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Hydrogel coatings are increasingly applied to seeds to enhance hydration and support germination;
however, their outcomes remain inconsistent, and the underlying physical mechanisms remain unclear.
Here, we dissect the hydrogel-seed interface as a soft material system, isolating how water imbibition,
mechanical confinement, and oxygen permeability govern germination dynamics. Using artificial and
natural seeds, we show that water uptake follows classical Lucas—Washburn dynamics and is not
impeded by the hydrogel coating. Instead, germination delays arise from two key physical effects: the
mechanical stiffness of the coating and its restriction of gas exchange. In Petri dishes, soft coatings
accelerate germination, suggesting minimal resistance to radicle emergence; however, this advantage
disappears in soil, where all coatings delay germination regardless of stiffness. Controlled-pressure
experiments in transparent soil rule out mechanical load as the dominant factor. Instead, selectively
exposing the hilum and micropyle—critical sites for gas exchange—restores germination timing. These
findings demonstrate that hydrogel-coated seeds are primarily limited by oxygen diffusion, not water
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DOI: 10.1039/d5sm00932d transport, revealing how soft material interfaces modulate biological function. This work provides design

principles for soft coatings that balance hydration, mechanical compliance, and gas permeability in bio-
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1. Introduction

Soft interfaces that mediate fluid transport and mechanical
interactions are central to many systems in soft matter physics.
Hydrogels, in particular, are widely used in applications ran-
ging from tissue engineering and drug delivery to filtration and
biosensing, where their ability to simultaneously deform, swell,
and control mass transfer gives rise to tunable, multifunctional
behavior."™® In these contexts, the interplay between porosity,
elasticity, and permeability defines how molecules and fluids
move across the material interface.

While extensive work has been done on hydrogel interfaces
in biomedical’® and synthetic environments,'®'" relatively
little attention has been given to soft interfaces that interact
dynamically with whole living organisms, especially in early
developmental stages. One underexplored but scientifically rich
example is the interface between a hydrogel coating and a
germinating seed. This system naturally couples capillary trans-
port, mechanical confinement, and gas diffusion in a confined
geometry, and provides a biologically meaningful platform for
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investigating the physicochemical principles that govern hydra-
tion and growth under soft constraints.

Seeds are inherently multiscale systems where germination
involves tightly regulated uptake of water,">'* mechanical
rupture of protective layers,’>'® and aerobic respiration.'”"'®
These processes unfold sequentially and are sensitive to the
properties of the surrounding environment.'®' Any external
coating that modifies the local transport of water or oxygen, or
that introduces mechanical resistance, has the potential to alter
the timing and success of germination. Despite the complexity
of this interface, seed-hydrogel interactions have received
relatively little mechanistic study in the context of soft matter.

In parallel, hydrogel-based seed coatings have become
increasingly common in agricultural practice, where they are
used to retain moisture, mitigate desiccation stress, and deliver
nutrients or microbial additives.'*?*>* Inspired by mucilage-
producing seeds such as chia and basil, these coatings are
promoted as a means to enhance crop establishment, particu-
larly under challenging environmental conditions.?*?%2%77
However, their effects remain inconsistent: in some cases,
coated seeds germinate faster than uncoated controls,"*?%732
in others, germination is delayed or entirely suppressed.*?
These contradictory outcomes have typically been attributed
to environmental variables, but a lack of physical insight into
the coating-seed interface has hindered rational design.
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Here, we investigate hydrogel-coated seeds as a soft matter
system by dissecting the coupled roles of water uptake,
mechanical confinement, and oxygen diffusion in determining
germination behavior. Using a combination of artificial and
natural seed models, transparent soil platforms, and analytical
modeling, we show that water uptake is not impaired by
the coating and follows classical Lucas-Washburn dynamics.
We demonstrate that the stiffness of the hydrogel affects
radicle emergence in hydrated, unconfined environments, but
that these effects are outweighed in soil by limitations in gas
exchange. Most notably, we find that oxygen availability at the
seed surface—especially near the hilum and micropyle—is the
dominant factor determining germination timing under hydrogel
coatings.

Together, these results position the seed-hydrogel interface
as a robust and generalizable model for studying transport and
mechanics in soft porous systems. By linking materials design
to biological function, this work opens new directions in soft
matter research with applications in agriculture, biotechnology,
and bioinspired interface engineering.

