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Abstract
Hydrogels represent a promising alternative for plant cultivation, offering excellent water and nutrient retention. This study reports 
the synthesis and characterization of an agarose-based hydrogel composite enhanced with eggshell powder (ESP). The hydrogel 
composites were prepared in four agarose-to-ESP ratios: 10:0 (Hyd-ES0), 10:1 (Hyd-ES1), 10:3 (Hyd-ES3), and 10:5 (Hyd-ES5). 
Fourier-transform infrared spectroscopy (FTIR) analysis revealed minimal peak shifts, indicating no significant chemical 
modifications. Characteristic ESP peaks were identified in the composite hydrogels, confirming the effective integration of ESP 
into the agarose matrix. The addition of ESP reduced the decomposition rate of the hydrogels and increased macromolecular 
stability. Density measurements indicated higher density with increasing ESP concentration, supported by enhanced crystal 
formation, as evidenced by more intense diffraction peaks in X-ray diffraction (XRD) patterns. Morphological analysis revealed 
that the porosity of the hydrogel, swelling, and weight-loss tests showed a decline in both properties with higher ESP content. Seed 
germination experiments demonstrated that stem, root, and leaf growth, as well as fresh and dry weights, were most optimal with 
the Hyd-ES1 hydrogel composite. Thus, Hyd-ES1 hydrogel exhibits significant potential as a medium for seed germination and 
plant growth.    
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1. INTRODUCTION

Chicken eggs play a vital role in the global diet, 

providing an affordable and nutrient-rich food 

source essential for daily nutrition [1]. However, 

when eggs are utilized for culinary or other 

purposes, they inevitably leave behind eggshell 

waste. Eggshells represent approximately 10% of 

the total egg weight. Chicken eggs are produced in 

vast quantities each year, with a significant 

proportion (30%) undergoing processing within the 

food industry, leading to a substantial increase in 

eggshell waste. Eggshell waste contains abundant 

bioactive compounds, driving growing research 

efforts to develop value-added products with 

potential commercial applications [2]. Eggshell 

waste has been investigated and can be utilized in 

 
various applications, including in agriculture, the 

pharmaceutical industry, animal husbandry, and 

human nutrition. One of the eggshell applications in 

agriculture is plant fertilizer. Studies have 

demonstrated that eggshell powder can be an 

effective calcium supplement for plants like 

tomatoes and berries, helping to prevent blossom-

end rot [3] as the deficiency in calcium in tomato 

plants leads to blossom-end rot (BER) [4]. Hence, 

incorporating eggshell powder into fertilizers can 

effectively address calcium deficiency issues. 

In urban areas, direct soil-based planting is 

severely constrained due to limited space. As a 

result, methods have been developed for soilless 

farming. Soilless farming involves growing plants 

using perlite, vermiculite, sand, or hydroponics as a 

substitute for traditional soil. Hydroponics is the 

most commonly employed technique in soilless 

agricultural systems [5]. In hydroponic systems, the 

nutrient solution must be periodically refreshed to 

ensure stable conditions for optimal plant growth 

[6]. However, this operation has demonstrated 

limitations in some cases. For instance, frequent 

changes in the nutrient solution can disrupt plant 

growth or lead to root rot due to oxygen deficiency 

[7][8]. Furthermore, hydroponics requires more 

water than soil-based cultivation, which can be 

challenging in water-scarce regions. One effective 
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approach to address water scarcity issues is the 

application of hydrogels for water gelling [9]. 

Hydrogels possess a high water absorption and 

retention capacity, making them a clean and 

efficient growth medium. Their three-dimensional 

porous structure creates an optimal environment for 

seed germination and seedling development  [10]. 

Hydrogels are polymers with a three-

dimensional network structure that can retain 

significant amounts of water and nutrients, making 

them highly suitable for agricultural applications 

[11]. Hydrogels have attracted considerable interest 

as soil conditioners [12], seed coatings [13], and 

have been employed to regulate the release of 

fertilizer. Recent studies suggest that natural 

hydrogels can function as efficient water and 

nutrient retention media [14]. Unlike commercial 

synthetic hydrogels, such as polyacrylamide (PAM) 

or polyacrylate, which are non-biodegradable and 

may persist in the soil for years or release toxic 

monomers (e.g., acrylamide), natural polymer-

based hydrogels offer a distinct ecological 

advantage. Agarose-based hydrogels are known to 

degrade naturally within months due to microbial 

activity, leaving no harmful residues. Given the 

increasing interest in sustainable agricultural 

practices, this biodegradability makes agarose a 

superior candidate for single-use agricultural cycles 

compared to their synthetic counterparts. 

However, despite their benefits, most pure 

hydrogels have limited nutrient content, requiring 

external supplementation to support optimal plant 

growth, which can reduce their efficiency as 

standalone growing media. This study introduces a 

novel approach to valorizing eggshell waste by 

incorporating it into hydrogels for seedling growth 

in soilless cultivation. Unlike previous work by Cao 

and Li [15], who enhanced agarose hydrogels with 

activated carbon to improve mechanical strength 

and water retention, we exploit calcium carbonate 

from eggshells to enhance hydrogel performance. 

