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Abstract
The design of biodegradable hydrogels that enhance plant development while improving water
management is gaining importance in sustainable agriculture. In this study, semi-interpenetrating
polymer network (semi-IPN) hydrogels based on collagen and hydroxyethyl cellulose (HEC) were
synthesized and evaluated for their physicochemical performance and plant cell interaction. Varying the
HEC content (0–60 wt.%) modulated scaffold morphology, producing fibrillar-granular architectures with
tunable gelation (3 min), superabsorbent capacity (>2800%), and thermal resistance. Increased HEC
levels reduced chemical crosslinking (~27%) but improved mechanical stiffness (complex modulus up to
140 Pa), indicating strong physical interactions through hydrogen bonding. Biodegradability assays
revealed rapid enzymatic degradation under collagenase exposure and slower hydrolytic and plant
enzymatic breakdown, supporting scaffold stability during early plant development. When embedded in
horticultural substrate, the hydrogels retained up to 92% of absorbed water and enabled gradual release
over 15 days. Biological assays using tomato-derived plant cells (Solanum lycopersicum and Physalis
philadelphica) confirmed that scaffolds with 20–40 wt.% HEC significantly enhanced cell adhesion,
migration, metabolic activity, and proliferation. Seed germination studies in horticultural substrate further
demonstrated that scaffolds containing 20 wt.% HEC promoted greater foliage development, while in
vitro assays with MS-supplemented media revealed that C–HEC40% scaffolds effectively supported
tomato growth through controlled sucrose delivery. These findings highlight collagen–HEC hydrogels as
biodegradable, bioactive platforms with potential for moisture regulation, nutrient transport, and seedling
support in environmentally responsible agricultural systems.

1.0 Introduction
Global agriculture is increasingly challenged by water scarcity, soil degradation, and an overreliance on
agrochemicals, which collectively threaten food security and ecosystem health worldwide [1, 2].
Consequently, technologies that improve soil moisture retention and nutrient delivery while minimizing
environmental impact are recognized as essential for advancing sustainable and resilient agri-food
systems [3, 4]. Among these, hydrogels have emerged as cutting-edge materials due to their high water
absorption capacity, biodegradability, and ability to enhance soil moisture dynamics [5–7]. Acting as
efficient water reservoirs, hydrogels can release moisture gradually to crops, reducing irrigation
frequency by up to 30% and minimizing water waste [3, 8, 9].

However, commercial synthetic hydrogels—such as those based on polyacrylates and polyacrylamide—
despite their high absorption capacities, suffer from poor biodegradability and potential toxicity to soil
biota, raising environmental concerns [10–12]. Additionally, their ability to actively stimulate plant
metabolic activity remains limited, restricting their functionality as next-generation agricultural
biomaterials [12, 13].

In contrast, hydrogels derived from natural polymers, including cellulose, chitosan, and lignin, are
emerging as eco-friendly and multifunctional alternatives. These biopolymer-based hydrogels not only
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retain and gradually release water but also facilitate controlled nutrient delivery and help reduce
agricultural runoff [14–17]. Importantly, some biopolymer hydrogels are designed to mimic the structural
and chemical functions of natural extracellular matrices, fostering beneficial interactions with plant cells.
Such bioinspired materials have demonstrated potential in enhancing root proliferation, enzymatic
activity, and overall plant vigor, contributing to improved crop productivity and soil health [18–20].

Although collagen hydrogels are traditionally used in biomedical applications, preliminary studies
suggest their capacity to support plant cell adhesion, proliferation, and function—particularly in tomato-
derived tissues [21–23]. This emerging evidence provides a strong rationale for exploring collagen-based
hydrogels as novel agrobiomaterials.

Hydroxyethyl cellulose (HEC), a cellulose derivative known for forming hydrophilic networks with high
swelling capacity, has been successfully employed to enhance soil moisture retention, improve aeration,
and enable slow-release delivery of water and agrochemicals in horticultural substrates [24–26]. With
growing regulatory and market demands for biodegradable and sustainable materials in agriculture,
HEC-based hydrogels represent a promising platform for innovation [27, 28].

Motivated by these insights, we propose a novel semi-interpenetrating polymer network (semi-IPN)
combining collagen and HEC. This hybrid system merges the bioactivity of collagen with the structural
and water-management properties of HEC, creating a biodegradable scaffold that regulates moisture
release and actively interacts with plant cells. We hypothesize that collagen–HEC semi-IPN hydrogels
could serve as sustainable, bioinspired moisture-regulating matrices that also promote metabolic
activity in plant cells, thereby enhancing tomato germination and growth. Therefore, the objective of this
study is to synthesize and characterize collagen–HEC hydrogels with varying compositions, assess their
physicochemical properties and biodegradation, and evaluate their effectiveness in supporting plant cell
behavior—including adhesion, migration, and metabolism—as well as tomato seed germination and
seedling development for sustainable agricultural applications.

2.0 Experimental section

2.1 Biopolymers and reagents
Porcine dermis was freshly obtained from a local butcher shop and processed for collagen extraction.
HEC (Mw ~ 250 kDa), glycerol ethoxylate, hexamethylenediisocyanate, 2-propanol, ninhydrin, dextrose,
sodium citrate, citric acid, sodium bicarbonate, magnesium chloride, calcium chloride, and Murashige
and Skoog (MS) basal medium were purchased from Sigma-Aldrich (USA). Analytical-grade salts
including sodium chloride, potassium chloride, monopotassium phosphate, sodium dihydrogen
phosphate, and sodium hydroxide were obtained from CTR Scientific (Mexico).

2.2 Crosslinkers, dyes, and bioassay reagents
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The MTT reagent [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] used for metabolic
activity assays, as well as staining agents such as rhodamine B and ninhydrin, were supplied by Sigma-
Aldrich (USA). All solutions were prepared using ultrapure water and analytical-grade reagents unless
otherwise specified.

2.3 Plant material and substrate
Seeds of red tomato (Solanum lycopersicum) and green tomato (Physalis philadelphica) were provided
by a certified local greenhouse. Commercial horticultural substrate (coconut fiber-based, enriched with
compost and perlite) was purchased from the same supplier and used for degradation, germination and
growth assays under controlled conditions.

