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Abstract: Seeds of common bean (Phaseolus vulgaris L.), of the Etna variety, were treated with
low-pressure oxygen plasma sustained by an inductively coupled radiofrequency discharge in
the H-mode for a few seconds. The high-intensity treatment improved seed health in regard to
fungal contamination. Additionally, it increased the wettability of the bean seeds by altering surface
chemistry, as established by X-ray photoelectron spectroscopy, and increasing surface roughness,
as seen with a scanning electron microscope. The water contact angle at the seed surface dropped
to immeasurably low values after a second of plasma treatment. Hydrophobic recovery within a
month returned those values to no more than half of the original water contact angle, even for beans
treated for the shortest time (0.5 s). Increased wettability resulted in accelerated water uptake. The
treatment increased the bean radicle length, which is useful for seedling establishment in the field.
These findings confirm that even a brief plasma treatment is a useful technique for the disinfection
and stimulation of radicle growth. The technique is scalable to large systems due to the short
treatment times.

Keywords: plasma; H-mode; bean; seed; water contact angle; water uptake; radicle; germination;
fungal contamination

1. Introduction

The common bean (Phaseolus vulgaris L.) is an important agricultural plant grown
worldwide for its seeds, also called beans. Among humans, beans are the most widely
consumed legume and thus an important dietary protein source in many populations [1].
In the last two decades, the worldwide production of dry beans has nearly doubled,
reaching yields close to 30 million tons annually [2]. However, the plant is commonly
threatened by a variety of diseases. Like many other legumes, the common bean is severely
affected by viruses and mold diseases, causing crop reduction as well as poor quality of
the grains [3,4]. The mold diseases are caused by an array of fungal pathogens [5], which
hinder its successful growth and reduce crop production. In fact, dry bean seeds may
be naturally contaminated by fungi. These are commonly combatted with plant cultural
practices, breeding for resistance, but also the use of chemical or biological agents to combat
the blight [6].

In part to counter the use of environmentally harmful agents, the field of plasma
agriculture has gained traction in recent years regarding both disease control and growth
stimulation with the use of ecologically benign plasma technologies. While plasma is
being applied in all stages of the agricultural process, seeds are a common target of plasma
treatment. A recent review by Stari¢ et al. sums up state of the art regarding both the
plasma effects on seeds and the understanding of underlying mechanisms [7]. Seeds of a
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wide variety of plant species have been subject to plasma, among them many agriculturally
important species, including the common bean.

Disinfection of seeds with plasma, particularly the removal of fungal disease agents, is
common. When applied properly, the effect of plasma may reduce or eliminate the need for
chemical fungicide use [8]. On the laboratory scale, this approach has been successful for
many plant species, including grains such as wheat [9,10], maize [11], and rice [12], but also
legumes such as soybean [13]. For bean seeds, in particular, a dielectric barrier discharge
(DBD) using oxygen has prevented fungal growth after seed incubation, in which case the
useful plasma treatment time was 10-30 min [14].

In addition, plasma was commonly found to stimulate several parameters of germina-
tion and growth, including germination rate and radicle length. For beans alone, several
different setups of plasma reactors have positively affected seed germination and growth.
Inductively coupled (IC), radio frequency (RF) air plasma has increased the germination
percentage [15] and accelerated the germination [16] of bean seeds within 15 to 120 s of
treatment. The seed vigor also increased through the treatment of a single seed with an
argon plasma jet for 30-180 s [17]. At 5 min, the shortest treatment time in the oxygen
DBD experiment, the treatment also increased hypocotyl and radicle length, but prolonged
treatment inhibited germination [14]. One publication that primarily studied electrical
properties in a seed-packed DBD device also found that compared to untreated seeds,
plasma-treated bean seeds germinated quicker while the germination percentage remained
unchanged for seeds treated for 2 min [18].

Regarding the mechanisms that lead to these biological improvements, it is advisable
to start at the seed surface, where the most direct interaction between the plasma and seed
takes place. To this end, let us briefly consider the botanical structure of bean seeds, as
shown in Figure 1. Seeds consist of the embryo axis, which germinates into the sprout and
roots, as well as the two cotyledons, which act as nutrient storage. These structures are
surrounded by the seed coat [1]. The outermost layer of the seed coat—and therefore the
layer directly exposed to plasma during treatment—is a protective waxy layer called the
cuticle. Inwardly, the seed coat is further comprised of the epidermis, the hypodermis, and
the interior parenchyma [19].

seed coat

embryo axis
plumule

hilum
micropyle

cotyledon

Figure 1. Schematic cross-section of a bean seed. Adapted from [20].