Physicochemical analyses and functional 

evaluations reveal that eggshell powder acts both as 

a structural filler and a nutrient carrier, offering 

added agronomic and ecological value by 

transforming organic waste into a sustainable raw 

material for agricultural hydrogels. 

Although other researchers have incorporated 

CaCO₃ fillers [16] and various biofillers derived 

from natural waste into polymer and hydrogel 

systems, the agarose-egg shell powder (ESP) 

hydrogel developed in this study exhibits distinct 

material properties and functional behaviors. ESP is 

presented as a waste-derived alternative to synthetic 

CaCO₃. Beyond serving as a source of inert CaCO₃ 

(~94–95%), ESP also contains biogenic materials 

and organic groups (including peptides and 

proteins) absent in pure CaCO₃ fillers [17]. The 

functional groups of these organic components 

facilitate more intricate physical interactions than 

those of pure CaCO₃ fillers [18], forming hydrogen 

bonds with hydroxyl groups in polysaccharides 

such as agarose, thereby altering swelling, 

mechanical, and barrier properties compared to 

systems filled with conventional CaCO₃ [17]. 

Furthermore, ESP integrates more readily into 

polymers than synthetic calcium carbonate when 

employed as a filler [19]. These characteristics 

 

 

 
Figure 1. (a) XRD patterns, and (b) FTIR spectra of ESP, Agarose, and Agar-ESP hydrogel.  
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enable systematic modulation of water absorption 

and mechanical responses that diverge from 

previously reported agarose–CaCO₃ or other 

polysaccharide–CaCO₃ systems [20]. In addition to 

structural reinforcement or sustainability 

considerations, ESP introduces the potential for 

gradual availability of Ca²⁺ ions within the hydrogel 

matrix, supporting multifunctional roles that 

combine water retention with nutrition-related 

functions [21]. To the best of our knowledge, such 

an agarose–ESP system has not been previously 

reported or evaluated in the context of hydrogel-

based plant growth media. 

The hydrogel used came from agarose. Agarose 

is a polysaccharide with repeating disaccharide 

units. Agarose is extracted from red algae, such as 

Gelidium sp. and Gracilaria sp. Although agarose 

as a raw material is generally more expensive than 

other natural polymers, it offers several 

advantageous physicochemical properties. Agarose 

has a great potential for use in planting media 

because it is a natural polymer with biodegradable 

qualities, such as being safe (non-toxic), 

biocompatible, easy to break down, and easy to 

integrate into the tissue [22]. Agarose forms 

thermoreversible hydrogels that dissolve at 

temperatures above 90 °C and resolidify upon 

cooling to room temperature, exhibit a well-

organized network structure with high water 

absorption and retention capacity, and can be 

fabricated without the use of chemical cross-linkers 

[15]. In contrast, many other natural polymers, such 

as starch and alginate, require additional 

components or chemical modifications to form 

stable hydrogels, which may increase formulation 

complexity and processing costs [23]. Therefore, 

despite its higher initial material cost, the intrinsic 

properties of agarose can reduce overall processing 

requirements, simplify hydrogel fabrication, lower 

operational and material costs associated with cross

-linking chemistry, and shorten processing time. 

We hope that this research will benefit urban 

communities with limited land availability by 

enabling agricultural activities through soilless 

farming systems. By adding eggshell powder 

compounded with hydrogel to the plant growth 

medium, this study aims to support high-quality 

plants with faster growth. Moreover, by adding 

value to eggshell waste, this research contributes to 

mitigating the adverse environmental impacts 

associated with eggshell disposal. Based on the 

formulation used in this study, approximately 90–

330 g of eggshell powder can be valorised per 1 kg 

of agarose-based hydrogel, depending on the 

agarose-to-eggshell ratio. This approach promotes 

waste circularity by transforming an abundant food 

industry      byproduct into a functional agricultural 

material.  

  

2. MATERIALS AND METHODS 

 

2.1. Materials 

Agarose powder (analytical reagent grade) was 

purchased from Sigma-Aldrich Corporation, with a 

maximum sulfate content of ≤0.15%, low 

electroendosmosis (EEO <0.13), and high gel 

 

 

 
Figure 2. (a) TGA, and (b) DTG curves of Agar-ESP hydrogels.  
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strength (>1.2 kg/cm² at 1.0% w/v). Hybrid broccoli 

seeds were sourced from Trubus Bina Swadaya Co., 

Ltd. Deionized (DI) water was prepared in the 

laboratory, and all chemicals were used as received, 

without further purification. 

 

2.2. Methods  

 

2.2.1. Preparation of Eggshell Powder (ESP) 

The eggshells are first washed with distilled hot 

water to remove impurities, then cleaned and dried 

at 70 °C in a hot air oven for 4 h. After drying, they 

are ground without membrane separation and sieved 

to obtain particles smaller than 75 µm. The resulting 

powder is used without any additional chemical or 

physical processing.  