2. Results

2.1. Hydrogel coating does not inhibit water uptake

To test whether hydrogel coatings interfere with seed hydra-
tion, we first quantified water uptake during imbibition in
artificial and natural seeds with and without coatings. Artificial
seeds were used to simplify transport processes and enhance
experimental repeatability. We fabricated them using smooth
terracotta earthenware clay (Red Rock Red Smooth, Rocky
Mountain Clay), molded into spheres of three diameters—14 mm,
22 mm, and 27 mm—and fired at 850 °C, 1000 °C, or 1150 °C.
Firing temperature was selected to tune the internal porosity,
with higher temperatures reducing water uptake due to
sintering.?

The hydrogel coating was made from 2% w/v sodium
alginate, crosslinked in a 4% w/v CaCl, solution. Both solutions
were degassed twice (3 min each) to remove bubbles before
coating. Each seed was dipped in alginate for 5 seconds,
transferred to CaCl, for 30 seconds, and then oven-dried at
80 °C for 20 minutes. For imbibition trials, seeds were sub-
merged in degassed water and removed at regular time inter-
vals. Excess water was blotted off, and mass was measured
using a high-precision balance (Ohaus Pioneer PX523/E). Seed
mass was also measured before and after coating to ensure
consistent coating application across all samples. The mass
was tracked until saturation (Fig. 1).

For all samples, mass increased rapidly before leveling off
(Fig. 2a and b). Seeds fired at 850 °C absorbed the most water,
consistent with their higher porosity (~12.4%), while those
fired at 1150 °C absorbed the least (~4.0%). Coated seeds
showed a higher total mass gain due to hydrogel swelling; the
coating absorbed approximately 200% of its dry mass in water
over the course of the experiment, resulting in visible swelling
by the end of imbibition. To isolate the contribution of the seed
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Fig. 1 Inspiration and motivation for hydrogel seed coatings. (a) Natural
mucilage layer surrounding a chia seed upon hydration, which helps retain
water in arid environments. Photo credit: Jean-Frangois Louf, Auburn
University. (b) Laboratory-applied hydrogel coating on a soybean seed,
mimicking mucilage function. Photo credit: Tori Phillips, Auburn University.
(c) and (d) Images of potted soybeans Adapted with permission from
Zvinavashe et al.'? comparing soybean growth outcomes for uncoated
(c) versus hydrogel-coated seeds (d). The coated seeds included additives
such as plant growth-promoting rhizobacteria (PGPRs), highlighting both
the promise and complexity of seed coating technologies in agriculture.

alone, we removed the hydrogel coating at fixed intervals
during imbibition by peeling it off the surface of artificial clay
seeds. For soybean and mango seeds, the coating detached
spontaneously as swelling progressed. In all cases, the resulting
de-coated seeds followed the same imbibition curve as
uncoated controls (Fig. 2c-e), indicating that the hydrogel does
not impede water access to the seed interior.

2.2. Seed hydration follows Lucas-Washburn dynamics

To interpret the dynamics of water uptake during seed imbibition,
we modeled the process as capillary-driven flow into a porous
sphere—a geometry that approximates the artificial clay seeds
used in our experiments and provides a first-order description of
the early hydration behavior of natural seeds prior to swelling.

The flow into the dry porous medium is driven by capillary
pressure and resisted by viscous drag, consistent with Darcy’s
law. We adopt the analytical framework derived in Louf et al.
(2018),"* where the pressure profile within the spherical medium
is solved under the assumptions of radial symmetry, constant
permeability, incompressibility, and negligible swelling.

The characteristic time to fully saturate a sphere of radius
ais

2

_ Ha

tmax

where y is the fluid viscosity, k the permeability of the porous

_ 2ycos(0)

matrix, and p. , the capillary pressure with y the

P
surface tension of water, 6 the contact angle between water and

the pore wall, and r,, the effective pore radius.
In our system, although the seed-hydrogel structure com-
prises two porous domains in series, we modeled it using a
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Imbibition kinetics in different conditions (a) mass gained over time of uncoated artificial seeds at different kiln temperatures (b) similar

experiment as (a) but for the coated artificial seeds. (c) Mass gain over time of coated artificial seeds with the coating removed at different time points
(represented by dashed lines), compared to uncoated control. mg is the initial mass of the uncoated seed. Similar experiments were repeated for soybean
seeds (d) and mango seeds (e) but the coating naturally fell off as the seed swelled. (f) Normalized mass vs. normalized time of both uncoated (gold) and
coated artificial seeds (blue), uncoated soy bean seeds (green) and the theoretical prediction using Lucas—Washburn (thick black line).