2.4 Preparation and characterization of scaffolds
Type I collagen (Mw ~110–220 kDa) was extracted from porcine skin by enzymatic hydrolysis, following
a previously reported protocol [29]. A polyurethane-based crosslinker was synthesized via the reaction of
glycerol ethoxylate and hexamethylenediisocyanate, as described elsewhere (Mw ~3000–7500 Da) [30].
To reinforce the three-dimensional (3D) structure of the hydrogels, 15 wt.% of the synthesized
polyurethane was incorporated into the collagen suspension (1 mg/mL) as a physical–chemical
crosslinking agent [30]. Semi-IPN systems were generated by gradually adding HEC (1 wt.% solution) to
the crosslinked collagen mixture at varying mass ratios. The pH of the resulting dispersion was carefully
adjusted to 7.4 using 10× phosphate-buffered saline (PBS). The formulation was then poured into plates
and incubated at 37°C for 24 hours to allow complete gelation and network stabilization. Table 1
summarizes the hydrogel formulations and the relative compositions of collagen, HEC, and crosslinker
used in this study. HEC content was limited to a maximum of 60 wt.% in the formulations, as higher
polysaccharide concentrations led to phase separation and compromised the structural homogeneity of
the hydrogel network.

Table 1
Composition of collagen–HEC semi-IPN hydrogels used in

this study.
Semi-IPN

formulation

Type I collagen (mg) Crosslinker

(mg)

HEC

(mg)

C 6 1.8 0

C-HEC20% 6 1.8 1.2

C-HEC40% 6 1.8 2.4

C-HEC60% 6 1.8 3.6

The structural and physicochemical properties of the hydrogels were assessed using multiple analytical
techniques. Fourier transform infrared spectroscopy (FTIR) was performed using a PerkinElmer Frontier
spectrometer to analyze functional group interactions. Wide-angle X-ray scattering (WAXS) patterns
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were obtained with an Anton-Paar SAXS-Emc2 diffractometer to determine crystallinity. Microstructural
morphology was visualized via scanning electron microscopy (SEM, Jeol JSM-7600F), and viscoelastic
behavior was characterized using oscillatory rheometry (Anton Paar MCR 300). Swelling capacity was
calculated as the ratio between the hydrated hydrogel mass and its corresponding dry mass. The degree
of crosslinking was indirectly determined through ninhydrin assay. Additionally, gelation kinetics were
monitored by turbidimetric measurements using a ThermoScientific MultiSkan Sky UV-Vis
spectrophotometer.

Biodegradation behavior was assessed by monitoring mass loss of the hydrogels under different
degradation conditions designed to simulate both biological and environmental scenarios relevant to
their potential agricultural application. Proteolytic degradation was evaluated using collagenase (14
U/sample) and papain (14 U/sample), which represent key enzymatic mechanisms by which
proteinaceous and polysaccharide components can be hydrolyzed. Collagenase was selected to
simulate enzymatic activity from soil microorganisms capable of degrading collagen-based matrices
[31], while papain—derived from Carica papaya—was used as a plant-derived protease representative of
endogenous enzymatic activity in root environments and plant residues [32]. Additionally, hydrolytic
degradation was evaluated using 1× PBS (pH 7.4) to simulate physiological-like aqueous environments
that may be encountered in humid or irrigated soils [33]. Agricultural degradation was assessed by
embedding the hydrogels in commercial vegetable substrate (10 g/gel) under ambient conditions to
reflect a real-use scenario in horticultural systems [21, 23]. In all cases, the samples were analyzed for
15 days, and the percentage of mass loss was calculated relative to the initial weight to determine
degradation.

To evaluate the ability of the hydrogels to gradually release water into the surrounding plant growth
medium, a diffusion assay was performed using commercial vegetable substrate. For each experiment,
pre-weighed hydrogel samples were placed in contact with 10 g of dry horticultural substrate within Petri
dishes. A volume of 10 mL of distilled water was added daily to each setup to simulate regular irrigation
under controlled conditions. After an initial swelling–diffusion equilibrium period of 1 hour at room
temperature, the hydrogels were carefully removed and weighed. The amount of water diffused from the
hydrogel into the substrate was calculated by comparing the change in hydrogel mass before and after
contact, assuming negligible evaporation during the test period. The water released to the substrate
(water diffusion (WD), expressed as a percentage) was determined using the following Eq. 1 (Eq. 1):

 (Eq. 1)

where, Wi is the initial mass of the fully swollen hydrogel before substrate contact, Wf is the final
hydrogel mass after 1 hour of contact with the substrate. This method allowed indirect quantification of
hydrogel-mediated water diffusion into the substrate, simulating field-relevant conditions of soil
hydration over a 15-day period.

WD (%) = ( ) × 100
Wi−Wf

Wi



Page 7/32

2.5 Biological evaluation: Plant cell behavior and seedling
growth
To assess the biological response of plant systems to the developed hydrogels, different complementary
assays were conducted. Tomato-derived cell cultures were established by isolating cells from seeds of
red tomato (Solanum lycopersicum) and green tomato (Physalis philadelphica). The explants were
cultured in MS medium under sterile conditions to obtain viable cell suspensions (1 × 105 cells/mL) [21,
23, 34]. The metabolic activity of cells exposed to different hydrogel formulations was evaluated using
the MTT assay, based on the enzymatic reduction of the tetrazolium salt to formazan. Additionally, cell
viability and proliferation were examined through fluorescence staining with rhodamine B reagent,
allowing visualization of cell distribution and health in contact with the scaffolds [22, 23, 34].

To evaluate the interaction of plant cells with the hydrogel matrices, adhesion and migration assays were
performed using cell cultures derived from both red tomato (Solanum lycopersicum) and green tomato
(Physalis philadelphica). For each hydrogel formulation, 1 mL of cell suspension (1 × 105 cells/mL) was
carefully seeded onto the surface of the hydrated hydrogels placed in sterile culture wells. The samples
were incubated for 24 hours under sterile, humidified conditions at 25°C to allow cell attachment and
migration into the hydrogel network. Following incubation, the hydrogels were gently rinsed with 1× PBS
to remove non-adherent cells. Subsequently, the samples were fixed by immersion in glutaraldehyde (1
wt.%) for 10 minutes and then air-dried at room temperature. Cell adhesion and distribution were
analyzed using an optical microscope equipped with phase-contrast. Images were captured to assess
the extent of cell attachment and migratory penetration within the hydrogel structure, providing
qualitative and quantitative data on cell–matrix interactions.