 

2.2.2. Preparation of Eggshell-filled Hydrogel 

Composite 

The method used in this study was adapted from 

Cao and Li [16]. Agarose was dissolved in DI water 

at a concentration of 10 wt% and stirred while 

gradually adding eggshell powder. The mixture was 

then subjected to ultrasonication for 1 h at room 

temperature. Subsequently, it was heated at 95 °C 

with continuous stirring until the agarose was 

completely dissolved and the eggshell powder was 

homogeneously dispersed. The hydrogel-eggshell 

composite was synthesized using various mass 

ratios of agarose to ESP, specifically 10:0, 10:1, 

10:3, and 10:5, labeled as Hyd-ES0, Hyd-ES1, Hyd-

ES3, and Hyd-ES5, respectively. The resulting 

agarose-eggshell hydrogel solution was then poured 

into a receptacle and allowed to cool at room 

temperature, forming the final agarose-eggshell 

hydrogel. 

 

2.3. Characterization  

FTIR spectra of all samples were recorded using 

an IRSpirit FTIR spectrophotometer (Shimadzu, 

Japan) to analyze functional groups and molecular 

interactions. Additionally, the crystalline structures 

of agarose and the Agar-ESP composite hydrogels 

were examined via XRD with a Bruker AXS 

diffractometer (Germany) over a diffraction angle 

range of 10–70°. The thermal properties of the 

samples were examined to assess their thermal 

stability and phase transitions resulting from 

changes in enthalpy. Thermal analysis was 

performed using a differential thermal analyzer 

(Hitachi, STA7200), which provided both 

thermogravimetric analysis (TGA) and differential 

scanning calorimetry (DSC) thermograms. The 

maximum temperature was set to 600 °C, with a 

heating rate of 10 °C/min. An inert purge gas was 

used during the characterization process. The 

surface morphology of the dried hydrogel was 

examined using a scanning electron microscope 

(SEM) (HITACHI SU3500, Japan) to analyze its 

microstructural features, including porosity, surface 

texture, and internal architecture. 

The density of Hyd-ES was calculated by 

measuring the mass and dimensions of cubic 

hydrogel samples, using the following Equation 1.   

 

      (1) 

 

where ρ represents the density, m is the mass, 

and V is the volume of the hydrogel sample. 

The hydrogel's ability to absorb water without 

dissolving was measured by calculating the degree 

of swelling, which is the ratio between the water-

swollen hydrogel mass (m2) and the dry hydrogel 

mass (m1). The hydrogel was dried at 50 °C in an 

oven until no further weight reduction was 

observed, which was achieved after 120 h. The dry 

hydrogel was then rehydrated in deionized water at 

25 °C, and the hydrated mass (m2) was measured at 

intervals of 0, 3, 6, 12, 24, and 48 h. The swelling 

ratio was determined using the following Equation 

 

 

 

Table 1. Density of prepared hydrogels. 

 
 

Sample Density (g/cm3) 

Hyd-ES0 0.950 + 0.065 

Hyd-ES1 0.992 + 0.040 

Hyd-ES3 0.997 + 0.068 

Hyd-ES5 1.020 + 0.067 
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2. 

 

      (2) 

 

To assess the weight reduction of the hydrogel, a 

weight loss test was performed. The hydrogel was 

initially dried at 50 °C for 5 days (Wi). It was then 

immersed in deionized water at 25 °C for 48 h. 

Following this, the hydrogel was dried once more at 

50 °C for 5 days (Wf). The weight loss was 

determined using the following Equation 3.  

 

      (3) 

 

The mechanical properties of the hydrogels were 

assessed using a Universal Tensile Tester (SM-200, 

Sinowon, China) at room temperature. The 

hydrogel samples were shaped into blocks with 

dimensions of 20 mm × 5 mm × 3 mm. During the 

test, compressive stress and strain were measured 

and subsequently plotted. The compression 

modulus, a key parameter for evaluating the 

mechanical response of hydrogels to external 

forces, was calculated by determining the slope of 

the linear stress-strain curve. 

Seedling growth experiments were carried out in 

a controlled environment using a light incubator to 

ensure optimal conditions for seed growth. The 

incubator was maintained at a temperature of 25 ± 2 

°C under continuous light exposure, providing 

consistent illumination to support germination. The 

relative humidity was regulated at approximately 

50% to create a stable and suitable atmosphere for 

seed development. For the experiment, four 

different hydrogel-based culture media—Hyd-ES0, 

Hyd-ES1, Hyd-ES3, and Hyd-ES5—were utilized 

to assess their effects on seedling growth. Broccoli 

seeds were evenly distributed on the surface of each 

culture medium to ensure uniform exposure to 

nutrients and moisture. Each culture medium 

contained a total of nine seeds, with three replicates 

prepared for each condition to ensure statistical 

reliability and reproducibility of the results.  