single effective permeability. This simplification is justified by
the thinness and high initial permeability of the hydrogel
relative to the seed, and by experimental observations showing
that coated and uncoated seeds follow nearly identical imbibi-
tion dynamics (see Fig. 2). When the hydrogel was removed
mid-imbibition, the mass gain curve continued unchanged,
supporting that the coating does not dominate the resistance to
water uptake under our experimental conditions. In systems
where both layers contribute significantly to resistance, bilayer

This journal is © The Royal Society of Chemistry 2026

modeling frameworks (e.g., Reyssat et al 2009)**

required.
The position of the wetting front r¢(¢), normalized by the

}’f(l)

sphere radius q, is defined as R(r) = - The normalized front

may be

position obeys the implicit equation:

| 3R 4 2R =T, with T = ——,

tmax
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where ¢;,a is the time needed for the front position to reach the
center of the sphere. This expression captures the nonlinear
progression of the imbibition front, which initially advances as

R(T) :%—cos’1 %[cos’l(l —2T) + 4n] (2)
for short times and slows to zero velocity as the front
approaches the center of the sphere.

The mass of absorbed water is directly related to the position
of the front. Assuming a uniform porosity ¢ and fluid density p,
the total mass gain can be written as:

m(t) = my + gnpa(cf —rP (1)) (3)

Defining the dimensionless mass uptake as M(T) =
m(t) —m .
M, we obtain:
Moo — Ny

M(T)=1 — R¥T) (4)

Experimental data for artificial seeds of varying porosity and
size, both coated and uncoated, collapsed onto this theoretical
prediction (Fig. 2f). Although the hydrogel coating swells
during imbibition, its expansion occurs after the initial rapid
uptake phase and does not appreciably alter the imbibition rate
of the seed itself. This is supported by the collapse of mass
uptake curves between coated and uncoated seeds, and by trials
in which the coating was removed mid-experiment. Minor
deviations in the early stages of the coated trials may arise
from transient swelling of the hydrogel layer or measurement
lag, but the agreement at later times confirms that imbibition
is dominated by the seed’s porous structure. This model also
captured the behavior of natural soybean, validating the gen-
erality of the approach.

These results demonstrate that hydrogel coatings do not
impede water access to the seed interior. Instead, imbibition
remains governed by intrinsic porous properties and follows
classical capillary dynamics.

2.3. Hydrogel stiffness alters germination

Following the observation that hydrogel coatings do not restrict
water uptake, we next investigated whether their mechanical
properties influence the timing of germination. One plausible
mechanism is that stiffer coatings physically constrain the
seed, limiting the ability of the emerging radicle to rupture
the surrounding matrix. Such mechanical confinement has
been shown to delay germination in compacted soils**® and
inhibit hydrogel swelling in Louf et al,*® suggesting that
material stiffness may play a similar role in engineered
coatings.

To test this, we synthesized coatings with two levels of
stiffness by varying the crosslinking density of the alginate
hydrogel. All coatings were made from 2% w/v sodium alginate,
but the crosslinking bath contained either 0.5% or 4% w/v
CaCl,, yielding a soft and stiff gel, respectively. Using indenta-
tion tests and dynamic mechanical analysis, we quantified the
elastic modulus of the two formulations. The soft hydrogel
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exhibited an average Young’s modulus of 11.8 + 1.8 kPa (SE;
n=4;95% CI 6.1-17.5), while the stiff hydrogel reached 824.0 +
57.9 kPa (SE; n = 4; 95% CI 639.8-1008.2)—spanning nearly two
orders of magnitude in resistance to deformation.

To isolate mechanical effects from environmental factors,
we germinated coated soybean seeds in closed Petri dishes on
sterile filter paper. Each dish contained five seeds of identical
treatment placed equidistantly, and seven replicate dishes were
prepared for each condition: uncoated, soft-coated, and stiff-
coated. The plates were incubated at 23 °C in the dark and
misted daily to maintain uniform hydration. Germination was
defined by radicle emergence and recorded photographically
each day over the course of one week (Fig. 3a).

