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Abstract 

The thermodynamic and kinetic behavior of green-synthesized 

silver nanoparticles (AgNPs) interacting with bovine serum 

albumin (BSA) was studied using UV–Visible spectroscopy and 

conductivity techniques. AgNPs prepared from Azadirachta indica 

leaf extract showed a surface plasmon resonance (SPR) band at 

430 nm. Binding constants (K) were measured at five temperatures 

(298–318 K). Van't Hoff analysis provided ΔH and ΔS, while ΔG 

was evaluated at each temperature. The interaction is spontaneous 

(ΔG < 0) and shows an endothermic signature from the derived 

ΔH. Conductivity and UV–Visible spectroscopy (not shown) 

support complex formation and changes in protein environment 

upon binding. We investigated how temperature affects the binding 

between the molecules. Our examination of the thermodynamic 

data verified that the contact is endothermic—that is, it takes in 

heat from its environment—and occurs spontaneously.  We also 

kept an eye on electrical conductivity variations.  Complex 

formation was confirmed by conductivity studies. 
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Introduction  

Nanoparticle–protein interactions are critical in 

nanobiotechnology, influencing distribution, stability, and 

bioactivity (Hazra et al., 2025). Silver nanoparticles (AgNPs) are 

widely studied for their optical, catalytic, and antimicrobial 

properties (Jaiswal et al., 2022). Bovine serum albumin (BSA) 

serves as a model protein due to its structural similarity to human 

serum albumin and well-characterized binding properties (Kandiah 

& Chandrasekhar, 2021). 

Thermodynamic and kinetic studies provide insights into 

spontaneity, enthalpic, and entropic contributions of AgNP–

protein interactions (Llusco et al., 2020; Pedroso et al., 2022; Tian 

et al., 2022). Protein adsorption may alter conformation, affecting 

nanoparticle stability and bioactivity (Kiarashi & Yasamineh, 

2024). UV–Vis spectroscopy and conductivity measurements are 

effective tools to study these interactions (Yu et al., 2022; 

Ebrahimi et al., 2023). 

This study investigates the binding of green-synthesized AgNPs 

with BSA. With the help of Van’t Hoff plots, thermodynamic 

parameters (ΔH, ΔS, ΔG) were derived, and kinetic parameters 

were evaluated using pseudo-first-order analysis (Talabani et al., 

2021; Omer et al., 2022; Svobodova-Sedlackova et al., 2022; de 

Carvalho-Silva et al., 2023; Wirwis & Sadowski, 2023; Hermanto 

et al., 2024; Mansoor et al., 2024). 

Materials and Methods 

Silver nitrate (AgNO3), BSA, and neem leaves were used. Neem 

extract was obtained by boiling 10 g of dried leaves in 100 mL of 

distilled water. 1 mM AgNO3 solution was mixed with the extract 

(1:1) at 40°C, producing a brown color indicative of AgNP 

formation. 

UV–Vis spectra were recorded from 300–700 nm (formation was 

confirmed by SPR at ~430 nm). Conductivity was measured using 

a digital conductivity meter. BSA (1×10⁻⁴ M) was titrated with 

AgNPs at temperatures 25–55°C. The binding constants (K) were 

determined using the Benesi–Hildebrand equation, while the 

thermodynamic parameters were derived from van’t Hoff analysis. 

Conductivity measurements were performed using a properly 

calibrated conductivity meter. The thermodynamic parameters 

were further evaluated through linear regression of the van’t Hoff 

plots (ln K versus 1/T).  

Results and Discussion 

UV–Visible Spectroscopy 

The surface plasmon resonance (SPR) band observed at 430 nm is 

a characteristic optical signature confirming the successful 

formation of silver nanoparticles (AgNPs). This spectral band is 

the result of a phenomenon where incoming light energizes the 

free-moving electrons on the nanoparticle's surface, causing them 

to oscillate in a synchronized, wave-like motion. The position and 

intensity of the SPR peak depend on particle size, shape, and the 

surrounding dielectric environment. A distinct red shift in the SPR 

peak upon the addition of bovine serum albumin (BSA) indicates 

a change in the local refractive index around the AgNPs. This 

spectral shift provides clear evidence of BSA adsorption onto the 

nanoparticle surface, leading to the formation of AgNP–BSA 

complexes. The protein molecules interact with AgNPs through 

electrolyte. 
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Figure 1. UV–Visible absorption spectrum of AgNP–BSA 

complex. 

 

The SPR band at 430 nm confirmed AgNP formation. A red shift 

upon BSA addition indicated nanoparticle–protein complex 

formation.  

