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Active hydroponic substrates that stimulate on demand the plant growth have not been
demonstrated so far. Here, we developed the eSoil, a low-power bioelectronic growth
scaffold that can provide electrical stimulation to the plants’ root system and growth
environment in hydroponics settings. eSoil’s active material is an organic mixed ionic
electronic conductor while its main structural component is cellulose, the most abundant
biopolymer. We demonstrate that barley seedlings that are widely used for fodder grow
within the eSoil with the root system integrated within its porous matrix. Simply by
polarizing the eSoil, seedling growth is accelerated resulting in increase of dry weight
on average by 50% after 15 d of growth. The effect is evident both on root and shoot
development and occurs during the growth period after the stimulation. The stimulated
plants reduce and assimilate NO;™ more efficiently than controls, a finding that may
have implications on minimizing fertilizer use. However, more studies are required to
provide a mechanistic understanding of the physical and biological processes involved.
eSoil opens the pathway for the development of active hydroponic scaffolds that may
increase crop yield in a sustainable manner.

bioelectronics | electrical stimulation | plant growth

The world population is currently 7.97 billion and is expected to increase to 9.6 billion
by 2050 (1), imposing the need to increase food production by 60% to cover the
demands. Hydroponic agriculture is the plant cultivation in soilless media usually in
closed controlled environments, and it is mainly used for cultivation of vegetables, leafy
greens, microgreens, or fodder. Hydroponics have several advantages over soil cultivation
particularly of higher water use efficiency and less use of fertilizers (2, 3). Water use
efficiency (WUE), in terms of the amount of harvested product per unit of water supply,
is maximized in hydroponics as the water is reused, something that cannot be done in
soil cultivation (3, 4). In terms of fertilizer use, hydroponics have also an advantage, as
in soil, less than 50% of the nutrients are taken up by the crops (5), while in hydroponics,
the nutrient solution can be recirculated in the system. Hydroponics can be integrated
in vertical farm configuration, which is compatible with the urban environment, reduc-
ing land usage for agricultural purposes and cutting down long-range food transporta-
tion costs by bringing the production sites closer to the urban consumers. However,
the potential of hydroponics, and (semi-) closed environment agriculture in general, to
contribute to food security is not proven yet as it is not currently used for production
of major grains (6, 7). Furthermore, there are associated economic and environmental
costs related to the energy and materials demands of closed environment agriculture.
There are areas where hydroponic agriculture can make a bigger impact such as countries
with very little arable land [e.g., Singapore (8)] and areas with low soil fertility or harsh
environmental conditions. Low-tech hydroponics systems are also promoted by the
Food and Agriculture Organization of the United Nations (FAO) for fodder production
in arid and vulnerable locations (9).

Typically, in hydroponics, the roots are suspended in a nutrient solution or supported by
a substrate (growth scaffold). Currently the most widely used substate in hydroponics is
rockwool; mineral wool, which is not biodegradable and it is produced by an energy intensive
process; melting of basaltic rock. Replacing rockwool with biopolymers will significantly
contribute to the sustainability aspects of hydroponics culture (10). While the interest in
hydroponics is increasing, the current scaffolds mainly provide support to the root system
without any other stimulating effect on the plant growth and development. Active hydroponic
substrates whose properties can change and provide stimulus on demand or even monitor
root processes have not been demonstrated so far, to the best of our knowledge (11-13).
Indeed, plants respond to a number of physical stimuli, and while there is great understanding
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of plants’ responses to light, temperature, and gravity, for example,
the response of plants to an electric field is not well understood.

Most studies on plant responses to electric field can be divided
into two categories. The first one relates to the phenomenon of
electrotropism, where the roots grow along the direction of an
electric field. Even though this phenomenon was first observed in
the late 19th century, since then, there have been only scattered
reports in the literature (14, 15). In studies of electrotropism, an
electric field, in the order of a few volts per cm, is applied to the
growth medium with the use of metal electrodes (16-19). One of
the main limitations of these studies is that it is not clear whether
the roots are under the influence of an electric field as they are not
in contact with the electrodes, and after the initial polarization of
the electrodes, no electric field should be present in the electrolyte.
Furthermore, in some of the studies, high voltage is applied
between the electrodes that induces electrochemical reactions and
generation of reactive species. Another set of works focuses on
stimulating plant growth by applying high electric fields reaching
a few kV/cm between the plant and the air using metal electrodes.
In this case, a high-voltage source is required that has safety con-
siderations, and it is energy demanding while the physics of the
system becomes more complicated. Growth enhancement was
reported for barley (20), the model plant Arabidopsis thaliana (21),
and most recently for pea seedlings (22). The growth enhancement
was suggested to be related to various physiological processes, yet
a clear understanding on how the high electrostatic field is influ-
encing these processes is missing. Nevertheless, it must be noted
that in both categories of studies, the effect of the electric field
might be indirect, thus affecting the growth environment of the
plant rather than the plant processes per se.