As shown in Fig. 3b, seeds coated with the soft hydrogel
germinated significantly earlier than all other groups, typically
by day 3. Uncoated seeds followed at day 4, and stiff-coated
seeds lagged behind, germinating on average by day 5. This
trend is consistent with the hypothesis that the coating exerts a
mechanical barrier to growth, and that lower stiffness facil-
itates earlier rupture and radicle protrusion. Notably, the
uncoated seeds did not germinate faster than the soft-coated
seeds, suggesting that soft hydrogels may not impose any
appreciable mechanical resistance under these condition-
s—and may even provide a microenvironment conducive to
radicle emergence.

These findings demonstrate that the elastic modulus of the
hydrogel coating is a key determinant of germination timing
in a hydrated, air-rich, mechanical stress-free environment.
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Fig. 3 Hydrogel stiffness influences germination timing in Petri dish
assays. (a) Germination timelapse showing soft-coated soybean seeds
placed on moist filter paper in closed Petri dishes. (b) Average germination
time for each treatment group and means with different capital letters are
statistically different. Soft-coated seeds germinated earlier than uncoated
controls, while stiff-coated seeds exhibited delayed emergence, indicating
that lower hydrogel stiffness facilitates radicle protrusion in hydration-rich
open-air environments.
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The confinement due to the coating limits the onset of germi-
nation in stiff-coated seeds.

2.4. Hydrogel coatings delay germination in soil across all
moisture levels

While soft hydrogel coatings accelerated germination in Petri
dishes, their performance in soil—a more heterogeneous and
confined environment—was less favorable. In soil, hydrogel
swelling may be restricted by compaction,® and gas diffusion is
often limited, especially under high water content.*>*' These
factors could jointly impact the coating’s interaction with the
seed and its microenvironment.

To investigate how soil moisture affects hydrogel-coated seed
germination, we tested three saturation levels: 20%, 70%, and
100%. For each combination of coating type (uncoated, soft-
coated, stiff-coated) and saturation, four replicate pots were
prepared per treatment, each containing 15 soybean seeds.
Germination was scored on the day of shoot emergence from
soil. Because shoot emergence lags behind radicle emergence
and varies by environment, comparisons across assay types
(e.g., Petri dish vs. soil) are based on relative differences among
treatments rather than absolute timing.

Across all conditions, hydrogel-coated seeds germinated
more slowly than uncoated seeds (Fig. 4). The effect of both
coating type (p = 0.0001) and soil saturation (p < 0.0001) was
statistically significant. At 100% saturation, the germination
delay was most pronounced, likely due to reduced gas exchange
and inhibited coating expansion. At 70% saturation, germina-
tion times were shorter overall, and differences between coating
types narrowed. At 20% saturation, uncoated seeds again germi-
nated the fastest, but interestingly, stiff-coated seeds outper-
formed soft-coated ones by a small margin.

These results suggest that in soil, hydrogel coatings intro-
duce new physical constraints beyond those observed in
hydrated laboratory conditions. Restricted swelling may hinder
radicle emergence, while reduced porosity in water-saturated
soils could exacerbate oxygen limitation. The consistent delay
across moisture levels—particularly under full saturation—
raises the possibility that hypoxia plays a key role in slowing
germination. We tested this hypothesis directly in subsequent
experiments. Together, these findings underscore the impor-
tance of evaluating hydrogel performance in realistic environ-
mental conditions. Soil structure, water availability, and coating
mechanics all interact to determine germination outcomes.

2.5. External pressure does not significantly alter germination
in coated seeds

The reversal of trends between Petri dish and soil germination
prompted us to investigate the role of mechanical pressure in
modulating the behavior of hydrogel-coated seeds. In Petri
dishes, soft-coated seeds germinated more quickly than uncoated
controls, but this advantage was lost or reversed in soil. One
plausible explanation is that soil imposes a mechanical constraint
on hydrogel expansion, particularly under high compaction or
saturation, thereby delaying radicle emergence. To directly isolate
the effect of external mechanical pressure, we developed a system

This journal is © The Royal Society of Chemistry 2026
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to apply controlled loads in a transparent and well-characterized
medium.

We constructed vertical columns filled with transparent soil,
which allows visual access to germinating seeds while approx-
imating the mechanical environment of real soil (Fig. 5a). Seeds
were embedded at fixed depths within these columns.

To impose additional vertical stress, we used a known mass

. . m
m atop a piston of area a, thereby generating a load Pioad = me
a

at the soil surface.*® Combined with the hydrostatic pressure of
the overlying material Py, = pgh, the total pressure experienced
by each seed at depth / was given by:

mg
Protal = Psoil + Pioad = pgh + a (5)

where p is the density of the transparent soil (assumed equal to
water), and g is the gravitational acceleration. This setup
generated a range of applied pressures spanning 180 to 3995 Pa—
within the magnitude expected from soil overburden and localized
compaction in field conditions.*>*?