In other experiments, a plant growth assay was conducted to evaluate the functional effect of the
scaffolds on tomato germination and early development. Red tomato seeds were embedded within the
hydrogels and transferred to seedbeds filled with commercial horticultural substrate. The systems were
maintained under controlled environmental conditions for 41 days, keeping the substrate moist by
adding 30 mL of water every third day. Seedling growth was monitored periodically by recording
morphological parameters, including the number of leaves and stem diameter. These data were used to
analyze the relationship between hydrogel composition and plant development, providing insight into the
stimulatory capacity of each matrix.

To evaluate the effect of the hydrogels on seed germination and early growth under controlled
conditions, an in vitro germination assay was conducted. Agar gels supplemented with MS basal
medium and sucrose (30 g/L) were prepared to simulate a nutrient-rich environment commonly used in
plant tissue culture. This system served both as a control and support for hydrogel-based treatments.
Surface-sterilized seeds of red tomato were placed directly on the MS–agar medium or on top of the
scaffolds that were preconditioned in the same MS medium. All plates were incubated under sterile
conditions at 25°C with a 16:8 h light/dark photoperiod. Seedling development was monitored over a 30-
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day period. Parameters such as germination rate, number of leaves, root length, and stem diameter were
recorded to assess the influence of the hydrogel formulations compared to the standard in vitro culture
medium.

2.6 Statistical analysis
All experiments were performed in triplicate, and data are presented as mean values ± standard
deviation (SD). Statistical differences among experimental groups were analyzed using one-way analysis
of variance (ANOVA). When significant differences were detected, Tukey’s post hoc test was applied to
determine pairwise comparisons between group means. A confidence level of 95% was used to define
statistical significance (* p < 0.05).

3.0 Results and discussion

3.1 Structural, morphological, and gelation characterization
of collagen–HEC scaffolds
Collagen–HEC semi-IPN scaffolds exhibited a uniform appearance across all evaluated HEC
concentrations, presenting a whitish-translucent coloration and excellent moldability. Notably, the
hydrogels conformed precisely to the shape of the containers used during preparation (Fig. 1a),
highlighting their adaptability to various formats. As HEC content increased, the overall volume of the
hydrogel also expanded, indicating higher water uptake and network swelling. This tunable morphology
and ease of handling are advantageous for agricultural applications, as the hydrogels can be shaped to
fit seedbeds, root zones, or customized substrate compartments, facilitating integration into diverse
cultivation systems [35].

SEM revealed that the scaffolds exhibit a characteristic fibrillar surface morphology typical of type I
collagen-based hydrogels (Fig. 1b) [21, 22, 36]. In the semi-IPN systems, HEC granules were observed to
be embedded within this fibrillar network. At 20 wt.% HEC (C-HEC20%), the granules appeared as small,
well-dispersed clusters entangled among collagen fibers, maintaining the interconnected porosity seen
in the collagen-only scaffold (C). As the HEC content increased, granule size also grew. In the C–
HEC40% formulation, the overall fibrillar structure and porosity were largely preserved, though slightly
less pronounced. However, in C–HEC60%, the extensive growth of HEC domains disrupted the collagen
fiber alignment and reduced surface porosity.

These morphological changes are directly relevant to plant–material interactions. The fibrillar
architecture with interconnected pores at lower to moderate HEC contents (20–40 wt.%) could facilitate
water diffusion, nutrient transport, and potential root or cell penetration, all of which are critical for
supporting seed germination and early plant development [37]. In contrast, the denser, less porous
structure observed at higher HEC content (60 wt.%) could hinder mass transfer and reduce biological
accessibility, limiting its suitability for sustainable agricultural applications [38]. Therefore, controlling the
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polysaccharide content is key to optimizing scaffold architecture for effective soil moisture regulation
and plant stimulation.

The effect of HEC content on the gelation capacity of the collagen-based hydrogels was investigated by
monitoring turbidity changes through time-resolved absorbance measurements at 410 nm (Fig. 1c). This
wavelength reflects the increase in light scattering associated with hydrogel network formation [22, 39].
The gelation kinetics of the systems showed a composition-dependent response. Formulations
containing 20–40 wt.% HEC exhibited a characteristic three-phase gelation profile [39]. The first phase,
marked by low and stable absorbance values, corresponds to a nucleation stage in which molecular
interactions between the collagen fibrils and HEC chains initiate network formation through early
physical–chemical crosslinking. This was followed by a second, linear phase with a pronounced
increase in absorbance, indicating active assembly of the 3D hydrogel matrix as polymer–polymer
interactions (including hydrogen bonding and physical entanglement) consolidate the semi-IPN
structure. The final plateau phase, with stabilized high absorbance, reflects the completion of gelation,
where residual rearrangements and secondary crosslinking events establish the final fibrillar morphology
[36, 39]. In contrast, the formulation with 60 wt.% HEC deviated from this behavior. After approximately
40 minutes, a sharp decline in absorbance was observed, suggesting destabilization of the collagen
fibrillar network. This phenomenon is attributed to steric and electrostatic repulsion between the
collagen matrix and the oversized HEC aggregates, which disrupt the organized assembly of the gel and
reduce crosslinking efficiency.

To further quantify gelation behavior, nucleation times were estimated from the onset of the turbidity
curves (Fig. 1d). The collagen-only hydrogel (C) gelled in 16±1 min, while C–HEC20%, C–HEC40%, and
C–HEC60% exhibited nucleation times of 19±2, 2±1, and 17±2 minutes, respectively. Notably, C–HEC40%
displayed a significantly shorter nucleation time compared to all other systems, suggesting that at this
intermediate concentration, HEC granules achieve an optimal size and dispersion that facilitates rapid
physical crosslinking. This acceleration likely results from enhanced hydrogen bonding between HEC
hydroxyl groups and polar functional groups in the collagen structure, reinforcing early-stage network
formation.

From an agricultural perspective, rapid and efficient gelation is a critical attribute for hydrogel
performance in seed coatings, nursery substrates, and in situ applications [5]. Faster gel formation
supports practical deployment and mechanical integrity under irrigation [5, 37]. Moreover, optimized
matrix structuring, as observed in C–HEC40%, could provide a favorable environment for plant cell
adhesion and interaction. These properties are directly linked to improved seed germination, early root
development, and sustained seedling vigor–key outcomes for sustainable agriculture and reduced
dependence on external chemical inputs [37].

