valuable tool for investigating 
the microenvironment surrounding fluorophores [36]. So, to deepen the cognition of the fluorescence quenching mechanism in the 
HSA-nano-[Cu2-(DIP)2-EA] complex, time-resolved fluorescence measurements were conducted both in the absence and presence of 
varying concentrations of nano-[Cu2-(DIP)2-EA], corresponding to those utilized in the steady-state fluorescence analysis (Fig. 7) [27]. 
Fig. 8 A presents a comparative analysis of Stern-Volmer plots for F0/F and τ0/τ at ambient temperature alongside the time-resolved 
parameters. By applying equations (Eqs. (6)–(8)) and constructing the relevant plots, we determined the static and dynamic quenching 
constants, KD = 7.214 × 103 M− 1 and KS = 9.2788 × 104 M− 1, respectively. The results signifies that the static quenching constant 
surpasses the dynamic quenching constant (Fig. 8B), implying that static quenching predominates over dynamic quenching [35]. 
Moreover, the fluorescence lifetimes for HSA remained relatively stable in the presence of nano-[Cu2-(DIP)2-EA]. The Stern-Volmer 
plots for both fluorescence intensities (F0/F) and lifetimes (τ0/τ) exhibited linearity, with τ0/τ approximately equal to one (Fig. 8). 
These observations suggest that the quenching process primarily operates via a static mechanism, thereby corroborating the results 
obtained from the steady-state fluorescence measurements [26,27,71,72].

Job’s graph evaluation was undertaken to validate the binding affinity of the nano-[Cu2-(DIP)2-EA]-HSA adduct. The outcomes 
provided evidence that the fluorescence intensity peaked at a mole fraction of 0.5 for nano-[Cu2-(DIP)2-EA], implying a 1:1 stoichi
ometry complexation for nano-[Cu2-(DIP)2-EA] with HSA. During the experiment, fluorescence emission bands were recorded for a 
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range of solutions at 298 K, with varying concentrations of HSA and nano-[Cu2-(DIP)2-EA] while maintaining a constant total con
centration (5.0 × 10− 6 M). Plotting the fluorescence intensity variations (ΔF) versus the mole fraction of nano-[Cu2-(DIP)2-EA] was 
done and the Job’s plot breakpoint ascertained the binding stoichiometry of nano-[Cu2-(DIP)2-EA]-HSA. The binding ratio of 1:1 was 
specified with the help of the equation (Eq. (9)). Fig. 9 makes prominent a clear break in the fluorescence intensity at the mole fraction 
= 0.5, reflecting a 1:1 stoichiometric ratio on the nano-[Cu2-(DIP)2-EA]-HSA compound. Therefore, it can be concluded that only one 
of HSA’s binding sites gets utilized by nano-[Cu2-(DIP)2-EA] to bind to it [73,74].

Ligand sites 1 and 2, which are the chief binding sites in albumin for drugs found in subdomains IIA and IIIA, respectively, were 
previously introduced. Ibuprofen binding to ligand site 2 and warfarin binding to ligand site 1 were reported by Ghuman and col
leagues. Competitive emission studies were conducted making use of warfarin as a tracer for drug site 1 and ibuprofen as a tracer for 
drug site 2, bearing in mind the known drug-binding sites. These tracers were deployed to explore the fluorescence quenching of 
albumin via nano-[Cu2-(DIP)2-EA], with the corresponding spectra presented in Figs. 10 and 11. The existence of warfarin significantly 
reduces the binding constant (Table 4). This decrease is attributed to the competition between nano-[Cu2-(DIP)2-EA] and warfarin for 
the identical binding site, leading to a lower affinity for the latter. The concentration of ibuprofen, on the other hand, has minimal 
impact on the HSA binding and nano-[Cu2-(DIP)2-EA] as shown in Table 4. These results offer that ibuprofen does not affect the nano- 
[Cu2-(DIP)2-EA]-protein binding, proposing that the binding site of nano-[Cu2-(DIP)2-EA] within the protein corresponds to the site 
where warfarin binds, known as drug site 1 [41,59,65,75]. Literature confirms that other copper complexes and coordination com
pounds may interact with albumin proteins at site I, as revealed by warfarin tracer [59,69,76,77].

3.3. Circular dichroism analysis

The circular dichroism (CD) technique is based on chirality and provides a clarification of the overall conformation and 
arrangement of a system [78]. Upon examination of the CD spectra, two conspicuous negative peaks are observed at approximately 
208 nm and 222 nm. These peaks arise from specific transitions of π→π* and n→π*, respectively, which are attributed to the peptide 
bonds found in native α-helical proteins [47,79–81].