In this work, we developed another approach for electrical stim-
ulation of plants, a bioelectronic soil or eSoil, a 3D porous con-
ducting growth scaffold based on an organic mixed ionic electronic
conductor (OMIEC) and cellulose. The eSoil overcomes limita-
tions of previous studies: i) the eSoil acts simultanecously as a
stimulating electrode and a growth scaffold, and therefore, the
root system is under the influence of an electric field during stim-
ulation; ii) the electrical stimulation is based on low voltage with
low power consumption; iii) eSoil can be integrated in hydroponic
culture and its main structural component is cellulose, the most
abundant biopolymer; and iv) the active material is an OMIEC
that offers several advantages for interfacing with the biological
systems over inorganic counterparts (23, 24). OMIECs are stable
in aqueous environments, and due to their mixed conduction,
they have a volumetric capacitance that results in electrodes with
low impedance for recording and stimulation (23). Furthermore,
their oxidation state can be changed via electrochemical doping
at low voltages (V' < 1 V) that also results in a desired tuning of
their physicochemical properties (i.e., hydrophilicity, surface pH,
volume) (24). OMIEC:s can be processed from aqueous solutions,
and they can even self-organize directly within the biological envi-
ronment (25, 26) or be processed into various 3D form factors
such as porous scaffolds for cell growth (27). We demonstrate that
the eSoil can support the growth of barley seedlings and that
electrical stimulation increases the dry weight of the seedlings by
50% in hydroponics conditions. The growth enhancement takes
place during the growth period after the stimulation, and it is
associated with more efficient nitrate assimilation.

Results

eSoil is based on the blend of the conjugated polymer PEDOT:PSS
(poly(3,4-ethylenedioxythiophene):polystyrene sulfonate) and
carboxymethyated cellulose nanofibrils and is fabricated using the
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ice templating technique (Fig. 1 A-C). PEDOT:PSS is a p-type
doped OMIEC while nanocellulose is used as the main structural
component and to enhance the mechanical properties of the scaf-
fold (28, 29). PEDOT:PSS-NFC solution with carbon fiber
bundles, which were added to act as the addressing electrodes of
the scaffold, was frozen at -20 °C for 24 h in plastic molds. Ice
crystals that are formed in areas between the solutes are then
removed via sublimation in a lyophilizer resulting in a porous 3D
scaffold (87 Appendix, Fig. S1). To improve the water stability of
the scaffold, we added in the solution the cross-linker GOPS
(glycidoxypropyl trimethoxysilane) whose epoxy groups react with
the hydroxyl groups present in PSS and NFC after thermal anneal-
ing of the scaffold (30). The amount of the cross-linker can also
affect the porosity of the scaffold and its mechanical properties as
we have previously demonstrated (31). To increase the electronic
conductivity, the scaffold was treated with DMSO vapor that acts
as secondary dopant (S Appendix, Fig. S2). It was shown that the
DMSO treatment changes the transport mechanism in PEDOT
going from hopping mechanism to temperature-independent
transport (28). So far, the demonstration of PEDOT and PEDOT-
NFC scaffolds has been limited to the sub-cm scale. Here, we
developed a scaffold in cm scale in order to be suitable to accom-
modate the growth of the root system.

The structural organization of dry scaffolds at the subnanoscale
was characterized with wide-angle X-ray scattering (WAXS)
(81 Appendix, Fig. S3). While there is a lot of work on studying
the microstructure of PEDOT:PSS and the effect of various addi-
tives, not much is known for the microstructure of PEDOT-based
porous scaffolds (or acrogels). PEDOT:PSS mixed with cellulose
nanofibrils was processed to form a paper-like composite with high
electronic and ionic conductivity (32). Microstructural analysis of
the PEDOT-NFC paper revealed that PEDOT:PSS organizes by
77 stacking forming bead-like structures along the nanocellulose
fibers (33-35). However, the organization of PEDOT and cellulose
in porous scaffolds has not been studied to the same extent (36).
PEDOT:PSS adopts an ordered structure in the scaffolds with
PEDOT-rich and PSS-rich domains, as indicated by the n— stack-
ing peak of PEDOT at 1.85 A™" and the amorphous halo peak of
PSS at 1.25 A7, arranged in alternating lamellae (S7 Appendix,
Fig. S3). The presence of a weak (110) cellulose peak at 1.59 At
shows that NFC preserves its cellulose structure (35). These obser-
vations are in line with the reports on PEDOT:PSS-NFC com-
posites (33, 34). After cross-linking with GOPS, PEDOT chains
maintain their organization in m— stacks. Interestingly, the (100)
PEDOT peak shifts to higher ¢ values which suggests a decrease
in the PEDOT/PSS lamellar stacking distance, something that
favors charge transport between the different PEDOT-rich
domains (37). The DMSO treatment does not affect the PEDOT
chains organization in ordered n—m stacks. We also attempted to
characterize the microstructure of wet scaffolds as it will better
reflect the scaffolds used for the plant growth. However, due to
significant swelling of the NFC and overlap of its scattering pattern
with the PEDOT peaks, we could not observe any contribution
from the PEDOT:PSS phase.

