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ABSTRACT

This study aimed to develop and evaluate alginate—polyvinyl alcohol (PVA) hydrogels incorporating zinc
oxide nanoparticles (ZnO-NPs) and urea as multifunctional materials for controlling Pythium deliense, the causal
agent of damping-off disease in Seeda tomato, while simultaneously improving nitrogen release efficiency in soail.
The developed hydrogels exhibited concentration-dependent antifungal activity against P. deliense. Complete
inhibition of fungal growth was achieved at a ZnO-NP concentration of 1.00% (w/v). Among the tested formulations,
the A2.5P20 hydrogel demonstrated the highest antifungal efficacy (90.15%), which was significantly greater than
that of the commercial fungicide Captan. The nitrogen release behavior of the A2.5P20 hydrogel was well-fitted to
the Higuchi and Korsmeyer—Peppas models, indicating a hybrid diffusion- and swelling-controlled release mechanism
governed by the polymer matrix. In contrast, the A2.5P40 formulation exhibited a high swelling ratio of 292% by the
fifth cycle and underwent complete biodegradation within 54 days. In planta bioassays further confirmed that A2.5P20
significantly promoted the growth of Seeda tomato seedlings compared to the control and ZnO-NPs-free hydrogel
treatments. Overall, the developed hydrogel shows considerable potential as a functional agricultural material for
integrated disease management, reducing nitrogen loss, and improving nutrient use efficiency in sustainable

agricultural systems.
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Table 1 The ratios of alginate to PVA in hydrogel formulations

Formulation alginate (g) PVA (cms) Formulation alginate (g) PVA (cms)
1 1.5 10 7 20 30
2 15 20 8 20 40
3 1.5 30 9 25 10
4 15 40 10 25 20
5 20 10 1 25 30
6 20 20 12 25 40

Note: Ratios are expressed as %wi/v. Formulation codes indicate alginate (A) and PVA (P) contents; for example, A2.5P20 corresponds to 2.5 g

alginate and 20 cm® PVA

Hydrogel

Hydrogel

%

Hydrogel

Figure 1 Evaluation of the antifungal activity of hydrogels against P. deliense
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(Figure 2 and Figure 3)

Figure 2 Morphological characteristics of P. deliense on PDA (A) and V8 agar (B); oogonium (black arrow) with

antheridium (red arrow) (C); oospore (D); and sporangium (E) (100X)
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Figure 3 The mean percentage of seed germination and disease index caused by P. deliense Over an 11-day period
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WAZENIWUENTIY (Table 2)

Table 2 Effects of different concentrations of ZnO-NPs on the mycelial growth of P. deliense

Zn0O-NP concentration (%w/v) Mycelial growth of P. deliense (colony diameter)
0.00 (control) 3.75 cm % 0.00° cm
0.05 2.27 + 0.25" cm
0.10 2.33+0.35" cm
0.50 0.80 + 0.10° cm
1.00 0.00 £+ 0.00° cm
1.50 0.00 £+ 0.00° cm

Note: Values are presented as mean standard deviation (SD), n = 3 independent replicates per treatment. Antifungal activity was evaluated using

the poisoned food method. Statistical comparisons were performed using one-way ANOVA followed by Tukey’s honestly significant difference

(HSD) post hoc test (p < 0.05). Different superscript letters within the same column indicate significant differences among treatments.

One-way ANOVA: F(4,10) = 102.78, p = 4.44 x 10%,
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Figure 4 Inhibitory effects of ZnO-NPs at control and various concentrations on the mycelial growth of P. deliense
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Hydrogel formulations

Figure 5 The percentage inhibition of P. deliense mycelial growth by different hydrogel formulations on days 2 and

3 under laboratory conditions. The formulation A2.5P20 showed the highest antifungal activity, reaching

90.15% inhibition on day 3, followed by A2.5P30 (70.77%) and A1.5P20 (60.00%).
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(Figure 6)

(c) First-order (remaining) (d) Korsmeyer-Peppas

Qr=56.28Vt 0¢=150(1 — e~028t)
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Ce=100e7032
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Figure 6 Kinetic model fitting of nitrogen release from hydrogel fertilizer beads. (a) Higuchi model, (b) First-order

kinetics (released amount), (c) First-order kinetics (remaining amount), and (d) Korsmeyer—Peppas model.

The fitted equations for each model are shown in the corresponding panels
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(Patra et al., 2012; Sirelkhatim et al., 2015) (Figure 7)
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Figure 7 FTIR spectrum of fertilizer hydrogel with annotated peaks
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Figure 8 Swelling behavior of different hydrogel formulations expressed as percentage swelling over time
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Figure 9 Mean ( SD) root length (a) and shoot length (b) of Seeda tomato seedlings under different treatments,

including A2.5P20 hydrogel, chemical fungicide (Captan), control, and ZnO-NPs-free hydrogel
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