We focused this experiment on soft-coated and uncoated
seeds, excluding stiff-coated seeds since their germination was
already significantly delayed in both environments. Germina-
tion was scored by radicle emergence. Across all applied
pressures, soft-coated seeds germinated more slowly than
uncoated controls (p = 0.0226), consistent with our earlier
observations. However, the application of external pressure
had no statistically significant effect on germination time
(p = 0.8781), and no interaction was detected between pressure
and coating condition (p = 0.9914) (Fig. 5b).

These results suggest that vertical mechanical loading alone
is not sufficient to account for the germination delay observed
in soil. The fact that external pressure—applied in a reprodu-
cible and well-controlled manner—did not significantly alter
germination timing indicates that other environmental factors,
such as oxygen availability or radial constraint, may play a more
dominant role in vivo. This conclusion is reinforced by the
observation that even low-pressure transparent media can still
induce delays in coated seeds, hinting at more complex inter-
actions between gas diffusion, hydration dynamics, and the
local microenvironment.

2.6. Oxygen restriction by hydrogel coating delays
germination

Previous experiments showed that hydrogel-coated seeds
germinate more slowly in soil, particularly under saturated
conditions. Mechanical explanations such as external pressure
or constrained swelling appeared insufficient to account for
these delays. Instead, the consistent underperformance of fully
coated seeds suggested that restricted oxygen availability might
be a dominant limiting factor. Germination in terrestrial plants
is well known to depend on aerobic respiration, and reduced
oxygen levels are associated with delayed or failed emer-
gence.”"***> Supporting this, previous studies observed that
a hydro-absorber coating reduced embryonic oxygen concen-
tration by approximately 60% compared to uncoated seeds.*®*

Soft Matter, 2026, 22, 645-656 | 649
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Fig. 4 Hydrogel coatings delay germination across soil moisture conditions. Germination timing for uncoated, soft-coated, and stiff-coated soybean
seeds grown in soils maintained at 20%, 70%, and 100% water saturation. Means with different capital letters are statistically different. In all moisture
conditions, hydrogel-coated seeds germinated more slowly than uncoated controls, with the greatest delays observed under full saturation. Differences
in coating stiffness further modulated germination timing, highlighting the interplay between material properties and environmental conditions.

To directly test whether hydrogel coatings impede gas exchange
at the seed surface, we designed an experiment in which key
anatomical features were deliberately left uncoated.

We prepared a set of soybean seeds with partial hydrogel
coatings, intentionally leaving the hilum and micropyle regions
uncoated (Fig. 6a). The hilum marks the point where the seed
was attached to the pod and includes the micropyle, a small pore
through which both water and gases are known to enter.***° These
sites are recognized as critical for respiration during germination.

650 | Soft Matter, 2026, 22, 645-656

For comparison, we included two additional groups: seeds that
were fully coated and those that were left uncoated.

All seeds were planted in soil under identical conditions,
and germination was scored based on shoot emergence. The
experimental setup for each treatment group—uncoated, par-
tially coated, and fully coated—is shown in Fig. 6b, illustrating
the consistent planting depth and environmental control.
As shown in Fig. 6c, fully coated seeds exhibited a clear delay
in germination relative to both partially coated and uncoated

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 External mechanical pressure does not significantly alter germination
timing. (a) Experimental setup showing transparent soil columns with and
without applied vertical load. The left column includes an external weight to
increase compressive stress on the seed bed, enabling direct visualization of
pressure effects during germination. (b) Average germination time for uncoated
and soft hydrogel-coated seeds across a range of externally applied pressures
in transparent soil columns. Means with different capital letters are statistically
different. Soft-coated seeds germinated more slowly than uncoated controls,
but pressure had no statistically significant effect on either group.

controls. Strikingly, partially coated seeds germinated at the
same time as uncoated seeds, with no statistically significant
difference between the two groups (p = 0.1426), despite the
majority of their surface being covered in hydrogel.

These findings indicate that the location of the coating, rather
than its presence alone, governs its impact on germination. Cover-
ing the hilum and micropyle appears to inhibit seed respiration by
creating a local diffusion barrier to oxygen. When these sites are left
exposed, the seed resumes its typical germination schedule, regard-
less of whether the rest of the surface is coated. This experiment
provides direct evidence that oxygen availability at specific surface
features—and not water uptake or mechanical resistance—is the
critical factor limiting germination in hydrogel-coated seeds.