 

3. RESULTS AND DISCUSSIONS 

 

3.1. XRD Characterization 

The crystal structures of ESP and Agar–ESP 

hydrogels were examined by XRD analysis. As 

illustrated in Figure 1(a), the XRD pattern of ESP 

displays several prominent diffraction peaks located 

at around 23.1°, 29.48°, 36.08°, 39.47°, 43.21°, 

47.51°, and 48.55° (2θ). These peaks are 

characteristic of calcite CaCO₃, confirming that this 

phase predominates in the eggshell powder. The 

corresponding interplanar spacing values (d-

spacing) were calculated to be 3.55, 3.03, 2.49, 

2.28, 2.09, 1.91, and 1.87 Å, which can be indexed 

to the (012), (104), (110), (113), (202), (018), and 

(116) planes, respectively. This diffraction pattern 

closely matches those reported for eggshell-derived 

CaCO₃ in previous studies [24]. The strongest peak 

at 2θ = 29.48°, associated with the (104) plane, 

shows a high peak crystallinity degree of 94.6%, 

suggesting a well-ordered calcite structure, as 

commonly observed in biogenic CaCO₃ materials. 

Here, the peak crystallinity degree is defined as the 

ratio of the area of the dominant peak to the total 

area of the XRD pattern [25]. Agarose exhibited a 

broad diffuse halo centered around 2θ = 18.4°, 

which is characteristic of its weakly semi-

crystalline or predominantly amorphous structure in 

the powder form [26]. The XRD pattern of Hyd-

ES0 showed broad diffraction features at 14.4°, 

17.5°, and 26.3°, reflecting the amorphous nature of 

the agarose hydrogel matrix. In contrast, the XRD 

 

 

 

Table 2. Swelling kinetics parameters modeled using Schott’s pseudo-second-order and Ritger-Peppas 

equations.  

 
 

Sample 
Schott’s Second Order Ritger-Peppas 

Qeq,theo (%) ks (g/g·h) R2 n (Diffusion Exponent) k R2 

Hyd-ES0 266.4 0.0015 0.999 0.29 0.43 0.994 

Hyd-ES1 264.3 0.0012 0.999 0.32 0.42 0.986 

Hyd-ES3 222.7 0.0013 0.999 0.37 0.38 0.993 

Hyd-ES5 186.4 0.0023 0.999 0.26 0.45 0.979 
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patterns of Hyd-ES1, Hyd-ES3, and Hyd-ES5 

displayed combined diffraction features originating 

from both agarose and eggshell powder. Sharp 

diffraction peaks appearing at around 2θ ≈ 29–30° 

correspond to the (104) plane of calcite CaCO₃, 

indicating the incorporation of crystalline CaCO₃ 

into the hydrogel matrix. The peak crystallinity 

degree increased from 44.7% (Hyd-ES1) to 59.1% 

(Hyd-ES3) and 66.5% (Hyd-ES5), suggesting an 

enhanced contribution of the crystalline calcite 

phase with increasing ESP content. 

 

3.2. FTIR Spectra 

FTIR spectroscopy was utilized to explore the 

molecular interactions present in ESP, agarose, and 

Agar-ESP hydrogels. The resulting spectra for ESP, 

pure agarose hydrogel, and the Agarose-ESP 

composite hydrogels are presented in Figure 1(b). 

In the ESP spectrum, FTIR analysis revealed 

absorption bands in the range of 712–1411 cm⁻¹, 

corresponding to the vibrational modes of carbonate 

ions (CO₃²⁻) within calcium carbonate (CaCO₃) 

[27]. Two prominent peaks at 710 and 876 cm⁻¹ 

were associated with in-plane and out-of-plane 

bending vibrations of CO₃²⁻, confirming the 

presence of CaCO₃. A strong band observed near 

1421 cm⁻¹ was attributed to the asymmetric 

stretching of the carbonate group, indicating a high 

abundance of carbonate compounds in the eggshell 

matrix [28]. Additionally, weak absorptions 

detected at 2360 and 2357 cm⁻¹ were linked to the 

C=O stretching vibrations of the carbonate [29].  

The FTIR spectrum of agarose exhibits 

intermolecular hydrogen bonding and OH 

stretching vibrations at 1645 and 3000–3500 cm⁻¹, 

respectively [15]. The asymmetric and symmetric 

stretching vibrations of CH₂ are detected at 2949 

and 2894 cm⁻¹, respectively [30]. Additionally, the 

peaks observed at 772, 887, and 931 cm⁻¹ are 

associated with the 3,6-anhydro-β-galactose 

structure [31], while the peaks at 1047 and 1152 

cm⁻¹ correspond to the glycosidic linkages and -C-

O-C- bond, respectively. The FTIR spectrum of 

Hyd-ES0 showed absorption peaks between 3600 

and 3200 cm⁻¹, corresponding to –OH stretching 

vibrations, indicating hydrogen bonding within the 

hydrogel. A peak at 1071 cm⁻¹ is linked to –OH 

bending, while the peak at 1158 cm⁻¹ corresponds 

to C–O–C stretching vibrations. Additionally, bands 

at 773, 894, and 929 cm⁻¹ are associated with the 

skeletal bending of the 3,6-anhydro-β-galactose 

structure, confirming the structural integrity of 

agarose in the hydrogel matrix. 

During the synthesis of the Hyd-ES composite, 

no new covalent bonds were detected, as evidenced 

by the absence of additional absorption peaks and 

the close similarity between the FTIR spectra of the 

Hyd-ES composites and pure agarose. This 

observation suggests that no chemical modification 

occurred during composite formation [32]. 

