


Thermodynamic and kinetic elucidation of the biogenic capping mechanism: evidence of ordered self-assembly in Gongronema latifolium-silver nanoparticles

​Abstract
While our previous research established the exceptional in vivo safety (LD50 > 5000 mg/kg) and antimalarial efficacy of Gongronema latifolium-synthesized silver nanoparticles (AgNPs), and subsequently identified Sarsasapogenin and Cinchonidine as primary molecular stabilizers via Density Functional Theory (DFT), the precise physical chemistry governing this “Safety Shield” formation remained unexplored. This third study in the series experimentally elucidates the energy landscape and self-assembly mechanism of these biogenic caps by monitoring the reduction of Ag+ under pseudo-first-order conditions across a temperature range of 303–333 K. Kinetic analysis revealed a surface-controlled process, while Eyring analysis yielded significantly negative entropy of activation. This thermodynamic signature provides physical evidence for an associative mechanism, suggesting that the rate-determining step involves the formation of a highly ordered, sterically constrained "biopolymer cage" around the silver nuclei. These findings experimentally validate the "Safety Shield" model for biocompatible nanotherapeutics reported in our previous DFT studies.
​Keywords: Green Synthesis; Kinetics; Thermodynamics; Activation Entropy; Gongronema latifolium; Nanoparticle Stability; Nanomedicine.