While the information at the subnanometer scale is useful for
understanding the materials’ properties, the morphology of the
eSoil is important for the root integration and plant growth. X-ray
micro-CT is a powerful method to characterize the internal mor-
phology of porous structures as it can give high-resolution imaging
of the whole volume and hence characterization of the bulk prop-
erties. The imaging confirmed the porous structure with overall
porosity of 87% and the majority of pore size between 50 and
300 pm (Fig. 1 D and E). The pore size is fairly uniform within
the scaffold length with slightly larger- pores toward the upper
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Fig. 1. eSoil: a 3D porous conducting scaffold for plant growth. (A) Photograph of the eSoil and the chemical structures of its components; nanofibrillated cellulose
(NFC), PEDOT:PSS, GOPS, and DMSO. (B) X-ray micro-CT scan of the scaffold (gray) and the carbon fibers (gold). (C) Reconstructed orthogonal CT slice through
the volume with the local thickness filter applied (bright means larger pore size) and slices from the Upper and Lower part of the volume showing the difference
in pore size (Scale bars, 2 mm). (D) Porosity per CT slice through the volume from top to bottom. (£) Distribution of pore sizes in the volume showing that the
majority of pores have a radius in the range of 50-300 pm, Gaussian fit: FWHM = 306.36 pm. (F) Simplified schematic of the eSoil charging during oxidation. Holes
(red crosses) are injected from the external electrode (gray) to the PEDOT backbone (blue threads) and compensated by anions (green circles) in the electrolyte.
(G) Cyclic voltammetry (CV) of scaffolds at different scan rates (5 mV/s and 1 mV/s) and for only the carbon fibers (5 mV/s). (H) Chronoamperometry of scaffold
over the period of 5 d; the Inset shows the current response during the first 10 min. The fit corresponds to a double exponential decay.

PNAS 2024 Vol.121 No.2 2304135120 https://doi.org/10.1073/pnas.2304135120 3 of 10



Downloaded from https://www.pnas.org by "SLU BIBLIOTEKET, SVERIGES LANTBRUKSUNIVERSITETS ULTUNA" on April 25, 2024 from |P address 193.10.103.40.

part of the scaffold (S/ Appendix, Figs. S4 and S5). Larger pores
appear to have a more elongated shape, while most of the smaller
pores are more spherical. In addition, the tomography enables the
visualization of the carbon fibers within the bulk of the scaffold
showing that the fibers are rather randomly distributed (Fig. 1B).

Next, we characterized the electrochemical properties of the
eSoil. CV revealed the electroactive nature of the eSoil that is
governed by the PEDOT:PSS properties (Fig. 1 Fand G). When
negative voltage is applied on eSoil in respect to the electrolyte
potential, PEDOT:PSS is electrochemically reduced or dedoped
as holes (polarons/bipolarons) are extracted from the polymer
backbone and cations are injected into the polymer matrix to
compensate the negative charges on the PSS and maintain the
electroneutrality of the system. On the other hand, when a positive
voltage is applied to the eSoil, PEDOT is oxidized with holes
being injected into the polymer backbone and either cations are
expelled, or anions enter into the polymer matrix to compensate
the accumulated charges (Fig. 17). CV shows that indeed the
nature of charging is capacitive for a low scan rate of 1 mV/s within
the voltage range of (-0.1, +0.5 V) (Fig. 1G). This agrees with the
current understanding of PEDOT:PSS doping processes that are
dominated by electrostatic interaction between ions and the elec-
tronic carriers on the PEDOT backbone (38, 39). However, for
higher scan rates, the resistive components dominate due to ionic
or even electronic transport limitations (40). Chronoamperometry
revealed that the eSoil charging at V,,; = 0.5 V has two time
constants, a fast charging component with characteristic time of
t; = 4 min and a second one with t, = 26 min (Fig. 1A and
SI Appendix, Fig. S6). Even for long time operation, up to 5 d,
current in the order for tens of microamps is still sustained in the
system.

To demonstrate the applicability of the eSoil platform, we devel-
oped a simplified hydroponic setup to study the plant growth. We
selected barley (Hordeum vulgare cv. ‘KWS Irina) as the plant
model system as it is grown hydroponically for green fodder pro-
duction. First, to evaluate the suitability of the eSoil as a plant
growth scaffold, without any electrical stimulation, we compared
the growth of plants in eSoil with plants grown in rockwool a
common substrate used in hydroponics.

eSoil scaffolds were fabricated and then electrochemically cycled
and rinsed in DI water (Materials and Methods) to remove any
excess additives that might be harmful for the plant such as
DMSO (Materials and Methods and SI Appendix, Fig. S7). eSoil
and rockwool substrates were then placed in open containers filled
with 2 Murashige and Skoog (MS) medium and placed in a
growth chamber with controlled light, humidity, and temperature.
Randomly selected pregerminated seeds were placed on the surface
of the substrates, eSoil or rockwool, and the plants were let to
grow for 15 d (Fig. 2A4). For each plant, a separate container was
used (Fig. 24). At 15 d postgermination, the plants were har-
vested, and their phenotype was characterized (Fig. 2B). The plants
grown in rockwool had a mean dry weight of 0.075 + 0.0095 g
(n=5), and the plants in eSoil had a mean dry weight of 0.06 +
0.005 g (7 = 6; Fig. 2 Cand D). Overall, the difference in growth
between rockwool and eSoil in dry weight or length was not sta-
tistically significant; however, we point out that we used a relatively
small number of samples in this experiment.