However, a gradual shift of  the  O−H stretching 

band toward lower wavenumbers (red shift) was 

observed, indicating the  presence of physical 

interaction between agarose and ESP [33]. The 

characteristic O–H stretching peak of agarose 

powder at 3338 cm⁻¹ shifted to approximately 3310 

cm⁻¹ in the agarose hydrogel (Hyd-ES0) and further 

to 3294 cm⁻¹ upon increasing ESP content (Hyd-

ES5). The red shift reflects the strengthening of 

hydrogen bonds between the hydroxyl groups of 

agarose and the carbonate-rich surfaces of the 

eggshell powder. Meanwhile, the O–H bending 

vibration around 1635 cm⁻¹ remains nearly 

unchanged across all Hyd-ES samples, indicates 

that the hydration environment associated with 

bound water is largely preserved after gelation and 

ESP incorporation [34]. The overall similarity of 

the spectral profiles, together with these subtle 

shifts, confirms that ESP is successfully embedded 

within the agarose matrix through physical 

 

 

 

Table 3. Mechanical properties of Agar-ESP hydrogels.  

 
 

Sampel Compressive Modulus (kPa) Compressive Strength  (kPa) Strain at Failure (%) 

Hyd-ES0 113.54 36.67 45.31 

Hyd-ES1 84.44 28.91 37.58 

Hyd-ES3 68.17 30.04 44.11 

Hyd-ES5 44.13 28.17 42.66 
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interactions without inducing chemical modification 

of the polymer backbone.  

 

3.3. Thermal Behavior 

TGA and DSC profiles provide insight into the 

thermal characteristics of hydrogels incorporating 

eggshell powder, revealing distinct multi-step 

degradation patterns and thermal transition events. 

As shown in Figure 2(a), the TGA curves for Hyd-

ES0, Hyd-ES1, Hyd-ES3, and Hyd-ES5 were 

obtained under a nitrogen atmosphere with a 

controlled heating rate of 10 °C/min. All hydrogel 

samples exhibited a four-stage weight loss pattern, 

except for Hyd-ES0, which underwent only three 

stages. The initial weight loss, occurring between 

approximately 30 and 154 °C, is attributed to the 

evaporation of absorbed water molecules. The 

second and third weight loss stages, observed 

within the temperature ranges of 154 to 408 °C and 

408 to 510 °C, are associated with the breakdown 

of side groups, the collapse of the gel network, and 

the degradation of the polysaccharide skeleton. The 

final weight loss stage, occurring between 510 and 

700 °C, corresponds to the thermal decomposition 

of CaCO₃, leading to CO₂ release [27]. As the 

moisture evaporates, an increase in ESP content 

results in a gradual rise in the decomposition 

temperature of the hydrogels. Hyd-ES0 decomposes 

at 476 °C, while Hyd-ES5 degrades at 548 °C. This 

delay in degradation is likely due to the enhanced 

thermal stability of ES, which provides heat 

insulation and slows down the decomposition of 

agarose [15].  

The DSC profiles shown in Figure 2(b) 

corroborate these thermal transitions, where the 

endothermic peaks are associated with polymer 

decomposition and the release of volatiles, while 

the exothermic peaks are indicative of 

crystallization or potential crosslinking reactions. 

Variations in both the intensity and position of these 

peaks among the samples point to differences in 

their physicochemical characteristics, shaped by the 

presence of eggshell-derived constituents. These 

findings highlight the contribution of eggshell 

 

 

Figure 3. (a) Swelling degree, (b) Weight loss (c) compressive strain-stress curves of Hyd-ES0, Hyd-ES1, 

Hyd-ES3, Hyd-ES5, and (d) Maximum Stress.  
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powder in improving the thermal stability and 

reinforcing the structural integrity of the hydrogel 

systems.  

 

3.4. Density 

The density of a hydrogel is a key parameter 

governing its mechanical strength and elasticity. 

Excessively dense networks tend to exhibit reduced 

flexibility and diminished capacity to respond to 

environmental variations, whereas low-density 

structures often lack the structural integrity required 

to retain their shape. Table 1 presents the density of 

Hyd-ES for all variations. The density of Hyd-ES 

increases with the rising ES concentration in the 

hydrogel. Hydrogel density affects its ability to 

absorb water and swell. Low-density hydrogels 

exhibit high water absorption capacity due to their 

large pore structures and abundant inter-

crosslinking spaces. Hyd-ES5 has the highest 

density because of the high eggshell content. The 

addition of eggshell increases the solution's density, 

which can hinder the dynamic movement of solvent 

molecules. An optimal hydrogel density facilitates 

efficient water retention while preventing both 

waterlogging and excessive drainage. When 

formulated at the appropriate density, hydrogels can 

preserve porosity, thereby ensuring adequate 

oxygen supply to plant roots, a critical factor for 

promoting healthy growth.  