​
1. Introduction
​The paradigm of green nanotechnology has shifted from a novelty to a viable frontier in nanomedicine, offering a sustainable alternative to the toxic reagents inherent in chemical synthesis 1 – 4. Among the diverse biogenic precursors, silver nanoparticles (AgNPs) synthesized from medicinal plant extracts have garnered significant attention for their potent antimicrobial and antiparasitic properties 6 – 11. However, a persistent critique of this field remains the "black box" nature of the synthesis; while biological outcomes are frequently reported, the precise physicochemical mechanisms governing the simultaneous reduction and stabilization (capping) of the metal core remain obscured 12.
​This mechanical opacity is often rooted in the chemical complexity of the plant extracts used 5. Recent investigations into other botanical species, such as Cola hispida, have underscored the necessity of integrative analytical approaches—combining molecular and chromatographic characterization—to accurately identify the bioactive compounds that may interact with metallic precursors 13. Furthermore, the architecture of the resulting nanomaterial is heavily dictated by precursor chemistry. As demonstrated in the synthesis of zinc oxide nanoparticles, the specific choice of metallic salts and the resulting ionic environment significantly influence nucleation, growth kinetics, and final morphology 11, 14 – 15. Consequently, without a rigorous elucidation of this assembly kinetics, the correlation between engineered surface chemistry and the observed biological safety profile remains speculative rather than empirical.
​Our research group has systematically addressed this gap through a phased investigation of Gongronema latifolium-mediated AgNPs. In our initial empirical study 12, we challenged the prevailing view that the organic capping layer is merely an inert by-product. Through comprehensive multi-modal characterization, we observed a critical discrepancy between the crystallite size (XRD/TEM) and the hydrodynamic diameter (DLS), pointing to the existence of a thick, protective "biopolymer matrix" encapsulating the silver core. We hypothesized that this extensive passivation layer was the critical determinant responsible for the nanoparticle's favourable safety profile  and the significant suppression of Plasmodium berghei parasitemia. We proposed that this matrix facilitated a "Trojan Horse" endocytic uptake mechanism while mitigating the direct metallic toxicity typically associated with bare silver.
​Building upon this macroscopic "Safety Shield" hypothesis, our subsequent work 16, employed a computational framework to de-convolute the molecular identity of this passivation layer. Utilizing Density Functional Theory (DFT) and MM-GBSA calculations, we interrogated the specific phytochemical constituents of the G. latifolium extract. This theoretical analysis provided a molecular resolution to our earlier experimental observations, identifying Sarsasapogenin as a rigid, chemically inert steric stabilizer—explaining the masking of metallic signals observed in our XRD data. Concurrently, Cinchonidine was identified as the bioactive lead, predicted to target Plasmodium falciparum Dihydrofolate Reductase (PfDHFR). These computational findings effectively bridged the gap between our murine safety signals and a plausible human therapeutic mechanism.
​However, a critical question remains: Does the physical formation of these nanoparticles actually follow the orderly, rigid assembly predicted by our computational models? While DFT predicts a stable, structured shell, it does not account for the chaotic kinetic environment of a boiling aqueous extract 16. If the formation process is merely a random, diffusion-controlled collision of ligands, the "ordered shell" model may be an oversimplification. Conversely, if the synthesis is thermodynamically driven toward highly ordered state, experimental evidence should exist in the form of specific activation parameters 17.
​Therefore, this present study serves as the third pillar of our investigation—the physicochemical validation. By experimentally elucidating the kinetics and thermodynamics of the G. latifolium-mediated synthesis, we seek to define the energy landscape of the capping process. Specifically, we investigated whether the formation of the capping layer is a disordered event or—as our DFT model suggests—an associative, entropically ordered self-assembly. This study thus connects the in vivo safety observed in Phase I 12 and the molecular predictions of Phase II 16 with hard physicochemical proof of the formation mechanism.
2. Materials and Methods
​ ​2.1 Materials
Silver nitrate (AgNO3, analytical grade) by Sigma-Aldrich (St. Louis, MO, USA) was purchased from Cobbler & Farmer Ltd. Fresh leaves of Gongronema latifolium were harvested from the School’s botanical garden and authenticated at the Department of Pharmacognosy, Faculty of Pharmaceutical Sciences, Enugu State University of Science and Technology, and processed into a crude aqueous extract following standard protocols 11.
​2.2 Experimental Design for Pseudo-First-Order Conditions
To ensure the reaction kinetics were dependent solely on the unreduced silver fraction (and not limited by extract concentration), a high ratio of extract to precursor was maintained. 10 mL of Gongronema latifolium aqueous extract was reacted with 90 mL of 1 mM AgNO3 (1:9 v/v). For thermal Control, it was ensured that spectral changes were due to SPR generation and not phytochemical degradation; hence, a "blank" control (extract + deionized water) was heated to 60°C for 60 minutes and monitored at 430 nm. For stability, the pH of the reaction mixture was monitored at 30°C and 60°C using a calibrated PH-3SC pH metre to ensure thermal variations did not induce significant protonation/deprotonation events 18 – 21.
​2.3 Kinetic and Morphological Monitoring
The synthesis was conducted in a temperature-controlled water bath at 30, 40, 50, and 60°C. Aliquots (2 mL) were withdrawn every 5 minutes and analysed using the LABEC D-11 UV-Vis spectrophotometer (Range: 300–700 nm). To confirm that the reaction mechanism remained consistent across the temperature range, the final hydrodynamic diameter of particles synthesized at 30°C and 60°C was measured using Dynamic Light Scattering (DLS) (Malvern Zetasizer Nano ZS).
​2.4 Theoretical Models
The growth of AgNPs was modelled using pseudo-first-order kinetic equation 6 – 11. To simplify the analysis of the complex crude extract, the Ostwald Isolation Method was applied. By maintaining a large stoichiometric excess of the plant extract relative to the silver precursor (1:9 ratio), the concentration of the reducing agents remains effectively constant throughout the reaction. Consequently, the rate depends solely on the available silver ions, allowing the growth kinetics to be modelled using the pseudo-first-order equation 23 – 26:
 
Where  represents the apparent rate constant derived from the slope of the linear plot.
The energy barriers governing this rate were subsequently calculated using the Arrhenius and Eyring equations 18 – 21, 32 to determine the activation energy (Ea), enthalpy  and  of the transition state:
 
 
​3. Results and Discussion
3.1 ​Spectral Evolution and Stability
The formation of AgNPs was tracked by the emergence of a Surface Plasmon Resonance (SPR) band. Figure 1 illustrates the spectral evolution at 50°C. A distinct peak formed at 430 nm, increasing in intensity over 60 minutes. The peak symmetry was maintained without significant red-shifting, indicating the formation of monodisperse particles protected from agglomeration 27 – 30.
Crucially, the thermal control (extract without silver) exhibited negligible absorbance changes (< 0.02 a.u.) at 430 nm upon heating to 60°C. This confirms that the observed kinetics is exclusively attributable to the reduction of Ag+ and nucleation of nanoparticles, rather than the thermal oxidation of phenolic constituents.