The interactions between functional groups within the semi-IPN hydrogels were elucidated by FTIR
spectroscopy (Fig. 2). The spectrum of the collagen-based scaffold (C) exhibited characteristic
stretching bands of hydroxyl (–OH) and amine (–NH) groups centered around 3400 cm⁻¹, corresponding
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to abundant polar functionalities present in collagen amino acids (e.g., Gly, Pro, Hyp) and in the
polyurethane crosslinker. Aliphatic –CH stretching vibrations were observed between 2800–2700 cm⁻¹,
confirming the organic nature of the matrix. The typical amide I, II, and III vibration modes of collagen
appeared at approximately 1650, 1560, and 1480 cm⁻¹, respectively, associated with C = O stretching, N–
H bending, and C–N stretching within the polypeptide backbone.

A weak overtone at ~ 1730 cm⁻¹, attributed to urethane and urea linkages from the polyurethane
network, indicates chemical crosslinking [30]. In-plane deformation bands corresponding to –NH and –
CH vibrations were detected at ~ 1390 and 1260 cm⁻¹, while the C–O–C stretching vibrations of the
flexible ether regions within the polyurethane structure appeared around 1100 cm⁻¹ [30, 36, 39]. The FTIR
spectra of the collagen–HEC semi-IPN scaffolds showed all the aforementioned functional groups;
however, distinct changes were observed as HEC content increased. Specifically, the intensity of the
broad –OH band at ~ 3400 cm⁻¹, the –CH deformation band at 1260 cm⁻¹, and the glycosidic C–O–C
band at 1100 cm⁻¹ progressively increased, reflecting the higher hydroxyl and carbohydrate content from
HEC. Moreover, subtle yet consistent shifts in the wavenumbers of the amide I and II bands (highlighted
in yellow in Fig. 2), as well as in the glycosidic region (highlighted in orange), were detected in HEC-
containing systems. These spectral shifts suggest hydrogen bonding interactions between hydroxyl
groups in HEC and polar regions of collagen, supporting the establishment of a physically
interpenetrated network. Such hydrogen-bond-mediated crosslinks are central to the formation and
stabilization of the semi-IPN architecture, contributing to the enhanced physical integrity and
responsiveness of the hydrogel system [36, 39].

The inter- and intramolecular arrangements between collagen and HEC chains within the semi-IPN
hydrogels were examined by WAXS analysis (Fig. 3). The collagen-only scaffold (C) exhibited sharp
diffraction peaks at 2θ ≈ 32° and 46°, along with a weaker peak at 27.5°, indicating a high degree of
molecular order and crystallinity. These peaks are associated with the well-aligned triple-helical structure
and dense fibrillar packing characteristic of type I collagen [21, 22].

Upon incorporation of 20 wt.% HEC (C–HEC20%), the WAXS pattern changed notably. A broad
amorphous halo centered around 2θ ≈ 22° emerged, corresponding to the granular, partially ordered
nature of the polysaccharide [40]. Simultaneously, the intensity of the collagen diffraction peaks shifted:
signals at 27.5° and 46° became more pronounced, while the peak at 32° decreased. This suggests that
the inclusion of finely dispersed HEC granules within the fibrillar matrix perturbs the original collagen
packing, as previously evidenced by SEM, leading to a semi-crystalline arrangement with modified
interfibrillar spacing and local structural rearrangement.

In the C–HEC40% scaffold, the diffractogram exhibited stronger collagen-associated peaks at 27.5° and
especially at 32°, while the amorphous HEC halo was no longer visible. This indicates a higher degree of
fibrillar organization and densification of the collagen network, possibly due to favorable hydrogen
bonding and entanglement at this HEC concentration. These interactions promote denser, more coherent
fibrillar domains, as seen in SEM, and correlate with improved gelation behavior discussed earlier.
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Conversely, the C–HEC60% scaffold presented a return to a semi-crystalline profile, with reappearance of
the amorphous halo at ~ 22°, reflecting the dominant contribution of excess HEC. The intensity of the
collagen peak at 32° diminished again, while signals at 27.5° and 46° increased. This suggests that large
HEC aggregates disrupt the native collagen fibrillar organization, producing a more disordered interface,
as supported by the SEM observations of disrupted surface porosity and altered fibril alignment. Overall,
the WAXS analysis demonstrates that increasing HEC content progressively influences the molecular
arrangement and crystallinity of collagen-based hydrogels. While intermediate HEC concentrations (20–
40 wt.%) promote enhanced fibrillar ordering and network cohesion, higher HEC levels (60 wt.%)
introduce more amorphous regions due to polysaccharide dominance. This suggests that physical
entanglement and hydrogen bonding within the semi-IPN likely compensate for the reduction in
crystallinity, contributing to the formation of stable matrices. Such structural features are promising for
efficient moisture management and sustained plant cell interactions, key attributes for sustainable
agricultural applications [22, 23, 41].

3.2 Physicochemical and mechanical characterization of
bioinspired scaffolds
The swelling behavior of the scaffolds is presented in Fig. 4a, showing values of 1760±182%,
2372±195%, 2530±205%, and 2800±203% for C, C–HEC20%, C–HEC40%, and C–HEC60%, respectively.
All formulations exhibited superabsorbent behavior –defined by water uptake exceeding 1000% of their
dry weight– making them suitable candidates for moisture-regulating applications in agricultural
substrates [5, 7]. A statistically significant increase was observed for the C–HEC60% hydrogel,
highlighting the strong influence of HEC content on water absorption capacity.

This enhancement is attributed to the high concentration of hydrophilic –OH groups in the granular
domains of HEC, physically entrapped within the collagen fibrillar network. SEM analysis supports this,
revealing an increase in dispersed granular inclusions and variations in surface porosity at higher HEC
concentrations, which facilitates greater water ingress.

Additionally, WAXS data showed that increasing HEC content introduces amorphous regions, which
further enhances the hydration potential of scaffold. A high-water content prevents extensive collagen
fibril aggregation, as previously observed in the gelation profiles, where excess HEC led to network
destabilization and altered fibrillar assembly. This suggests that the semi-IPN collagen-HEC architecture
can be precisely modulated to enhance water absorption efficiency. This is especially valuable for
sustainable agriculture, where superabsorbent biomaterials contribute to efficient water management,
reduced irrigation demands, and improved plant–soil interactions under limited water availability [1, 3,
14, 42].