To assay any changes in the conformation of HSA elicited by nano-[Cu2-(DIP)2-EA], the CD bands of HSA were analyzed both in the 
presence and absence of this compound. Mean residual ellipticity (MRE) at 208 nm and the α-helical content of the albumin were 
calculated using equations (Eqs. (10) and (11)). The analysis presented in Fig. 12 entails that HSA mainly adopts an α-helical 
conformation, backed by the most negative values at 208 nm and 222 nm. Although the negative ellipticities at these wavelengths 
remained following the addition of nano-[Cu2-(DIP)2-EA] to HSA, the intensity of the spectra diminished, suggesting a reduction in 
α-helical content. Specifically, the protein exhibits a 66.43 % α-helical structure, which decreases to 55.85 % upon the introduction of 
nano-[Cu2-(DIP)2-EA] (Table 5).

In summary, the impact of nano-[Cu2-(DIP)2-EA] on HSA designates an interaction with the protein, leading to alterations in the 
secondary structure of albumin through a decrease in the helical percentage, while overall stability of the α-helix is maintained. 
Moreover, the discoveries of this study conform to literature reports on other copper complexes [82–85].

Fig. 14. Close-up view of the amino acids in proximity to nano-[Cu2-(DIP)2-EA].
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3.4. Simulations of molecular docking theory

Molecular modeling theory provides a powerful framework for apprehension the interactions between small molecules and 
macromolecules. Molecular docking visualization is primarily utilized to model the binding modes of molecules and evaluate the 
interaction energy [86]. In this study, the interaction mode of nano-[Cu2-(DIP)2-EA] with serum albumin was predicted through 
docking simulation analysis. The research indicates that the Sudlow I/IIA site—a well-characterized binding site for drugs and metal 
complexes—is where nano-[Cu2-(DIP)2-EA] associates with HSA (Fig. 13). This selected docking position aligns with the region 
characteristically occupied by warfarin (I-IIA). A detailed exploration of the interactions between adjacent amino acids at the binding 
site and nano-[Cu2-(DIP)2-EA] was conducted to verify the proposed binding mode (Fig. 14). The analysis discloses that the HZ1 atom 
of amino acid Lys 212 forms a hydrogen bond measuring 2.97 Å with the oxygen atom from the carbonyl group of the Cu(II) complex. 
Furthermore, a second hydrogen bond of 2.18 Å in length is established between the HZ2 atom of the same amino acid and the oxygen 
atom adjacent to the Cu(II) complex’s carbonyl group (Fig. 15). According to Table 6, the scoring function predicts an affinity of 
approximately − 10.9 kcal/mol with an RMSD of 0, suggesting a good correlation between the predicted binding mode and experi
mental results. These conclusions are consistent with thermodynamic studies conducted in the experimental section (ΔH < 0, ΔS < 0, 
and ΔG < 0).

4. Conclusion

This study elucidates the interactions between nano-[Cu2-(DIP)2-EA] and HSA through a comprehensive approach, utilizing 
fluorescence quenching, UV–visible absorption analysis, and molecular docking calculations. The significant increase in HSA ab
sorption peaks upon successive additions of nano-[Cu2-(DIP)2-EA] provides strong evidence for molecular binding. The interaction 
mechanism was identified as the formation of a static complex based on time-resolved fluorescence decay analysis and the temperature 
dependence of the computed Ksv and Kq values. A robust binding affinity (Kb = 0.33 × 10− 6 M) was determined for the interaction 
system, alongside a binding stoichiometry of 1:1. Thermodynamic analyses suggest that hydrogen bonds and van der Waals forces 
overwhelmingly govern the spontaneous and exothermic binding of nano-[Cu2-(DIP)2-EA] to the protein. The binding of nano-[Cu2- 
(DIP)2-EA] to the HSA site 1/IIA was confirmed through site marker displacement studies. Additionally, the minor perturbation in 
HSA’s secondary structure following interaction with nano-[Cu2-(DIP)2-EA], as shown by a reduction in α-helical content, highlights 
the minimal structural changes associated with the binding event. Overall, the findings, supported by molecular docking simulations, 
provide an in-depth knowledge of the specific binding site (1/IIA) on HSA and illuminate the molecular mechanisms underlying the 
nano-[Cu2-(DIP)2-EA]-HSA interaction.
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Fig. 15. H-bond interactions between nano-[Cu2-(DIP)2-EA] and amino acid Lys 212.
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