No visible sign of contamination such as mold was observed;
however, we have not performed any microbiology analysis. The
root system distribution within eSoil was visualized with X-ray
micro-CT in freeze-dried samples after 15 d of growth. The roots
were well integrated within the porous matrix with no preferential
distribution (Fig. 2 £~G). In addition, scanning electron micros-
copy revealed the close interaction of the roots with the conducting
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matrix, with the roots growing within the pores of the scaffold
and even the root hairs penetrating the polymer wall (Fig. 2G).
Opverall, the data suggest that the eSoil is a good substrate for plant
growth and the intimate interaction between the roots and the
conducting scaffold material can be leveraged for electrical
stimulation.

Next, we proceed to electrically stimulate the root system via
the eSoil and study the effect on the plant growth (Fig. 3).
Enhancement of plant growth upon electrical stimulation was
reported so far for plants growing under high electric field (in the
order of few kV/cm), applied between plant and air. The eSoil
platform is fundamentally different as it serves simultaneously as
a stimulating electrode and a growth scaffold. Here, we leveraged
the conducting nature of the scaffold that enables application of
low electric field within the safe electrochemical window of
PEDOT:PSS. As there is no precedent on electric field stimulation
of plants via an integrated conductor, we performed preliminary
experiments to guide us on the selection of the stimulation pro-
tocol (87 Appendix, Fig. S8). One of the main considerations was
to operate the eSoil in the PEDOT capacitive region, i.e., in the
charge polarization regime to avoid electrochemical side reactions
and to be well below the electrolysis regime (S7 Appendix, Fig. S9).
Based on the preliminary experiments, we proceeded to investigate
in more detail the stimulation with constant voltage +0.5 V for
5 d (Fig. 3).

Five-day-old plants growing within the eSoil were stimulated
for five days and then grew for an additional five days prior to
harvest (Fig. 3 A-C). Remarkably, the growth of stimulated plants
was enhanced in comparison with the controls. In all independent
experiments (7 = 5) the same trend was observed, although with
variations in the absolute values. The mean length of control plants
was 21.9 = 2.9 cm while of stimulated plants was 28.8 + 2.9 cm
resulting in an overall increase of length by 31.5% (Fig. 3D). The
enhanced growth of the stimulated plants was reflected in the dry
weight as well with mean dry weight of control plants equal to
0.074 + 0.016 g and the one of stimulated plants equal to 0.111 +
0.015 g resulting in an average increase of dry weight by 50%
(Fig. 3E). We also observed that in some cases the stimulated
plants produced more leaves than controls (S7 Appendix, Fig. S10).
However, from these sets of experiments, it was not clear when in
time the electro-activated impact on the growth took place.
Therefore, we performed a new set of experiments where we har-
vested plants at different time points: i) at day 5: before applying
stimulation, ii) at day 10: right after the end of the stimulation
period, and iii) at day 15: 5 d after the end of stimulation (Fig. 4).
Surprisingly, these results showed that the growth enhancement
did not take place right after the end of stimulation (day 10), but
when the plants were allowed to grow for an additional five days.
At day 10, the mean dry weight of the control plants was 0.052 +
0.002 g while the one of stimulated plants was 0.051 + 0.008 g
(Fig. 4C). Overall, we observed higher growth changes in the sec-
ond growth period, between day 10 and 15 for the stimulated
plants in comparison with the controls (Fig. 4D). Although the
electrical stimulus was applied to the root system, root:shoot ratio
of biomass between control and stimulated plants was not signif-
icantly different, suggesting a comparable growth enhancement
at both root and shoot levels (S7 Appendix, Table S2).

After validating the positive effect of the stimulation on the
plant growth, we tested whether the stimulation is specific to the
polarity of the applied voltage. We performed experiments where
we applied -0.5 V for 5 d mirroring the protocol we used previ-
ously. In this case, growth of the two treatments was not signifi-
cantly different (ST Appendix, Fig. S8C). We investigated whether
in this case, reactive species are produced due to the oxygen
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Fig. 2. eSoil supports the growth of the root system with plants growing as well as in rockwool in hydroponics. (A) Experimental setup for the plant growth assay
in rockwool and eSoil. Pregerminated seeds are placed in rockwool or the eSoil and let to grow for 15 d in individual containers for each plant. (B) Photograph
of the plants grown in rockwool and eSoil at the time of harvest. (C) Length of the plant, shoot, and main root after 15 d of growth in rockwool (n = 5) and eSoil
(n =6). Mean value and SE are depicted with the black square. No significant statistical difference between rockwool and eSoil (Dataset S1). (D) Dry weight of the
plant, shoot, and tap root after 15 d of growth in rockwool (n = 5) and eSoil (n = 6). Mean value and SE are depicted with the black square. No significant statistical
difference between rockwool and eSoil (Dataset S1). (F) Photograph of a barley plant after 15 d of growth in eSoil. (F) X-ray micro-CT of the plant showing the seed
with the roots of the barley (yellow) and eSoil (white). (G) SEM micrographs of the roots (yellow) growing through and along the eSoil (blue) (Scale bars, 100 pm.)