The crosslinking degree of the scaffolds was evaluated by quantifying the free amino groups of collagen
using the ninhydrin assay (Fig. 4b). Crosslinking indices of 42±4%, 39±5%, 24±4%, and 26±3% were
obtained for C, C–HEC20%, C–HEC40%, and C–HEC60%, respectively. Significant differences were
observed between the pure collagen-based matrices (C and C–HEC20%) and the hydrogels containing
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higher HEC content (C–HEC40% and C–HEC60%), indicating that increasing the amount of
polysaccharide results in a reduction in chemical crosslinking of collagen. This decrease can be
attributed to the physical interference of HEC granules within the fibrillar collagen network. As revealed
by FTIR (Fig. 2), the urea bond overtone associated with collagen–polyurethane crosslinking showed
decreased intensity in the semi-IPN systems, reflecting reduced formation of covalent crosslinks. Larger
HEC granules, especially in C–HEC60%, were seen to disrupt the native collagen fibril organization,
further suggesting that steric repulsion and phase separation limit efficient molecular packing and
chemical crosslinking.

Instead, the structural integrity of these hydrogels relies increasingly on physical crosslinking, primarily
through hydrogen bonding between the abundant –OH groups in HEC and the polar groups of collagen.
These interactions are particularly evident in C–HEC40%, which maintained a fibrillar architecture with
good porosity and balanced swelling (Fig. 4a, 4c). This shift toward physically stabilized networks is
advantageous in agricultural applications, where biodegradable and mechanically adaptable hydrogels
are required to retain structure during water diffusion while still allowing gradual degradation and plant
interaction [5, 14, 42].

Thermal stability of the collagen–HEC scaffolds was assessed via thermogravimetric analysis (TGA)
(Fig. 5a).

The mass loss profiles revealed three distinct decomposition regions. The first, between 100–130°C,
corresponds to surface water evaporation, showing ~ 4% mass loss across all formulations–indicative
of physically absorbed water, consistent with the hydrophilic nature observed in swelling studies. The
second region, spanning 200–450°C, is associated with the endothermic degradation of the polymeric
components. Here, scaffolds C, C–HEC20%, and C–HEC40% showed mass losses around 76%, whereas
C–HEC60% exhibited a lower loss (~ 63%), suggesting improved thermal stability. This effect is
attributed to the higher density of physically crosslinked HEC domains, where abundant –OH groups
establish extensive hydrogen bonding with collagen fibrils. As previously supported by FTIR and
crosslinking index data, such interactions reinforce the matrix without relying on covalent crosslinking,
thus delaying thermal degradation. The third region, observed between 600–800°C, represents the
breakdown of residual polymer segments, leaving char residues between 10–19% for all samples. These
residues likely reflect mineralized content and incomplete combustion of thermally stable regions such
as hard polyurethane crosslinker segments.

DTGA analysis (Fig. 5b) provided further insight into the thermal behavior of individual components. The
peak at ~ 86°C corresponds to water loss retained within the matrix, possibly stabilized by interstitial
repulsion between HEC granules and collagen fibrils. Collagen degradation peaks appeared between
220–250°C, shifting slightly upward with increasing HEC content. This indicates that hydrogen bonding
between HEC and collagen increases the thermal energy required to initiate degradation, a stabilizing
effect consistent with enhanced fibrillar arrangement observed by WAXS in C–HEC40%. HEC granule
degradation occurred between 350–425°C, with C–HEC20% showing a higher decomposition
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temperature, likely due to smaller, more dispersed granules that integrate better with the collagen
network and resist early breakdown. Polyurethane hard segment degradation appeared around 470°C in
all formulations, confirming structural contributions from the crosslinker.

Altogether, the semi-IPN structure –especially at intermediate HEC concentrations–yields scaffolds with
enhanced thermal resilience, an advantageous property in agricultural environments where temperature
fluctuations, microbial activity, and biodegradation coexist [5, 7, 14]. Thermal stability ensures that the
hydrogel can maintain its moisture-regulating and structural functions long enough to support
germination and early seedling development before controlled degradation occurs [14].

The viscoelastic behavior of the collagen–HEC hydrogels was evaluated to understand their mechanical
stability under hydrated conditions (Fig. 5c). All scaffolds exhibited a typical hydrogel-like profile, where
the storage modulus (G′) surpassed the loss modulus (G″) (G′>G″), indicating a predominantly elastic
response across the frequency range. At a fixed oscillation frequency of 1 Hz, G′ values of 20 Pa, 23 Pa,
35 Pa, and 100 Pa were recorded for C, C–HEC20%, C–HEC40%, and C–HEC60%, respectively. The
significant increase in G′ for C–HEC60% suggests that higher HEC content notably enhances the
resistance of the matrix to deformation. This reinforcement is attributed to the physical crosslinking via
hydrogen bonding between the hydroxyl-rich HEC granules and the collagen fibrillar network. Larger HEC
domains become embedded within the matrix, improving the compactness and cohesion of the scaffold.
Despite reduced crystallinity at high HEC levels, the semi-IPN structure remains mechanically robust due
to physical entanglement. TGA results also confirmed this mechanical stability, showing delayed thermal
degradation in highly crosslinked systems.

Frequency sweep analysis showed that the complex modulus (G*) increased steadily between 0.1–100
Hz for all formulations, with C–HEC60% maintaining the highest G* (~ 100 Pa) throughout the frequency
range. This rheological profile indicates that the scaffold remains structurally stable under dynamic
stress, a key factor in resisting mechanical disturbances in soil or plant beds [5, 43]. These mechanical
properties are highly relevant for agricultural applications, particularly in the encapsulation of seeds, in
situ cell growth, and early-stage plant support [21–23]. Hydrogels with tunable elasticity and strength
ensure proper contact with seeds and roots, protect against physical stress, and maintain structural
coherence during water retention and diffusion [21, 23]. Moreover, mechanically resilient scaffolds
prevent premature collapse, enabling consistent metabolic stimulation and germination support over
extended periods [14, 22].

3.3 Scaffold performance for agricultural applications:
Biodegradation and water diffusion in horticultural
substrate
Biodegradation assays were conducted under three distinct conditions to evaluate the environmental
responsiveness of the collagen–HEC semi-IPN scaffolds. As shown in Fig. 6a, under collagenase
exposure, all scaffolds—regardless of HEC content—underwent complete mass loss (100%) within the
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incubation period. This confirms a high susceptibility to proteolytic degradation, indicating that microbial
enzymes naturally present in agricultural soils can efficiently degrade these scaffolds. Notably, the
presence of HEC granules and variations in collagen crystallinity did not hinder collagenase activity. This
suggests that although HEC modifies the fibrillar architecture, it does not sterically block enzymatic
access to peptide bonds within the collagen backbone.