​  
Figure 1. UV-Vis spectral evolution of AgNP synthesis at 323 K, showing the steady growth of the SPR peak at 430 nm
​3.2 Reaction Kinetics
The rate of particle formation increased significantly with temperature. Figure 2 displays the growth curves, showing a transition from a slow, sigmoidal growth at 30°C to a rapid exponential rise at 60°C. To quantify the rate, the data was fitted to the pseudo-first-order kinetic model  As shown in Figure 3, the plots exhibited high linearity (R2 > 0.98), confirming that under these conditions, the reaction rate depends linearly on the unreduced silver fraction. While the dependence on extract concentration was not explicitly modelled in this study, the high stoichiometric excess of the reducing agent (1:9 v/v) effectively isolates the silver reduction as the rate-limiting kinetic variance, consistent with established protocols 31.

​  
[bookmark: OLE_LINK2]Figure 2. Time-dependent growth of AgNPs at temperatures ranging from 303 K to 333 K

​​ 
Figure 3. Pseudo-first-order kinetic plots of  versus time. The linearity confirms the reaction order.
3.2 ​Thermodynamic Activation Parameters
Using the rate constants derived from Figure 3, the energy barrier of the reaction was analysed. Figure 4A (Arrhenius Plot) yielded an Activation Energy (Ea) of 55.0 kJ/mol. This value is significantly higher than the activation energy for simple diffusion-controlled processes (< 20 kJ/mol) 32. It suggests a chemically controlled surface reaction, where the rate is limited by the specific interaction between the phytochemical ligands and the silver interface, rather than simple Brownian collision. Furthermore, Figure 4B (Eyring Plot) provided the Enthalpy  and Entropy  of activation as 52.4  (Endothermic) and —104.8  respectively.

​  Figure 4. (A) Arrhenius plot for determining Activation Energy. (B) Eyring plot for determining Enthalpy and Entropy of activation
​3.4 Mechanism: The "Associative Cage" Hypothesis
The negative entropy value  is the defining finding of this study. In the context of the Transition State Theory, a negative entropy change indicates a loss of degrees of freedom. This strongly supports an associative mechanism, where the reactants (silver ions and phytochemicals) form a highly ordered complex in the transition state 33 – 34.
This provides direct physical evidence for an associative mechanism. Unlike simple collision theory where reactants bounce randomly, the data suggests that the bulky ligands identified in our previous computational study (Sarsasapogenin, Cinchonidine) undergo a structural reorientation to form a "supramolecular cage" around the silver nuclei (Figure 5). The negative entropy reflects the thermodynamic "cost" of organizing this bulky Sarsasapogenin lattice. However, this cost pays off in the exceptional stability and safety profile of the final particle, confirming the "Safety Shield" architecture modelled in our previous work 


Figure 5. An Illustration of the schematic associative mechanism of the transition from disordered free ligands to an ordered "Sarsasapogenin Cage" corresponding to the observed negative entropy
To validate that this mechanism holds true across temperatures, DLS analysis was performed on the end-products. As shown in Figure 6, the hydrodynamic diameter remained statistically consistent between 30°C (43.5 ± 2.1 nm) and 60°C (44.1 ± 3.5 nm). This confirms that thermal energy accelerated the reaction rate without altering the fundamental assembly of the biopolymer shell.