The basic structure of the seed coat, and thus of the outer layers of the seed, is very
similar among the different species of the plant family Fabaceae [19], which includes a variety
of other legumes, all related to the common bean. The most commonly encountered species
with seeds used for human consumption are soybean (Glycine max), pea (Pisum sativum),
lentil (Lens culinaris), as well as some members of the genus Vigna, such as mung bean
(V. radiata), adzuki bean (V. angularis), and black gram (V. mungo). Due to the similarities,
we may freely compare the surface effects of plasma on the seeds of any of these species.

Much of the currently available literature discusses the effects of plasma on the
physicochemical properties of the treated seed surface. Plasma is known to alter the surface
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chemistry of the seeds, commonly by introducing new, oxygen-containing functional
groups [15]. Additionally, it affects the morphology of the surface, often increasing the
surface roughness through etching mechanisms [21]. Both of these effects result in increased
wettability [15], which in turn can also lead to improved or accelerated water uptake
(WU) [16].

The appearance, size, and mass of bean seeds may vary significantly between bean
varieties [22]. In this work, we used seeds of the bean variety Etna. Unlike other authors,
we treated them for a short time with a rather powerful low-pressure plasma. We followed
its effects on the surface properties of the seeds, the wettability and WU, and ultimately, on
the germination and sprout growth.

2. Results and Discussion
2.1. Water Contact Angle

Water contact angles (WCA) were measured for untreated and plasma-treated samples.
A comparison of the WCA for an untreated sample and a sample treated for 3 s at 10 Pa is
shown in Figure 2. The WCAs immediately after plasma treatments are shown in Figure 3.
The initial WCA of native bean seeds is about 85°. That value drops to about 10° after as
little as 0.5 s and becomes almost immeasurably low after 3 s, indicating a super-hydrophilic
surface of the seed. The effect is comparable for all gas pressures used in the experiments.

(b)

Figure 2. Water droplets on the surface of (a) an untreated bean seed and (b) a bean seed treated by plasma att =3, p = 10 Pa.
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Figure 3. WCA on the surface of bean seeds immediately plasma treatment. Recorded after different
plasma treatment times (0-10 s) using different gas pressures (5-20 Pa). Exponential curves were
fitted to the data.
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Such a rapid hydrophilization of the seed surface, as evident from Figure 3, has
not been reported for legumes in scientific literature, so it is worth discussing. In two
publications by Bormashenko et al., plasma treatment decreased the WCA of bean seeds
from 98° to 53° within 15 s [15], and from 109° to 40° within 120 s [16]. The reactor volume
was smaller in the first publication [15] but comparable to our reactor volume in the second
publication [16]. While the authors have also used IC RF plasma, they ignited their air
discharge at much lower nominal power of 20 W. This power would not enable ICP in
the H-mode [23]. The huge difference in the WCAs after the plasma treatments can be
attributed to different plasma parameters when the IC plasma is either in the E or the
H-mode. Namely, the density of charged particles in the H-mode is orders of magnitude
larger than in the E-mode [24-26]. The large flux of charged particles as well as VUV
radiation [27] in the H-mode causes significant etching of the bean surface. The etching
leads to rich morphology on the sub-micrometer scale, which, in combination with the polar
surface functional groups, causes the super-hydrophilic surface finish. The changes to the
morphology and composition of the surface after plasma treatments are presented below.

The differences in the initial WCA of untreated seeds between our measurements
and those reported by Bormashenko et al. [15,16] may be attributed to biological variation
between different bean varieties. Biological differences between seed species may also
explain why rapid hydrophilization using E-mode RF plasma was possible in the case of
wheat [15] and pepper seeds [28] at treatment times of 15 s and 5 s, respectively.

While longer treatments certainly increase the surface wettability, they may also
negatively affect the ability of seeds to germinate [8]. Namely, the surface reactions
triggered or caused by plasma are exothermic, so the seeds are likely to be heated upon
plasma treatment. The thermal conductivity of seeds is moderate, so the interior will not be
heated significantly by short plasma treatment. Since we applied H-mode plasma, where
reactive species densities are high [23], short treatment times suffice to significantly alter
the surface wettability without affecting the embryo temperature.