Details for statistical analysis are given in Materials and Methods.

reduction reaction at cathodic potentials on PEDOT (41, 42).
However, analysis of the medium with a H,O, colorimetric enzy-
matic assay did not show any presence of the H,O, within the
detection limit of the assay used (S/ Appendix, Fig. S11).

PNAS 2024 Vol.121 No.2 e2304135120

Even if the enhanced growth is obvious when eSoil is positively
polarized, it is not clear how the electrical stimulation affects the
plant’s physiological processes. One hypothesis is that the growth
boost is a result of a more efficient nutrient uptake from the growth
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Fig. 3. Electrical stimulation via eSoil enhances plant growth in hydroponics conditions. (A) Seed sterilization and pregermination protocol. Randomly selected
seeds are placed on eSoil (one seed per scaffold) for control and stimulation samples. Each eSoil has its own electrolyte compartment. (B) Electrical stimulation
setup where voltage is applied at eSoil in respect to the electrolyte. (C) Schematic for the plants’ growth and electrical stimulation protocol where plants are
stimulated between days 5 and day 10 and are harvested at day 15 for analysis. (D) Length of the plant, shoot, and main root after 15 d of growth in eSoil with
and without electrical stimulation (N¢opiror = 21, Nesim = 23) (Dataset S2). (£) Dry weight of the plant, shoot, and main root after 15 d of growth in eSoil with and
without electrical stimulation (N¢ony0 = 20, Nesim = 23) (Dataset S2). The different colors correspond to independent experiments. Mean estimates and their SEs
are depicted with the red square, and * corresponds to the P values where *P values <0.05 were considered significant; ** sets for P values < 0.01 and *** for
P values < 0.001; details of the statistical analysis are given in Materials and Methods.

medium. It is well known that one limiting process for root uptake
is the diffusion of nutrients toward the root surface (43, 44). This
process in natural environments is driven by the concentration gra-
dient of the nutrients between the root surface and the growth
medium and in most situations, nitrogen acquisition is the limiting
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factor for plant growth. When eSoil is positively polarized,
PEDOT:PSS is electrochemically oxidized, resulting in expulsion
of cations and accumulation of anions from the electrolyte into the
bulk of the polymer to compensate the extra charges on the PEDOT
backbone (45). To test this hypothesis and track any possible change
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Fig. 4. Growth enhancement takes place during the growth period after the end of the electrical stimulation. (A) Schematic of the plant growth and electrical
stimulation protocol where plants are stimulated between day 5 and day 10 and are harvested at days 5, 10, and 15 for analysis. (B) Length of the plant, shoot,
and main root after 5, 10, and 15 d of growth in eSoil for control and stimulated plants (the red square represents mean estimates, and error bars represent
the SEM estimates. N values: 5 d: Negniror = 6, Nestim = 6; 10 d: Neoniror = 65 Nestim = 6; 15 di Neoniror = 21, Nesim = 23 (Dataset S2). (€) Dry weight of the plant, shoot,
and main root after 5, 10, and 15 d of growth in eSoil for control and stimulated plants (the red square represents mean estimates, and error bars represent
the SEM estimates). N values: 5 d: N¢oniror = 6, Nestim = 6; 10 d: Neoniror = 6, Nestim = 6; 15 d: Neongror = 20, Nesim = 23 (Dataset S2). (D) Growth rate between days 5-10
and days 10-15 for control and stimulated plants. Growth rate is defined as the increase in biomass for the 5-d period. N 2 6. () Root and shoot carbon and
nitrogen % composition and NO5™ content at day 15 N¢gnirol = 6, Nesim = 9 (Dataset S3) (* corresponds to the P values < 0.05 that were considered significant;
** for P values < 0.01 and *** for P values < 0.001. Details of the statistical analysis are given in Materials and Methods).
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in the plants’ nitrogen status and nitrogen uptake rates, barleys were
cultivated in eSoil within a nutrient solution containing I mM NO;
enriched with 2 atom% "’N. The electrical stimulation was applied
between day 5 and day 10 while samples were harvested and ana-
lyzed for total nitrogen and "N content at day 15. The analysis
revealed no significant difference in the overall nitrogen status of
roots and shoots over time, as well as no significant increase in the
uptake of the labeled nitrogen due to the stimulation (Fig. 4 and
SI Appendix, Table S3). This suggests that NO;™ absorption by the
root and nitrogen allocation to the shoot through xylem loading are
neither positively nor negatively affected by the electrical stimulation.
The carbon status of the plant was also not affected by the electrical
stimulation.