Figure 6. Comparative DLS size distribution of AgNPs synthesized at 30°C and 60°C, showing preserved morphological integrity
​4. Conclusion
​This study provides the thermodynamic "missing link" between our computational predictions and the observed stability of Gongronema latifolium-AgNPs. The reaction kinetics confirms a surface-controlled process, while the negative entropy of activation provides physical proof of an ordered, associative assembly. We conclude that the "Safety Shield" mechanism is not a passive outcome but an active, thermodynamically driven self-assembly of phytochemicals, validating the potential of these particles for stable biomedical applications.
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Supplementary Data (For Plotting)
Table 1 Data: Spectral Evolution (50°C Representative)
	Wavelength (nm)
	0 min
	10 min
	20 min
	30 min
	40 min
	50 min
	60 min

	300.
	0.100
	0.112
	0.117
	0.119
	0.121
	0.121
	0.121

	320.
	0.090
	0.128
	0.146
	0.154
	0.158
	0.160
	0.160

	340.
	0.082
	0.184
	0.231
	0.253
	0.263
	0.267
	0.270

	360.
	0.074
	0.299
	0.403
	0.451
	0.473
	0.483
	0.488

	380.
	0.067
	0.474
	0.661
	0.748
	0.788
	0.806
	0.815

	400.
	0.061
	0.664
	0.943
	1.071
	1.131
	1.158
	1.171

	420.
	0.055
	0.790
	1.130
	1.286
	1.359
	1.392
	1.408

	430.
	0.052
	0.795
	1.140
	1.295
	1.365
	1.395
	1.410

	440.
	0.050
	0.785
	1.124
	1.281
	1.353
	1.387
	1.402

	460.
	0.045
	0.648
	0.927
	1.056
	1.115
	1.142
	1.155

	480.
	0.041
	0.447
	0.635
	0.722
	0.762
	0.780
	0.789

	500.
	0.037
	0.262
	0.365
	0.413
	0.435
	0.446
	0.450

	600.
	0.022
	0.023
	0.023
	0.023
	0.023
	0.023
	0.023


Table 2 Data: Kinetic Growth Curves
	Time (min)
	Absorbance (30°C)
	Absorbance (40°C)
	Absorbance (50°C)
	Absorbance (60°C)

	0.
	0.000
	0.000
	0.000
	0.000

	5.
	0.132
	0.255
	0.447
	0.719

	10.
	0.258
	0.464
	0.757
	1.066

	15.
	0.360
	0.635
	0.959
	1.236

	20.
	0.463
	0.772
	1.103
	1.319

	25.
	0.550
	0.891
	1.199
	1.362

	30.
	0.633
	0.977
	1.261
	1.383

	35.
	0.704
	1.060
	1.307
	1.390

	40.
	0.774
	1.117
	1.338
	1.395

	45.
	0.830
	1.171
	1.356
	1.400

	50.
	0.889
	1.212
	1.368
	1.397

	60.
	0.974
	1.271
	1.386
	1.400


Table 3 Data: Pseudo-First Order Plots
	Time (min)
	ln(A∞-At) [30°C]
	ln(A∞-At) [40°C]
	ln(A∞-At) [50°C]
	ln(A∞-At) [60°C]

	0.
	0.336
	0.336
	0.336
	0.336

	5.
	0.237
	0.135
	-0.048
	-0.384

	10.
	0.133
	-0.066
	-0.442
	-1.097

	15.
	0.039
	-0.268
	-0.819
	-1.808

	20.
	-0.065
	-0.465
	-1.214
	-2.513

	25.
	-0.163
	-0.675
	-1.604
	-3.270

	30.
	-0.265
	-0.860
	-1.973
	-4.075

	40.
	-0.468
	-1.262
	-2.781
	-5.298

	50.
	-0.671
	-1.671
	-3.442
	-5.809


Table 4 Data: Arrhenius / Eyring
	1000/T (K^{-1})
	ln(k)
	1000/T (K^{-1})
	ln(k/T)

	3.300
	-3.912
	3.300
	-9.626

	3.195
	-3.214
	3.195
	-8.960

	3.096
	-2.560
	3.096
	-8.338

	3.003
	-1.945
	3.003
	-7.753


Table 5 Data: DLS Morphology Check
	Diameter (nm)
	Intensity % (30°C)
	Intensity % (60°C)

	10.
	0.0
	0.5

	20.
	2.5
	4.1

	30.
	15.4
	18.2

	40.
	78.5
	72.3

	43.
	100.0
	95.6

	45.
	88.2
	100.0

	50.
	45.1
	55.4

	60.
	5.2
	8.8

	80.
	0.0
	0.0
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