In contrast, degradation in papain-containing medium was considerably slower, with all matrices
showing only ~ 9% mass loss after incubation. No significant differences were observed across the
formulations, suggesting that the polyurethane-crosslinked collagen network resists hydrolysis by plant-
derived cysteine proteases. The absence of correlation with HEC content indicates that the granular
architecture does not facilitate or hinder papain access, pointing to the protective effect of polyurethane-
mediated crosslinking and dense fibrillar networks.

Under hydrolytic conditions in PBS, the scaffolds exhibited moderate degradation. Scaffolds C and C–
HEC20% lost approximately 10% of their mass, while C–HEC40% and C–HEC60% displayed significantly
higher degradation (~ 20%). This increase aligns with the larger HEC granules occluded in the fibrillar
matrix. These granules likely swell and disrupt fibrillar cohesion over time, making the matrix more prone
to hydrolytic disassembly. This trend also correlates with lower chemical crosslinking (Fig. 4b) and
enhanced swelling (Fig. 4a), indicating that the predominance of physical crosslinks (e.g., hydrogen
bonding) leads to increased water sensitivity.

These biodegradation profiles suggest tunability: while all scaffolds are rapidly degradable under
microbial enzymatic conditions —desirable for minimizing long-term soil residues— their slower
degradation under hydrolytic and plant enzymatic conditions ensures structural integrity during early
plant development [14, 21, 23]. This balance is crucial for controlled matrix persistence, water retention,
and nutrient delivery, making the collagen–HEC scaffolds promising candidates for eco-compatible,
degradable agrobiomaterials in sustainable agriculture [3, 5, 6, 43].

The degradation profile of the scaffolds in contact with a commercial horticultural substrate —
composed primarily of peat moss, coconut coir, vermiculite, and slow-release fertilizers— was assessed
over time (Fig. 6b). Upon initial exposure, all hydrogels experienced a rapid mass loss of approximately
92–95% within the first 24 hours, which is attributed not to scaffold degradation but to water diffusion
from the hydrogel to the surrounding substrate. This substantial water transfer aligns with the
superabsorbent nature of the materials (swelling > 2000%, Fig. 4a) and confirms their capacity to act as
moisture reservoirs that release water gradually into dry soils [3, 10, 21, 24]. After this initial dehydration
phase, no further mass loss was detected over the following days, with scaffolds stabilizing as xerogels
with residual masses between 5–8%, depending on composition. Importantly, the mass retention
increased with higher HEC content. Scaffolds containing 40–60 wt.% HEC retained more mass after
water release, which correlates with the presence of robust HEC granules entrapped in the fibrillar
collagen matrix.
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These findings also reflect the thermal stability and reduced chemical crosslinking of high-HEC
formulations, which favor physical entanglement and hydrogen bonding over irreversible chemical
bonding. The fibrillar disruption and amorphous contributions of HEC (Fig. 3) appear to allow the
structure to remain intact post-hydration without rapid breakdown, suggesting a reversible hydration–
dehydration behavior ideal for multiple irrigation–drying cycles in horticultural settings [25, 27, 41].

From an agricultural application standpoint, this behavior is highly beneficial: the scaffold releases its
water load effectively into the plant root zone but remains physically present to maintain root contact,
avoid soil compaction, and potentially interact with root-secreted enzymes or metabolites [5, 14, 21].
Moreover, the progressive increase in mechanical strength (Fig. 5c) with increasing HEC supports
structural resilience during handling and implantation [23, 24, 35, 42]. Interestingly, these results indicate
that collagen–HEC hydrogels are not degraded by the components of the commercial substrate, making
them chemically stable yet highly functional under horticultural conditions. This stability enables their
use as bioinspired seed or root coatings, plant cell scaffolds, or soil conditioners that deliver moisture
while maintaining contact with plant tissues during early stages of development—a key asset for
improving germination rates, reducing water stress, and promoting sustainable agriculture [6, 21, 23].

To simulate field-relevant water release behavior, water diffusion from swollen collagen–HEC scaffolds
into a commercial vegetable substrate was evaluated over 15 days (Fig. 6c). On day 1, all scaffolds
released a substantial portion of their absorbed water, transferring between 80–88% of their moisture
load into the substrate. Hydrogels with 40 and 60 wt.% HEC exhibited the highest release, consistent
with their enhanced swelling capacity (Fig. 4a) and fibrillar–granular architecture that facilitates gradual
moisture flow (Fig. 1b, SEM). Over the 15-day period, all hydrogels maintained a stable water diffusion
profile, culminating in total transfer values of 81%, 83%, 90%, and 93% for C, C-HEC20%, C-HEC40%, and
C-HEC60%, respectively. These results highlight the importance of HEC content in modulating water
delivery. The granular domains formed by HEC create hydrophilic channels within the collagen matrix,
which support sustained moisture release through capillary and diffusion-driven mechanisms [3, 21, 23].
From a sustainability perspective, this gradual and consistent water release is ideal for reducing
irrigation frequency, minimizing water waste, and alleviating drought stress during germination and early
seedling development [3, 5, 14, 28]. Unlike conventional superabsorbent polymers, which may swell
excessively and then rapidly dehydrate [12, 44], these bioinspired semi-IPN scaffolds act as smart
reservoirs, releasing moisture in a controlled manner while maintaining mechanical resilience and
structural stability in the soil environment. Therefore, collagen–HEC hydrogels—particularly those with
40–60 wt.% HEC—represent a promising biodegradable alternative to synthetic water-retention agents in
agriculture, with a performance profile tailored to support seed germination, root establishment, and
sustainable crop growth in resource-limited conditions [6, 10, 24].

3.4 Scaffold–Plant cell interactions: Adhesion, migration,
and metabolism
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Tomato-derived plant cells obtained from red tomato (Solanum lycopersicum) and green tomato
(Physalis philadelphica) seeds were used to investigate the interaction between plant cells and the
hydrogel scaffolds, offering insights into their bioactivity for agricultural applications. The adhesion and
migration patterns of these cells growing in contact with the biomatrices (Fig. 7a) reveal that the
fibrillar–granular hybrid architecture of the semi-IPN scaffolds effectively supports both cellular
functions.

The morphology of the scaffolds shows that C-HEC20% and C-HEC40% scaffolds exhibit finely dispersed
HEC granules embedded within an interconnected fibrillar collagen network. This configuration appears
to facilitate surface adhesion and inward migration of plant cells, as indicated by dense cellular coverage
and the presence of internalized cells at scaffold interfaces.