A second hypothesis was that the electrically stimulated plants
are metabolically more efficient in converting NO; into
nitrogen-containing biomass compared to the control. In order
to test this hypothesis, we repeated the assay above and analyzed
the NO;™ content of the 15-d-old plants using a colorimetric assay
(adapted from ref. 46). Stimulated plants showed in general lower
NO;" concentration as compared to control plants (Fig. 4E), cor-
roborating the hypothesis that the stimulated plants reduced
assimilated NO;™ more efficiently than the nonstimulated ones.
This process can potentially lead to a higher biomass production
as we observed in the stimulated plants. The molecular mecha-
nisms underlying this phenomenon as well as the behavior of
organic nitrogen sources such as arginine and glutamine will be
further investigated in the future.

Finally, we tested whether the application of electrical stimula-
tion is inducing physicochemical changes in the growth solution
by monitoring temperature, pH, and dissolved oxygen levels over
15 d in control and stimulation experiments. We observed that
T, pH, and DO levels remain constant over the duration of the
experiment without any notable change due to the application of
the stimulation voltage (S7 Appendix, Fig. S12).

Conclusions

In conclusion, we developed a bioelectronic growth scaffold, the
eSoil, that enhances barley seedling growth in hydroponics on
average by 50% after application of electrical stimulation. The
growth enhancement is obvious both to root and shoot and occurs
during the growth period after the electrical stimulation signifying
that the stimulation is not just inducing a momentary effect, but
it triggers processes that eventually change the plant development.
This indicates that the beneficial effect can be achieved via a stim-
ulation treatment without the need of a continuous stimulation
throughout the plant growth. However, our work focused on
seedlings, and therefore, more studies are required to show whether
growth enhancement by stimulation treatment at the early stages
of growth impacts the whole growth cycle of plants. The physical
processes that take place during the scaffold polarization can be
described by the steady state and transient response. When the
eSoil is polarized, we observe a fast transient charging process
corresponding to 87 mC and then a slow phase of almost constant
current resulting in total charge of 14 C. We operate the scaffold
at +0.5 V where mainly capacitive processes take place. However,
it is not clear whether the slow phase can be associated with capac-
itive charging or to any associated faradaic reactions. The sustained
current flow however indicates that an electric filed is present not
only at the electrode/electrolyte interface but also in the electrolyte
throughout the duration of the stimulation, thereby influencing
the whole root system. For comparison, we performed chrono-
amperometry in eSoil without DMSO treatment and observed
similar charging for +0.5 V for 5 d resulting in total charge of 15 C
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(SI Appendix, Fig. S13). This indicates that the DMSO treatment
to enhance the conductivity of the eSoil might not be crucial for
DC stimulation.

To elucidate the induced biological processes first, we tested the
hypothesis that anionic nutrients such NO;™ migrate toward
the eSoil polymer wall and therefore come in closer proximity to
the roots for uptake. However, our analysis revealed that the stim-
ulated and control plants had similar NO;™ uptake. Regardless,
we found that the reduction of assimilated NO;~ was more effi-
cient in the stimulated plants, a finding that can have implications
on minimizing the use of fertilizers. Even though we do not have
a clear hypothesis on how the electric field is influencing the nitro-
gen assimilation, we observed that the beneficial effect of the
stimulation depends on the polarity of the voltage, indicating a
strong correlation to the electric field distribution. While more
studies are required to provide a mechanistic understanding on
the physical and biological processes involved, the eSoil can act as
a model stimulation system to elucidate the molecular mechanisms
that underpin the plant responses to electric field stimulation.
Furthermore, by varying the scaffold’s composition and its prop-
erties such as mechanical properties, morphology—porosity, and
biofunctionalization, the platform can be extended for studying
the effect of physical and chemical stimuli on root development
and ultimate plant growth. For eSoil to be relevant for large-scale
applications in closed environment agriculture, there are many
aspects to be considered. One of the benefits of our approach in
comparison with other works is that the eSoil is a low-power device
(power consumption in the uW order) and can be in principle
powered with photovoltaics. As barley is also used as fodder, higher
biomass at the young age of the plant will enable feeding more
feedstock with the same resources. We hope that our work will
open a broad avenue of research for material science-based solu-
tions for active hydroponics scaffolds that may increase crop yield
in a smart and sustainable manner.

Materials and Methods

eSoil-Conducting Porous Scaffold Fabrication. PEDOT:PSS-NFC-GOPS scaf-
folds were prepared as described before (47) with a few modifications. Briefly,
PEDOT:PSS (PH1000, 1.3 wt% PEDOT:PSS, Heraeus Clevios), NFC (1 wt% carbox-
ymethylated nanofibrillated cellulose, RISE Innventia), and GOPS (97 wt%, Alfa
Aesar)in aratio of 1:1:0.2, respectively, were homogenized with a disperser (IKA
3386000 ULTRA-TURRAX ). The mixture was poured in 30-mL polystyrene conical
containers that contained approximately 0.093 g carbon fibers with an average
length of 12.5 cm that were randomly dispersed in the container (PAN-CF Carbon
fibers, Hexcel, diameter 7 um). The container was frozen at —20 °C for 24 h,
followed by freeze-drying (BenchTop Pro, SP SCIENTIFIC) under —50 °Cand 200
pbar for 72 h. Freeze-drying removes the ice crystals resulting in the formation
of a porous soil-like scaffold (Dimensions: Height = 5 cm, Topgiameter = 2 €M,
Bottomgimeer = 1 ¢m). The scaffolds were then annealed at placed at 140 °C for
30 min to enable the thermal cross-linking of PEDOT:PSS-NFC with GOPS. Finally,
the scaffolds were treated with DMSO vapor to enhance their electrical conductiv-
ity. The scaffolds were placed in a glass petri dish with a few drops of DMSO aside
(1 mL); the petri dish was capped and placed on a hot plate at 60 °C for 24 h.