3. Conclusion

Seed coatings are widely used in agriculture to enhance germina-
tion outcomes and protect seedlings during early development;

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Partial hydrogel coatings restore germination timing by preserving
access to oxygen exchange sites. (a) Representative image of a soybean seed
with a partial hydrogel coating, designed to leave the hilum and micropyle—
critical regions for gas exchange—uncovered. (b) Pictures of the soil-based
germination assay used to compare fully coated, partially coated, and uncoated
seeds under identical environmental conditions. (c) Mean germination time for
each treatment group. Means with different capital letters are statistically
different. Partially coated seeds germinated at statistically similar times to
uncoated controls, while fully coated seeds exhibited a significant delay,
indicating that access to respiration sites governs the timing of germination.

however, their physical effects on seed physiology remain poorly
understood. Here, we investigated how hydrogel coatings alter
germination dynamics by disentangling three major physical
processes: water imbibition, mechanical confinement, and oxygen
diffusion. Across a series of well-controlled experiments, we show
that the timing of germination in hydrogel-coated seeds is not
limited by hydration or mechanical confinement, but rather by
the availability of oxygen at the seed surface.

Initial imbibition experiments using artificial and natural
seeds revealed that water uptake proceeds according to classi-
cal porous media flow laws. Mass gain followed the predictions
of Lucas-Washburn and Darcy-based models for spherical
porous bodies, and hydrogel coatings had no measurable effect
on the imbibition kinetics. These findings refute a common
assumption in the literature that delays in coated seeds arise
from water availability.>'*>>°

We then demonstrated that the mechanical stiffness of
the coating modulates the onset of germination in hydrated
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environments. In Petri dishes, soft hydrogel-coated seeds ger-
minated earlier than uncoated seeds, while stiff-coated seeds
were delayed. These results implicate coating compliance as a
critical parameter governing the physical barrier to radicle
emergence. However, in soil, a more complex environment
where mechanical loading, gas exchange, and moisture distri-
bution are coupled, soft-coated seeds germinated more slowly
than uncoated controls under all water saturations. This rever-
sal in behavior suggested that environmental factors beyond
bulk stiffness must be at play.

To isolate the role of mechanical stress, we applied external
loads to hydrogel-coated seeds embedded in transparent soil
columns, enabling direct visualization and quantification of
germination under controlled compressive forces. The applied
pressures, which ranged from 180 to 3995 Pa, exceeded the
estimated overburden pressure that would be exerted by the
soil alone (<2 kPa). Yet, across this range, we observed no
statistically significant changes in germination timing, suggesting
that external mechanical load is not the primary driver of the
delays observed in soil. While previous studies have reported that
substantially higher pressures, on the order of 0.15 to 0.87 MPa,
can inhibit germination,>*> our results indicate that moderate
compression levels, comparable to realistic field conditions, are
insufficient to explain the inhibitory effect of hydrogel coatings.
Together, these results suggest that under realistic field condi-
tions, mechanical confinement alone is insufficient to explain the
observed delays in germination.

To directly assess whether gas diffusion through the coating
was a limiting factor, we engineered partially coated seeds in
which the hilum and micropyle, known anatomical sites for gas
exchange,’®* were intentionally left uncoated. These seeds
germinated at the same time as uncoated controls, while fully
coated seeds remained delayed. This single-variable experiment
provides direct causal evidence that localized hydrogel coverage
over respiration-critical features impairs gas exchange and
delays germination. While previous studies (e.g., Gorim et al.
2017)" measured reduced internal oxygen concentrations in
thickly coated cereal seeds, they did not isolate anatomical
effects or decouple hydration and diffusion. In contrast, our
approach demonstrates that targeted oxygen restriction, rather
than hydration or mechanical pressure, is the dominant limiting
factor in germination under thin hydrogel coatings.