 

3.5. Weight Loss and Swelling Degrees 

The swelling degree of Hyd-ES decreased with 

increasing ESP concentration, as shown in Figure 3

(a). All Hyd-ES samples exhibited significant water 

absorption from 0 to 24 h. Swelling continued up to 

48 h, though the increase was not significant. The 

Hyd-ES0 sample had the highest swelling degree at 

252.7 ± 18.7%, followed by Hyd-ES1 at 249.2 ± 

20.4%, Hyd-ES3 at 207.7 ± 6.2%, and Hyd-ES5 at 

178.3 ± 4.8% after 48 h of immersion.  

The reduction in the swelling degree of Hyd-ES 

hydrogels is attributed to the increased network 

density and the physical restrictions imposed by the 

ESP filler. To elucidate the water uptake 

mechanism, the swelling kinetics were analyzed 

using Schott’s pseudo-second-order model and the 

Ritger–Peppas empirical equation, both of which 

are widely employed to describe swelling behavior 

in crosslinked polymer networks [35][36]. The 

calculated kinetic parameters are summarized in 

Table 2. The high correlation coefficients (R² > 

0.99) obtained for all formulations indicate that the 

swelling process follows pseudo-second-order 

kinetics, suggesting that water absorption is 

governed by the availability of free sorption sites 

within the hydrogel matrix rather than by simple 

 

 

 
Figure 4. SEM images of prepared hydrogels.  
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diffusion alone  [35][37]. 

According to the Ritger–Peppas model (Mt/Meq 

= ktn), the diffusion exponent (n) values for all 

samples ranged from 0.26 to 0.37 (Table 2). These 

values are below 0.5, which is characteristic of less-

Fickian (pseudo-Fickian) diffusion behavior, where 

the rate of water penetration into the hydrogel is 

slower than polymer chain relaxation and therefore 

becomes the rate-limiting step [36][38]. Notably, 

Hyd-ES5 exhibited the lowest n value (0.26) and 

the lowest equilibrium swelling capacity. This 

behavior indicates that the incorporation of rigid 

ESP particles significantly restricts polymer chain 

mobility, effectively increasing the crosslink 

density of the network in accordance with the Flory

–Rehner swelling theory [39]. In addition, the high 

filler loading introduces a pronounced tortuosity 

effect, reducing pore connectivity and obstructing 

the microscopic pathways required for efficient 

water diffusion, as commonly reported for particle-

filled hydrogel systems  [40].  

Figure 3(b) illustrates the decrease in weight loss 

of Hyd-ES. The significant reduction in hydrogel 

weight indicates that the polymer structure 

degraded, losing its integrity and strength. This 

weight loss reflects the remaining gel fraction after 

prior dissolution in deionized water. During the 

swelling test, the polymer chains expanded as 

deionized water entered the hydrogel network, 

allowing bioactive compounds to diffuse out of the 

hydrogel structure [41]. A denser hydrogel network 

with an elevated eggshell content limits the 

diffusion of incorporated additives or active 

compounds, thereby moderating and regulating the 

rate of weight loss. Among the tested formulations, 

Hyd-ES5 demonstrated the lowest weight reduction 

at 6.8 ± 0.2%, reflecting its superior ability to retain 

structural integrity. The higher the eggshell content, 

the lower the hydrogel's weight reduction. For Hyd-

ES0, weight loss was recorded at 8.6 ± 0.7%, 

followed by Hyd-ES1 at 7.8 ± 0.4%, and Hyd-ES3 

at 7.3 ± 0.7%. These results align with the study by 

Cao and Li [15], where the weight loss curve 

decreased as the concentration of activated carbon 

in agarose hydrogel increased. 

 

3.6. Mechanical Properties 

The mechanical properties of Agar-ESP 

composite hydrogels are represented by the stress-

strain curve as shown in Figure 3(c), which 

 

 

Figure 5. Photograph of broccoli seedling growth test on Hyd-ES0, Hyd-ES1, Hyd-ES3, and Hyd-ES5.  
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illustrates the relationship between the force applied 

(stress) on the hydrogel and the resulting 

deformation (strain). The stress-strain 

characteristics of the Agar-ESP composite 

hydrogels exhibit unique features, like previous 

reports, with a sharp, exponential J-shaped stress 

increase [15][42]. The distinct J-shaped curve is 

attributed to the hydrogel's water-rich structure. The 

initial linear region of the curve reflects the 

hydrogel's elastic deformation, where the material 

returns to its original shape when the applied force 

is removed, by Hooke's law. As the force increases, 

the curve takes on a J-shaped exponential form, 

indicating the hydrogel's viscoelastic behavior, 

where deformation becomes permanent due to the 

breaking of hydrogen bonds.  