Scanning Electron Microscopy. The freeze-dried scaffolds (pieces of ~1 cm in
diameter) were attached on the sample holder with the help of copper tape. The
SEM analysis took place with both InLens and SE2 lens of Zeiss-Sigma 500 Gemini
SEM (2-2.5 kV), without any metal evaporation or sputtering.

X-Ray Micro-CT. The used X-ray micro-CT setup (48) consists of a microfocus
prototype source with a Tungsten anode using an acceleration voltage of 70 kV
from Excillum AB. Images are acquired using a Medipix3-based (49) Lambda350k
detector with a 500-pum Gallium Arsenide (GaAs) sensor from X-Spectrum GmbH.
The detector has 516 x 772 pixels with a size of 55 um giving a sensitive area of
28.38 x 42.68 mm”. The detector is placed 0.55 m from the source; the sample
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position was selected to cover the full width of the sample resulting in voxel sizes
in the range of 30-35 ym.

Scans are executed with 1080 projections and 1 s exposure time per projec-
tion running the source at 30 W emission power focused to a 10 pum X-ray spot.
Tomographic reconstructions are performed using the ASTRA toolbox (50, 51) via
Python using the Feldkamp-Davis-Kress (FDK) (52) algorithm for cone beam geom-
etry. Additionally, a wavelet ring filteris applied (53). The area around the samples
and the plastic container were removed from the 3D volumes, and a radial bias field
correction was applied to correct intensity variations in the reconstructed slices.

Segmentations were performed in Amira (Thermo Fischer Scientific). Carbon
fibers were segmented using a tubeness filter, which was calculated using a Fiji
plugin (54). Porosity analysis is performed in Python using the PoreSpy pack-
age (55). The volumes are binarized using Otsu's threshold method (56). Space
occupied by fibers and roots is masked using the exported labels volume from
Amira.The porosity can be calculated, given as fraction of empty space in the full
subvolume or perindividual slice. The pore size distribution (57) is calculated by
applying a local thickness filter to the volume fitting spheres into the empty space.

Electrochemical Characterization. CV was performed on the scaffolds and
carbon fibers in 0.01 M KCl electrolyte (Sigma-Aldrich) at 1 and 5 mV 5" scan
rate, between —0.2 and 0.8V using a metallic mesh as a counter electrode and an
Ag/AgCl electrode as a reference electrode. Chronoamperometry was performed
on the scaffolds in the same setup as CV by applying a constant voltage was
applied over the period of 5 d. All the measurements were performed at room
temperature using a Gamry 1010E/B potentiostat.

Plant Growth. Barley seeds (Hordeum vulgare) (kindly provided by Scandinavian
Seed AB) were surface-sterilized with a 4 % sodium hypochlorite solution for
10 min followed by three rinses, 10 min, with sterile deionized water in constant
stirring. To synchronize germination, the cleaned seeds were stored at 4 °C for
7 d before seeding (hibernated seeds). The hibernated seeds were placed on top
of a thin layer of %2 Murashige and Skoog (MS) agar pH 5.6 in a petri dish and
incubated at 24 °C/18 °C in the darkness for 48 h to pregerminate.

eSoil Rinsing. The scaffolds were rinsed in two steps: The first rinsing step was
electrochemical under CV. CV was performed on the scaffolds in 0.01 M KCl elec-
trolyte (Sigma-Aldrich) at 5 mV's™" scan rate, between —0.2 and 0.8 V using a
metallic mesh as a counter electrode and an Ag/AgCl electrode as a reference
electrode. Then, the second rinse step took place where the scaffolds were rinsed
three times with sterile diH,0 for 1 h with constant stirring.

Growth in Hydroponics Setup in eSoil and Rockwool. The eSoil scaffolds
were fabricated and rinsed as described above. Rockwool was purchased from
HydroGarden. Randomly selected pregerminated seeds were placed on top of
the eSoil or Rockwool, and each eSoil or Rockwool was placed in its own open
container with sterile 2 MS liquid medium. For the stimulation experiments only
eSoil scaffolds were used, both for control and eStim samples. Each container of
control oreStim sample included a metallic mesh, but only in the eStim samples
voltage was applied during the electrical stimulation. The open containers were
placed in a growth chamber with a photon flux density of 100 umol m™?s™" at
24°C/18°Cand 12 h light/12 h dark cycles for 15 d (unless stated otherwise).