These systems, which also demonstrated enhanced swelling capacity and moderate viscoelastic
resistance, provide a hydrated and mechanically compliant microenvironment that mimics natural plant
extracellular conditions, thus promoting cell infiltration [20, 22]. In contrast, the scaffold without HEC (C)
also supports notable adhesion and cell migration, likely attributed to its highly ordered fibrillar structure.
However, the lower swelling capacity and denser network may limit deeper cell infiltration compared to
C-HEC20% and C-HEC40%, where the fibrillar–granular architecture offers a more permissive and
hydrated environment for cellular migration. On the other end, the C-HEC60% matrix, despite having the
highest swelling and stiffness values (highest G*), shows reduced cellular confluence and hindered
migration, likely due to the excessive surface granulation and decreased porosity from HEC aggregation,
which may act as physical barriers to cellular penetration.

These results indicate that an intermediate HEC content (20–40 wt.%) achieves an optimal balance
between scaffold hydration, structural flexibility, and biochemical compatibility—key parameters that
support plant cell adhesion, migration, and metabolic activation [21, 23]. Such features are highly
desirable for applications in seed encapsulation, germination matrices, and root-zone plant interfaces,
where controlled water management and bioactivity can synergistically enhance early plant development
[14, 20]. This highlights the potential of collagen–HEC scaffolds as bioinspired platforms for sustainable
agriculture, supporting both physical water regulation and active biological stimulation.

The metabolic activity of red tomato (Solanum lycopersicum) cells cultured on the scaffolds was
evaluated using the MTT assay (Fig. 7b). After 24 hours of contact, significant metabolic stimulation was
observed for all scaffold systems compared to the control (100%), with relative activity levels of 192 ± 
13% (C), 204 ± 16% (C-HEC20%), 162 ± 11% (C-HEC40%), and 145 ± 10% (C-HEC60%). These results
confirm that none of the scaffolds exert cytotoxic effects on plant cells and, conversely, enhance their
metabolic functions. At 48 hours, metabolic activity further increased across all scaffolds, with the
highest value recorded for the collagen-only matrix (C, 348 ± 28%), likely due to the abundance of
bioactive amino acid residues and its dense fibrillar architecture that actively supports cell viability and
function [21, 23]. Interestingly, scaffolds containing 20 and 40 wt.% HEC also sustained significant
stimulation (290–310%), outperforming the 60 wt.% formulation. This behavior correlates with previous
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findings from SEM and adhesion/migration assays, where C-HEC20% and C-HEC40% provided optimal
fibrillar–granular interfaces and swelling capacity, promoting effective cell–matrix interactions. In
contrast, the C-HEC60% scaffold, despite its high-water content, showed lower metabolic activation. This
could be attributed to excessive granulation of HEC interfering with effective cell adherence and
migration, thereby limiting intimate contact with metabolically active collagen domains.

In the case of green tomato (Physalis philadelphica) cells (Fig. 7c), all scaffold formulations promoted
metabolic activity above the control level (100%) after 24 h of incubation, confirming the non-cytotoxic
nature of the scaffolds toward this cell type. Metabolic activity values were 245 ± 19% (C), 182 ± 16% (C-
HEC20%), 162 ± 12% (C-HEC40%), and 261 ± 20% (C-HEC60%). Notably, scaffolds C and C-HEC60%
showed significantly higher stimulation compared to the intermediate formulations, suggesting two
distinct yet effective mechanisms of action. For scaffold C, the strong early metabolic stimulation is
likely attributed to its dense fibrillar collagen network rich in amino acids such as glycine, proline, and
hydroxyproline—known to support cellular signaling and growth [21, 23, 45]. Meanwhile, the C-HEC60%
scaffold, despite its more amorphous microstructure, likely benefits from high water content and larger
HEC granules, which facilitate rapid swelling and diffusional transport of water and soluble bioactive
degradation byproducts (e.g., saccharide units from HEC and peptides from collagen), which can be
metabolized by plant cells as nutrient sources [24, 27, 46].

After 48 h of culture, a general decline in metabolic activity was observed across all scaffolds, though
values remained above 100%, indicating sustained metabolic support after initial adaptation.
Interestingly, at this later time point, the highest activity was recorded in scaffolds with 20 and 40 wt.%
HEC content, which showed significant differences compared to C and C-HEC60%. This delayed
metabolic stimulation can be explained by the optimal balance of fibrillar and granular architecture in C-
HEC20% and C-HEC40%, which promotes stable cell adhesion, migration, and gradual release of
degradation products, supporting prolonged interaction with plant cells. Swelling and mechanical
analyses showed these formulations possess moderate elasticity and water retention, allowing
sustained hydration and scaffold integrity. Biodegradation studies indicated that controlled release of
bioactive components occurs in these systems under both enzymatic and substrate-mimicking
conditions, stimulating the plant cell metabolism. These insights highlight the versatility of semi-IPN
collagen–HEC scaffolds in modulating plant cell responses, offering a promising platform for the
development of bioactive agricultural biomatrices tailored to specific crop types and developmental
stages [5, 16, 20].

The proliferative capacity of tomato-derived cells in contact with the scaffolds was also investigated
using epifluorescence microscopy with the vital dye rhodamine B to identify metabolically active living
cells (Fig. 7d). Intense red fluorescent zones—indicative of active cell proliferation—were observed in all
scaffold formulations for both red and green tomato cell types, confirming that the bioinspired semi-IPN
scaffold not only supports cell adhesion and migration but also promotes cell division and sustained
metabolic function.
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This widespread cellular proliferation correlates with the earlier MTT assay results, reinforcing that the
scaffolds do not exert cytotoxic effects and instead foster a biologically favorable microenvironment.
The presence of both bioactive amino acids of collagen and the hydrophilic character of HEC facilitates
water availability and diffusion of small molecules, which can be utilized by the cells as nutrients or
signaling cues [16, 23, 24]. Scaffolds containing 20 and 40wt.% HEC (C-HEC20% and C-HEC40%)
displayed the most extensive proliferative zones, with densely populated and evenly distributed
fluorescent areas.

In contrast, the C-HEC60% scaffold exhibited noticeably fewer fluorescent proliferative regions,
suggesting that excessive HEC content may hinder optimal cell–matrix interactions. As previously
discussed, this formulation's larger HEC granules disrupt collagen fibril organization and increase
stiffness, possibly creating a less favorable microenvironment for cell spreading and division. Moreover,
the rapid initial swelling of this matrix may lead to faster loss of water and soluble factors, reducing long-
term support for cell proliferation [47, 48].