The contrasting behavior observed between Petri dish and
soil germination highlights how the dominant physical con-
straint shifts with environmental conditions. In Petri dishes,
seeds are surrounded by air and maintained under constant
hydration, providing abundant oxygen and minimal external
mechanical resistance. Under these conditions, the soft hydro-
gel coating may enhance surface wetting and water retention
while offering negligible resistance to radicle emergence,
resulting in earlier germination compared to uncoated seeds.
In soil, however, oxygen availability is substantially lower,
particularly under high water saturation, and the same coating
that aids hydration becomes a barrier to gas exchange. A simple
Fickian estimate indicates that oxygen flux through a 1 mm
alginate hydrogel layer is approximately 1.5 x 10 > molm >s™"
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in air but decreases by roughly one order of magnitude in
partially saturated soil and by nearly two orders in fully
saturated soil. These differences align with the observed transi-
tion from accelerated germination in Petri dishes to delayed
germination in soil, confirming that oxygen diffusion, not
mechanical confinement or hydration, is the rate-limiting
process in hydrogel-coated seeds.

Together, these findings suggest that oxygen permeability,
not water availability, is the limiting factor for germination
under hydrogel coatings. This insight has important implica-
tions for the design of next-generation seed technologies,
particularly for applications involving encapsulated bioactives,
such as plant growth-promoting rhizobacteria (PGPRs).'*>%>*
Hydrogels remain a promising platform for supporting micro-
bial viability,”>>® stabilizing biostimulants,””>° and enabling
moisture retention in dry environments.>**%%" However, if the
coating interferes with respiration during the early stages of
seedling development, its benefits may be offset by delayed
emergence and reduced vigor.

While our work focused on coating stiffness and coverage,
additional hydrogel properties such as porosity, adhesion, and
thickness are also likely to influence seed-environment inter-
actions. Prior studies in tissue engineering have shown that
oxygen diffusion decreases with increasing polymer density,** >
while larger pores and interconnectivity enhance gas transport
at the cost of structural integrity.®>"®” Similarly, hydrogel-seed
adhesion affects water contact and may vary with seed type or
surface chemistry.®® In addition to stiffness and surface coverage,
coating thickness may influence germination by altering the
permeability of the seed-environment interface. Prior studies
show that thicker coatings reduce oxygen diffusion and can delay
or restore germination, depending on species-specific tolerance to
hypoxia. In our system, we expect thicker coatings would likely
amplify germination delays in soil due to reduced gas exchange,
highlighting coating thickness as a key parameter for future
optimization.*® These factors warrant further investigation to
decouple their effects on hydration from those on aeration.

Seed-specific traits also play a role in coating performance.
For example, some cereals, such as barley and rye, exhibit
greater tolerance to hypoxia than wheat and may rely on
anaerobic pathways or alternative respiratory enzymes during
germination.*® Moreover, anatomical features such as seed coat
porosity, micropyle size, and tissue arrangement can alter both
water'>®® and gas transport.”®”* These differences must be
taken into account when translating coating strategies across
different plant species.

In conclusion, our study demonstrates that the primary
limitation imposed by hydrogel coatings on germination is
not a lack of water, but rather a lack of air. This mechanistic
shift, from hydrodynamics to gas diffusion, reframes how seed
coatings should be engineered and evaluated. More broadly,
this work shows how a soft, porous biological interface (the
seed) responds to encapsulating hydrogel layers that modulate
both hydration and gas exchange. The framework developed
here offers generalizable insights into soft-rigid systems
where confined transport and mechanical resistance interact,
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including hydrogel sensors, drug-release capsules, and bio-
encapsulation platforms.

4. Experimental materials and
methods

4.1. Artificial seed fabrication and characterization

To create a model system that isolates physical processes
governing imbibition, we fabricated artificial seeds from por-
ous ceramic materials. Smooth terracotta clay (Red Rock Red
Smooth, Rocky Mountain Clay, USA) was selected for its tunable
microstructure and ease of shaping. Samples were molded
into spheres of three nominal diameters, 14 mm, 22 mm,
and 27 mm, and subjected to controlled firing protocols to
modulate pore size and porosity.

Clay spheres were air-dried for 24 hours and then kiln-fired
using a five-hour ramp schedule to target peak temperatures of
850 °C, 1000 °C, or 1150 °C. The heating rate was fixed across all
samples to avoid ramp-induced variation in porosity, based on
prior findings.?® After firing, samples were cooled gradually in
the closed furnace to minimize cracking.

Pore size distribution was measured using nitrogen adsorp-
tion with the Barrett-Joyner-Halenda (BJH) method. BET
surface area analysis revealed a progressive reduction in por-
osity with increasing kiln temperature. Above 1075 °C, the BET
signal was insufficient to resolve pore characteristics, indicat-
ing very low surface area. Nonetheless, trends were consistent
with literature: pore volume decreased, while average pore
radius increased modestly with temperature (from 8.5 nm at
850 °C to 9.9 nm at 1150 °C).