Electrical Stimulation. Barley grew in the scaffolds for 5 d. Voltage was applied
to the eSoil in respect to the electrolyte (2 MS liquid medium) using a Gamry
1010E/B potentiostat or power source. After the stimulation, the plants were let
to grow for an additional 5 d. For the experiments with three harvesting periods,
a batch of the plants was harvested at day 5 prior to electrical stimulation, the
next batch of plants was harvested after the electrical stimulation at day 10, and
the last harvest took place at day 15 for the rest of the plants. The analysis of the
plants took place after each harvest. When "N uptake rate needed to be calculated
in roots and shoots, 2% of K"*NO; 98% enriched was added to the 2 MS liquid
medium, the final KNO; concentration being T mM.

BN uptake Rate and Total Nitrogen and Carbon Content Measurement.
Root and shoot samples harvested at day 15 were dried in the oven at 50 °C for
48 h, bead milled into fine powder, dried in the oven at 60 °C for an additional
72 h,and stored in a desiccator until further use. Using a precision scale, 3 mg of
powder per sample was packed in tin capsule and analyzed to determine nitrogen
isotope ratios and C and N mass fractions using the Elemental Analyzer-Isotope
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Ratio Mass spectrometer (EA-IRMS) from the SLU Stable Isotope Laboratory in
Umed, Sweden. The "N uptake rate (umol/g dry biomass) was calculated using
the nitrogen isotope ratios and the total nitrogen content of the samples.

Root and Shoot Nitrate Content. Nitrate in the roots and the shoots was quan-
tified using a colorimetric assay adapted from the method described by Miranda
etal.(46). Briefly, 6 mg of powder per sample was extracted with 80 L of methanol
20% for 24 h at 4 °C.Then, samples were centrifuged for 10 min at 4 °C at 14,000
rpm, and the supernatant was aliquoted. Nitrate present in the supernatant was
reduced to nitrite by adding 20 pL of vanadium (Ill) chloride to 20 L of sample.
The nitrite generated was revealed by adding successively 20 pL of sulphanilamide
and 20 pL of o-NEDD. After 20 min of color development, absorbance at 540 nm
was measured. Sample nitrite background was quantified and taken into account
by replacing the vanadium (Il1) chloride by hydrochloric acid.

Morphological Characterization. We measured the length and width, as well
aswetand dry biomass of barley plants' growth at different conditions. At the end
of each experiment, barley plants were removed from rockwool, or eSoil, and the
roots were rinsed with tap water to eliminate all the residues. We divided the plant
analysis into three sections: i) shoot that includes the leaves and stem, from the
beginning of the stem to the tip of the longest leaf; ii) main root; and iii) plant, that
was the sum of the shoot and main root values (Fig. 2B). To measure the length, we
took digital photographs of the samples with a scale. Using the ImageJ software,
we seta scale based on pixels, and then, we obtained the values for the measure-
ments in cm. After removing from rockwool and eSoil, the samples were weighed
on an analytical balance (wet biomass), and then they were placed on absorbent
towels at 50 °C for 48 h, to remove the water, and weighed again (dry biomass).

Statistical Analysis. The effects of treatment on plants' length and dry mass
were determined using a two-sample t test, Mann-Whitney U test, or a linear
mixed model depending on data normality and the experimental design. For
comparison between the Rockwool vs. eSoil (Fig. 2), of which experimental design
follows a completely randomized design, we checked the normality assumption
using the observed data for each group, visually based on a quantile-quantile
plot (S/Appendix, Fig.S14) and residual distribution against predicted values, and
quantitatively based on a Shapiro-Wilk test (P < 0.05). We then tested equality of
variance between the group, using a F-test (P < 0.05) to infer variance equality
for performing a two-sample t test. When the normality assumption was violated,
we performed a Mann-Whitney U test to compare the mean difference between
the two groups (P < 0.05). The stimulation experiments were composed of five
independent experiments, but unbalanced sample sizes, so following a rand-
omized block design. We examined the effects using a linear mixed model by
treating the experiment as a random effect (block):

Y('jk=a+bx7}+6k+£,jk, [1]

where Y;; is the response variable in the ith plant under jth treatment T (j =
control or eStim) with kth experiment. a is the intercept, b is the coefficient to
be estimated, &, is the random residuals associated with block, and & is the
final residuals. The final residuals were checked for the normality assumption,
and when the assumption was unsatisfied, we log-transformed the response
variable. Results of normality check for a t test and a linear mixed model are
given in S/ Appendix, Figs. S14-S16. Means and their uncertainties were esti-
mated based on the model outcomes, and the relative effect size was computed
based on the five experiments (n = 5). Statistical analyses were performed using
R(v.4.2.2):The Ime function in the nime package was used for the mixed model
(Eq. 1); Ismeans functions in the Ismeans package were used to compute the
mean and SE of the estimates. The R-code used for the analysis is given in
Sl Appendix.

Data, Materials, and Software Availability. All study data are included in the
article and/or supporting information.
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