The addition of ESP concentration in the 

hydrogel decreases its compressive strength. Table 

3 summarizes the quantitative mechanical 

properties, including compressive modulus and 

maximum stress (stress-at-failure), for all hydrogel 

variations. Figure 3(d) visually confirms the trend 

where the mechanical integrity generally declines 

with higher ESP content. The observed reduction is 

attributed to weak interfacial adhesion between the 

hydrophilic agarose matrix and the rigid, inorganic 

ESP particles. As seen in the surface SEM images 

(Figure 4), the incorporation of ESP disrupts the 

continuity of the porous agarose network. Rather 

than reinforcing the matrix through chemical cross-

linking, the ESP particles act as structural defects 

and stress concentrators. Under compressive load, 

the lack of strong polymer-filler adhesion prevents 

efficient stress transfer, causing the hydrogel to fail 

at lower stress values compared to the pure agarose 

network [43][44]. The significant decrease in 

compressive modulus (from 113.5 kPa in Hyd-ES0 

to 44.1 kPa in Hyd-ES5) further confirms that the 

filler particles interrupt the elastic polymer chains, 

limiting the network's ability to resist deformation 

[45].  

 

3.7. SEM Images 

The morphologies of Hyd-ES0, Hyd-ES1, Hyd-

ES3, and Hyd-ES5 were examined via SEM to 

investigate the microstructural characteristics of 

Agar-ESP composite hydrogels, as presented in 

Figure 4. The images reveal distinct structural 

variations among the samples, which are directly 

relevant to their potential use as plant growth 

media. Hyd-ES0, consisting solely of agarose, 

displays a highly porous and interconnected 

network that promotes efficient water absorption 

and diffusion. With the incorporation of ESP (Hyd-

ES1 to Hyd-ES5), the surface becomes rougher and 

porosity decreases [46][47]. From an application 

perspective, Hyd-ES0 provides robust structural 

support but allows faster water drainage, whereas 

ESP-containing hydrogels, despite lower 

mechanical strength, enable more controlled water 

retention due to their reduced porosity. Beyond 

structural modification, ESP also enriches the 

hydrogel with essential nutrients, particularly 

calcium and trace minerals, which are vital for cell 

wall formation, root elongation, and overall plant 

health [48][49]. Thus, achieving an optimal balance 

between porosity, mechanical performance, and 

nutrient content is critical for developing hydrogel-

based planting media capable of ensuring adequate 

water retention while enhancing plant nutrition and 

structural stability.  

 

3.8. Seedling Growth 

Figure 5 displays the seedling growth observed 

on the Agar–ESP composite hydrogels. Seeds 

placed on the surface of the ESP-containing 

hydrogels began germinating within 4 days. 

Quantitative analysis of seedling height (Figure 6

(a)) reveals that Hyd-ES1 achieved the highest 

growth rate. Statistical analysis using One-Way 

ANOVA confirmed a significant difference in plant 

height at day 11 across the groups (p < 0.05). 

Specifically, an independent t-test showed that 

seedlings grown in Hyd-ES1 (mean height: 3.03 

cm) were significantly taller than those in the 

control Hyd-ES0 (mean height: 2.07 cm) with a p-

value of 0.016. 

Error bars in Figures 6(a) and 6(c) represent the 

standard error of the mean (SEM) derived from a 

sample size of n = 41–45 individual plants, 

demonstrating robust statistical power. Although 

direct quantification of calcium leaching was not 

conducted, the biological data suggests a trade-off 

between nutritional benefits and physical 

constraints, as commonly reported for nutrient-

enriched hydrogel systems used in plant growth 

media [50][51]. The superior growth in Hyd-ES1 

suggests an optimal balance where the bioavailable 
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calcium from ESP aids development without 

severely restricting root penetration, consistent with 

previous findings on moderate filler loading in 

hydrogel-based substrates [51]. Conversely, in Hyd-

ES5, despite potentially higher calcium content, the 

significant increase in crosslink density and 

stiffness (as shown in swelling and mechanical 

data) physically restricted root elongation, resulting 

in lower biomass compared to Hyd-ES1, in 

agreement with reports on the inhibitory effects of 

increased matrix rigidity and tortuosity on root 

growth [52][53].  

Among all formulations, Hyd-ES1 containing a 

low concentration of ESP exhibited the most 

favorable performance in promoting root and shoot 

growth. As illustrated in Figure 6(c), seedlings 

grown in Hyd-ES1 developed significantly longer 

roots and stems compared to those cultivated in 

other media. This observation indicates that a lower 

ESP concentration may provide a more balanced 

environment for root and shoot development. The 

improved performance of Hyd-ES1 is attributed to a 

synergistic balance between physical structure and 

nutrient bioavailability. Mechanistically, nutrient 

supply is governed by the interaction between plant 

roots and the ESP filler dispersed within the 

hydrogel matrix. Although the bulk hydrogel 

remains chemically neutral, plant roots actively 

modify their immediate environment (the 

rhizosphere) through the exudation of protons and 

low-molecular-weight organic acids, a well-

established process that induces localized 

acidification and enhances mineral dissolution in 

soils. This rhizosphere-driven acidification 

facilitates the partial dissolution of CaCO₃ particles 

embedded in the matrix, leading to the gradual 

release of bioavailable Ca²⁺ ions, as schematically 

illustrated in Figure 6(b) [54][55]. 