To complement these measurements, we estimated porosity
via gravimetric imbibition. For each sample, dry mass m4,, and
fully saturated mass m,,; were recorded, and porosity ¢ was
computed as:

m —m
¢ _ wet dry (6)
Myyet

This analysis confirmed that porosity declined from 12.41%
at 850 °C to 3.98% at 1150 °C. These results guided the
selection of clay parameters for imbibition modeling and
enabled systematic tuning of the artificial seed structure to
approximate plant tissue behavior (Fig. 7).

4.2. Oxygen diffusion flux in the hydrogel coating

To estimate the diffusion flux of oxygen through the hydrogel
coating, we use Fick’s law of diffusion under the assumption of
one-dimensional steady-state transport through a slab:

dC _ D(Cx — Cy)

R @

Here, J is the diffusion flux of oxygen J (mol m 2 s~ ') D the
diffusion coefficient of the hydrogel, C, (mol m~3) is the
oxygen concentration in the surroundings, C, is the oxygen
concentration at the hydrogel-seed interface (assumed to
be zero under the perfect sink approximation), and ¢ is the
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Fig. 7 Firing temperature controls pore structure in artificial clay seeds.
Pore size distributions were calculated using the Barrett—Joyner—Halenda
(BJH) method applied to nitrogen adsorption data from bet surface area
analysis. Increasing kiln temperature reduced overall porosity and shifted
the pore size distribution, enabling tunable control over imbibition
dynamics in artificial seed materials.

thickness of the hydrogel layer (1 mm). For alginate hydrogel,
D~ 175 % 10 °m*s 1.7

In Petri dish conditions, C,, is taken as the atmospheric
oxygen concentration, 8.6 mol m?, yielding a diffusion flux of
J=1.51 x 10> mol m 2 s~ . For seeds sown in 100% and 70%
saturated soil, we assume they are surrounded by water, and

use the dissolved oxygen concentration in water, 0.27 mol m?,

resulting in a diffusion flux of J = 4.73 x 1077 mol m ? s™ .
In 20% saturated soil and in transparent soil, the pore space is
approximately 30% air-filled, so we take C., = 2.58 mol m >,

giving a diffusion flux of J = 4.52 x 107°® mol m™> s™".

4.3. Soil hydration control and germination assays

To assess how water availability interacts with hydrogel coating
properties, we conducted a factorial germination experiment
across three soil moisture levels and three coating types. Nine
experimental conditions were tested in total, each with four
replicates of 15 soybean seeds.

All trials were conducted in 3.8 L plastic pots with drainage
holes. Soil was composed of Pro-Mix BX general-use media
(75-80% peat moss). For each pot, dry mass of the soil was
determined by oven-drying a reference set of samples at 60 °C
for 5 days. Saturated mass was measured after full hydration
followed by drainage equilibration. These endpoints enabled
precise interpolation of intermediate moisture levels. Each
pot’s target water content (20%, 70%, or 100%) was maintained
by daily weighing and water adjustment.

To ensure germination was triggered even in the driest
treatment, pots assigned to 20% saturation were initially
watered to 40% on day 0 and brought down gradually there-
after. Germination was scored daily as the first visible emer-
gence of the seedling shoot from the soil surface. The number
of germinated seeds per pot was recorded across a one-week
window. Because shoot emergence lags behind radicle
emergence, it is important to note that in our transparent soil
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system, we measured an average delay of 2.4 & 0.3 days between
radicle and shoot emergence for seeds sown at a depth of
1.84 cm.

4.4. Transparent soil preparation

To visually monitor seed behavior under applied pressure and
to reproduce soil-like mechanical conditions in a transparent
medium, we synthesized hydrogel-based soil beads adapted
from the formulation described by Ma et al.”® A 1.2% polymer
solution was prepared by dissolving phytagel and alginate in
water at a 1:4 mass ratio. The solution was heated to 90 °C with
intermittent stirring until fully dissolved, then cooled to room
temperature under constant mixing.

Using a syringe pump, the polymer solution was dispensed
dropwise into a 2% CacCl, bath, where it crosslinked into semi-
rigid hydrogel spheres. Beads were rinsed to remove residual
ions, stored submerged in deionized water, and kept at 8 °C
until use. This granular medium mimicked the mechanical
impedance of wet soil while enabling direct imaging of seeds
and surrounding structures during germination.
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