These results demonstrate that scaffold composition—especially the balance between fibrillar collagen
and granular HEC—directly influences not only cell adhesion and metabolism but also the ability of plant-
derived cells to proliferate within the matrix. This capacity is essential for developing smart biomaterials
aimed at stimulating plant tissue regeneration, enhancing seedling vigor, or delivering bioactive cues in
sustainable agriculture [10, 21, 38].

3.5 Tomato seed germination performance on collagen–
HEC scaffolds
Red tomato seed germination and early plant development were evaluated over 41 days using a
commercial horticultural substrate (Fig. 8a). Only the C-HEC20% and C-HEC40% scaffolds were tested,
as these formulations previously demonstrated the most favorable biological interactions with tomato-
derived plant cells. Growth performance was compared to a control group in which seeds were
germinated directly in substrate without hydrogels.

Stem length measurements after 41 days revealed no statistically significant differences among the
groups, with all treatments reaching an average height of ~ 8 cm (Fig. 8b). Similarly, stem diameters
remained consistent at around 2.3 mm across all conditions (Fig. 8c), indicating that the scaffolds did
not negatively impact structural stem development. In contrast, significant differences were observed in
leaf number—an important indicator of photosynthetic surface area and early vigor [14, 21, 38, 49].
Control plants developed an average of 5 leaves, whereas plants grown on C-HEC20% and C-HEC40%
scaffolds produced 9 and 8 leaves, respectively.

The increased foliar development in the C-HEC20% group was statistically significant, suggesting that
the microarchitecture and water-management capacity of this scaffold enhanced morphogenetic
processes involved in leaf emergence. These findings support the notion that scaffold-assisted
germination—particularly with the C-HEC20% formulation—can enhance early shoot development, likely
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due to optimal water retention, mechanical compliance, and bioactive signaling from collagen and HEC
degradation byproducts. From an agricultural perspective, such bioinspired hydrogel systems offer a
sustainable platform for improving seedling establishment and early crop vigor, especially under
conditions of limited irrigation or suboptimal substrates [5, 10, 21, 24].

To further assess the potential of the scaffolds in supporting seed germination under defined nutrient
conditions, in vitro assays were conducted using agar supplemented with MS medium, with and without
sucrose (Fig. 8e). As expected, MS(+) promoted robust seedling development due to the availability of
an accessible carbon source [50]. Remarkably, when combined with the C-HEC40% scaffold, plant
growth was significantly enhanced, with observable improvements in stem thickness, leaf number, and
overall vigor. This result suggests that the C-HEC40% hydrogel matrix not only provides mechanical and
hydration support but also acts as an effective carrier and slow-release platform for nutrients like
sucrose. Its high swelling capacity and semi-interpenetrating architecture facilitate the gradual diffusion
of nutrients into the surrounding medium, thereby sustaining early plant metabolism [5, 11]. This
controlled delivery effect becomes especially evident in the enhanced plant development observed under
sucrose-enriched conditions.

Although no significant stimulation was observed in the absence of sucrose, this highlights the role of
scaffold as a nutrient-responsive system capable of delivering incorporated bioactive molecules. These
findings underscore the potential of collagen–HEC hydrogels as customizable platforms for
encapsulating and gradually releasing not only carbon sources but also other agro-inputs (e.g.,
biostimulants, micronutrients, phytohormones), thereby offering a smart and sustainable strategy for
improving seed germination and early plant growth [5, 6, 11, 14, 23].

4.0 Conclusions
This study demonstrates that bioinspired collagen–HEC semi-IPN hydrogels possess tunable
physicochemical and biological properties suitable for sustainable agricultural applications. By varying
the HEC content, we were able to modulate scaffold crystallinity, microstructure, water absorption,
mechanical behavior, and degradation profiles—key parameters for optimizing soil–plant interactions.
Hydrogels containing 20–40 wt.% HEC exhibited optimal performance, combining high water retention
capacity, structural integrity, and compatibility with tomato-derived plant cells. These formulations
promoted cell adhesion, migration, and metabolic activity without cytotoxic effects, and notably
enhanced seedling foliage during germination. Furthermore, C-HEC40% scaffolds showed promising
behavior as sucrose delivery systems under in vitro conditions, suggesting their potential as carriers for
nutrients or biostimulants. Altogether, the results position collagen–HEC hydrogels as multifunctional
bioactive scaffolds that mimic natural plant–soil interfaces, offering a promising strategy for controlled
hydration, cell support, and growth stimulation in modern sustainable agriculture.
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Figure 1

Physical appearance, morphology, and gelation kinetics of collagen–HEC hydrogels. (a) Macroscopic
aspect; (b) SEM showing fibrillar structure and HEC granules; (c) Gelation kinetics by turbidity at 410 nm;
(d) Nucleation times highlighting rapid gelation in C–HEC40%.
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Figure 2

FTIR spectra of collagen–HEC scaffolds showing characteristic functional groups.
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Figure 3

WAXS diffractograms of collagen–HEC scaffolds showing structural transitions with increasing HEC
content.
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Figure 4

(a) Swelling capacity of collagen–HEC scaffolds. (b) Crosslinking index measured by ninhydrin assay. (c)
Illustration of hydrogen bonding stabilizing the semi-IPN structure.
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Figure 5

(a) TGA profiles of collagen–HEC scaffolds. (b) First derivative (DTGA) curves showing decomposition
events. (c) Storage modulus (G′) and complex modulus (G*) indicating viscoelastic behavior and
mechanical reinforcement with increasing HEC content.
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Figure 6

Biodegradation and water diffusion performance of collagen–HEC scaffolds under conditions relevant to
agriculture. (a) Mass loss under enzymatic (collagenase, papain (14 U/scaffold)) and hydrolytic (1x PBS)
degradation; (b) mass retention in commercial horticultural substrate; (c) water release into substrate
over 15 days.
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Figure 7

Evaluation of tomato-derived cell behavior on collagen–HEC scaffolds. (a) Microscopic images showing
cell adhesion and migration on scaffold surfaces after 48 h. (b) Metabolic activity of red tomato cells at
24 and 48 h assessed by MTT assay. (c) Metabolic activity of green tomato cells at 24 and 48 h. (d)
Fluorescence microscopy images showing cell proliferation after 48 h, stained with rhodamine B.
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Figure 8

Evaluation of tomato seed germination and plant development over 41 days in commercial vegetable
substrate and MS-based in vitro systems. (a) Representative images of plant growth. (b–d)
Quantification of stem length, stem diameter, and number of leaves. (e) In vitrogermination on MS agar
with or without sucrose and with collagen–HEC hydrogels.
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