Conductivity Study 

The electrical conductivity of a solution generally increases with 

temperature due to enhanced ionic mobility. As the temperature 

rises, the viscosity of the solvent decreases, allowing ions to move 

more freely and carry charge efficiently. In systems containing 

bovine serum albumin (BSA) and silver nanoparticles (AgNPs), 

this temperature-dependent conductivity reflects both ionic and 

colloidal interactions. The diffusion of ions over the surfaces of 

nanoparticles is facilitated by the higher temperature-induced 

increase in kinetic energy.  As a result, interparticle resistance 

decreases and the electrostatic double layer around AgNPs 

becomes more dynamic. BSA molecules, acting as stabilizing 

agents, adsorb onto the AgNP surfaces through electrostatic and 

hydrophobic interactions. This adsorption modifies the surface 

charge distribution, influencing the zeta potential and ionic 

conduction pathway. Elevated temperature may induce 

conformational changes in BSA, altering its binding affinity to 

AgNPs. Such changes can enhance charge transfer between the 

protein corona and the nanoparticle surface. The overall result is 

an increase in conductivity due to improved ion transport and 

interfacial electron exchange. This temperature-driven 

enhancement demonstrates the coupling between protein–

nanoparticle interactions and electrochemical behavior (Rudayni et 

al., 2022; Spirito et al., 2022; Sugimori et al., 2022; Bulusu & 

Cleary, 2023; Dorn et al., 2024; Mao et al., 2024). 

 
Figure 2. Conductivity variation with temperature for AgNP–

BSA complex. 

Conductivity increased with temperature, suggesting enhanced ion 

mobility and electrostatic interaction between BSA and AgNPs. 

Different Thermodynamic Parameters 

Table 1. Data on Binding constants and Change in Gibbs free 

energy at various temperatures 

Temperature 

(K) 

Binding Constant K 

(M⁻¹) 
ln K 

ΔG 

(kJ/mol) 

298 25,000 10.127 -25.091 

303 32,000 10.373 -26.134 

308 41,000 10.621 -27.200 

313 50,000 10.820 -28.158 

318 60,000 11.002 -29.090 

Van't Hoff analysis (linear regression of ln K vs 1/T) yields: 

ΔH = 34.66 kJ mol⁻¹ 

ΔS = 200.64 J mol⁻¹ K⁻¹ 

Thermodynamic Study at Different Temperatures 

 
Figure 3. Van't Hoff plot (ln K vs 1/T). 

 

 
Figure 4. ΔG vs Temperature plot. 

 

The positive enthalpy change (ΔH = 34.66 kJ mol⁻¹) shows that the 

binding process is endothermic. The positive entropy value (ΔS = 

200.64 J mol⁻¹ K⁻¹) indicates an increase in disorder during 

binding, likely caused by the release of water molecules from the 

surface of the nanoparticles or the protein. The negative ΔG values 

at all temperatures confirm that the binding occurs spontaneously. 
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Overall, these thermodynamic results suggest that hydrophobic 

interactions play a major role in the binding process.  

Conclusion 

By measuring how strongly silver nanoparticles (AgNPs) bind to 

BSA at various temperatures, we determined the key 

thermodynamic forces at play. Our analysis revealed that the 

binding is spontaneous, with ΔH, ΔS, and ΔG values characteristic 

of an interaction governed by hydrophobic effects. The 

accompanying plots provide a graphical summary of these 

calculations. BSA binds spontaneously to green-synthesized 

AgNPs via hydrophobic and electrostatic interactions. UV–Vis and 

conductivity studies confirm stable AgNP–BSA complex 

formation, relevant for biomedical and nanotherapeutic 

applications. 

The present study demonstrates a successful investigation of the 

thermodynamic and kinetic behavior of biosynthesized silver 

nanoparticles (AgNPs) interacting with bovine serum albumin 

(BSA). UV–Visible spectroscopy confirmed AgNP formation 

through a distinct surface plasmon resonance (SPR) band around 

430 nm.  A red shift and peak broadening upon BSA addition 

indicated stable nanoparticle–protein complex formation. 

Conductivity measurements revealed enhanced ionic mobility and 

electrostatic stabilization in the AgNP–BSA system. The binding 

constant increased with temperature, suggesting an endothermic 

and spontaneous interaction. The thermodynamic study showed 

positive ΔH and ΔS values, meaning that hydrophobic and 

electrostatic forces mainly drive the interaction. The negative ΔG 

values at all temperatures confirm that the binding between AgNPs 

and BSA happens spontaneously. The Van’t Hoff plot exhibited 

linearity, validating the equilibrium nature of the binding process. 

The kinetic data supported a pseudo-first-order mechanism 

consistent with controlled diffusion and surface adsorption. The 

stability of the AgNP–BSA complex enhances the potential 

biocompatibility of silver nanoparticles. Such interactions are 

crucial for understanding nanoparticle behavior in biological 

systems and drug delivery contexts (Ruchin et al., 2022; 

Kiedrowicz et al., 2023; Kulkarni et al., 2023; AlShammasi et al., 

2024; Ravoori et al., 2024). 

Overall, the combined UV–Visible and conductivity approaches 

provided complementary insights into the thermodynamic stability 

and kinetic control of AgNP–BSA conjugation. 
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