In Hyd-ES1, the hydrogel network remains 

sufficiently porous (as confirmed by SEM 

observations and swelling behavior) to permit 

efficient water diffusion and root penetration, 

thereby enabling plant roots to access the released 

Ca²⁺ ions effectively. Similar structure–function 

relationships have been reported for biodegradable 

hydrogel systems, where moderate filler loading 

 

 

 
Figure 6. (a) The seedling growth of broccoli seeds, (b) Mechanism of seedling growth, (c) root and stem 

length of seedlings and (d) fresh and dry weight of seedlings in Hyd-ES0, Hyd-ES1, Hyd-ES3, Hyd-ES5.  
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preserves pore connectivity and mass transport 

while supporting nutrient delivery [50][51]. In 

contrast, samples with higher ESP content (Hyd-

ES3 and Hyd-ES5) exhibit diminished performance 

due to physical limitations. The increased filler 

density raises the tortuosity of diffusion pathways 

and generates a stiffer, more compact network that 

mechanically restricts root elongation and 

proliferation. Under such conditions, nutrient 

accessibility becomes diffusion-limited, and 

calcium uptake is hindered despite the potential 

occurrence of CaCO₃ dissolution [52][53]. 

Consequently, Hyd-ES1 represents a critical 

compositional threshold at which Ca²⁺ ion 

availability is maximized without sacrificing the 

physical permeability and mechanical compliance 

necessary for root expansion and effective nutrient 

acquisition. 

Interestingly, despite higher calcium content in 

Hyd-ES3 and Hyd-ES5 due to increased ESP 

concentrations, these samples did not result in better 

growth outcomes. SEM images revealed that higher 

ESP content tended to produce denser and more 

layered structures, which may hinder root 

penetration and reduce aeration within the hydrogel. 

This suggests that Hyd-ES1 may represent an 

optimal balance between nutrient provision, 

structural support, and aeration [56]–[58]. 

Furthermore, fresh and dry biomass data presented 

in Figure 6(d) reinforce this finding. Plants grown 

in Hyd-ES1 exhibited significantly higher fresh and 

dry weights than those grown in other media, 

underscoring the beneficial effects of moderate ESP 

addition. This enhancement in growth can be 

attributed to the synergistic role of ESP in 

improving water-holding capacity, contributing 

calcium a crucial nutrient for cell wall development 

and modifying the polymer network to support 

plant development [57]–[61]. These results 

demonstrate that the Agar–ESP composite hydrogel 

with a low ESP concentration (Hyd-ES1) 

effectively supports seedling growth. This material 

holds considerable promise for agricultural 

applications, particularly as an alternative growth 

medium in resource-limited or controlled-

environment cultivation systems.  

Beyond its superior performance in supporting 

seedling growth, the Agar–ESP hydrogel also 

presents important sustainability implications. 

Eggshells are a major food-industry byproduct and 

have been widely reported as promising candidates 

for waste valorisation into value-added materials, 

supporting circular economy approaches in material 

development [1][2]. Based on the formulation 

employed in this study, approximately 90–330 g of 

eggshell powder can be valorised per kilogram of 

agarose-based hydrogel, depending on the agarose-

to-eggshell ratio. Agarose itself is a naturally 

derived and biodegradable polysaccharide obtained 

from marine biomass [62]. Previous studies have 

reported that biodegradable polysaccharide-based 

hydrogels used in agricultural applications 

generally undergo gradual degradation over weeks 

to months under environmental conditions, in 

contrast to persistent synthetic polymers [9][43]. 

Compared to conventional commercial 

hydrogels, such as polyacrylamide-based systems 

derived from petroleum resources, the Agar–ESP 

hydrogel offers clear environmental advantages, 

including improved biodegradability and a reduced 

risk of long-term polymer accumulation in soil. 

Polyacrylamide-based hydrogels are known to 

exhibit limited biodegradability and may raise 

environmental concerns related to polymer 

persistence and potential residual toxicity [44][45]. 

Although a comprehensive life cycle assessment 

was beyond the scope of this study, the use of 

renewable raw materials, low-energy fabrication 

processes, and eggshell waste valorisation suggests 

a lower environmental footprint and good 

scalability for agricultural applications, particularly 

in small-scale and urban farming systems  [57][58]

[60].  

 

4. CONCLUSIONS 

 

We have successfully developed Agar-ESP 

hydrogel through mechanical blending techniques. 

The increase in ESP concentration resulted in a 

decrease in pore size, swelling capacity, and weight 

loss of the hydrogel. FTIR results identified the 

functional groups from both agarose powder and 

ESP, confirming their integration within the Agar-

ESP hydrogel. XRD analysis indicated that the 

crystalline calcite structure of ESP and the semi-

crystalline matrix of agarose remained intact after 

hydrogel formation. TGA analysis showed that 

incorporating ESP improved the thermal stability of 
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the Agar-ESP composite hydrogel. Additionally, 

higher ESP concentrations increased the density of 

cross-linking between agarose and ESP, though this 

was accompanied by a reduction in the maximum 

compressive strength of the hydrogel. Based on our 

findings, the Agar-ESP hydrogel, particularly Agas-

ES1, demonstrates remarkable potential as an 

effective medium for seed germination and plant 

growth. This makes it a promising alternative to 

conventional growth media, offering a sustainable 

and innovative solution for agricultural and 

horticultural applications.    
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