WCA after plasma treatment was also measured in other legumes. IC RF plasma
reduced the WCA of lentils from 127° to 20° but did not achieve complete wetting because
it was sustained in the E-mode at the same conditions (P = 20 W, t = 15 s) as for beans in
the same experiment [15]. Capacitively coupled RF plasma was used for hydrophilization
of mung bean and reduced its surface WCA from 100° to about 60° within 20 min of
treatment [29]. However, a different capacitively coupled RF plasma reduced the WCA
of soybean from 76° to 56° within 15 s [30]. The comparably smaller WCA reductions are
consistent with the lower reactive species density of capacitively coupled RF plasma [23].
Among atmospheric pressure plasmas, a DBD also increased soybean wettability, but the
WCA was only assessed visually. Complete wetting was not achieved within 3 min of
treatment [13].

2.2. Hydrophobic Recovery

Hydrophobic recovery is the gradual return of the WCA to more hydrophobic values
following the exposure of a hydrophilized surface to ambient conditions [31]. We followed
the WCA on the bean seed surface for up to a month after plasma treatment. Results of the
ageing of seeds treated for either 0.5 s or 10 s are shown in Figure 4. The shorter the plasma
treatment time, the faster the WCA recovered to more hydrophobic values, and the higher
the final WCA after one month of ageing at ambient air conditions. Such a dependence
of the hydrophobic recovery on the plasma treatment time has been already observed for
some times of the polymers [32], but the reasons are still dim. One feasible explanation
is that the prolonged treatment results in a richer morphology, and consequently, a larger
concentration of surface functional groups [33]. However, none of the seeds reached the
initial WCA values of untreated seeds, which were about 85°. Instead, the highest WCA
after one month of ageing was about 42°. For seeds exposed to plasma for longer times,
the WCA increase during ageing was more gradual, and the WCA on seeds treated for 10 s
reached no more than about 10-15° after a month of ageing.
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Figure 4. Hydrophobic recovery of the WCA on the surface of bean seeds. Recorded after plasma treatment for (a) 0.5 s or

(b) 10 s at different gas pressures (5-20 Pa), followed by different times of ageing in ambient air conditions.

While hydrophobic recovery is commonly seen with plasma-treated polymers [31], it
is not well researched on seed surfaces. In fact, the available literature does not suggest
an important hydrophobic recovery after the plasma treatment of seeds. In beans, along
with lentils and wheat, no such effect was recorded within one month after treatment with
low-pressure IC RF plasma [15], but the WCA achieved by Bormashenko et al. after the
plasma treatment was as large as 53°, much larger than the WCAs reported in Figure 4.

An IC RF plasma at low power (6.8-18 W) also resulted in complete wetting of
pepper seeds, a WCA reduction from 76° to immeasurably low in as little as 5 s. The
authors state that no hydrophobic recovery was registered but do not specify a time frame
of measurements [28]. Conversely, from an initial WCA of 100°, rice was completely
hydrophilized after 30 s of treatment with a microcorona/DBD hybrid plasma, but the
WCA returned to around one-third of its original value within 10 days of ageing [34]. The
ageing-related decreases in surface oxygen determined by x-ray photoelectron spectroscopy
(XPS) were also minor for cucumber and pepper seeds treated in an air surface DBD for
20 s and 4 s, respectively. After plasma treatment, surface oxygen increased from around
20 at.% to 40 at.% for both seed species and decreased to 35 at.% and 27 at.% during 9 days
of ageing for cucumber and pepper, respectively [35].

Taking into account the above considerations, the hydrophobic recovery we see in
our case may be more pronounced due to the comparably more drastic WCA decrease we
achieved with our treatment.

2.3. Water Uptake

WU for seeds soaked in water after plasma treatment is shown in Figure 5. The WU
into the seeds is gradual and reaches up to about 0.8-1.0 g per 10 seed sample within 1000 s
of soaking time. A trend of higher WU with longer plasma treatment time can be observed.

It has been postulated that an increase in wettability, such as that seen in Figure 3,
also increases the WU by the seed [16]. This is due to the better availability of water at
the seed surface, as well as the potentially increased permeability of the protective layers
present at the surface. It is established that a structure called the micropyle, a small opening
in the seed coat, is important for the WU of untreated bean seeds. However, it has been
shown that after plasma treatment, the WU through the remaining bean seed coat surface
is also strengthened [16]. Some authors suggest that the reason for the increased seed coat
permeability is electroporation of the seed coat [36].
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Figure 5. Water uptake of native and plasma-treated bean seeds expressed as g of water per 10 seeds soaked for different
times (1-1000 s). Seeds were treated at (a) 5 Pa, (b) 15 Pa, and (c) 20 Pa.

With soaking experiments, the link between wettability and WU increase has been
previously demonstrated for beans after IC RF plasma treatment. In the two studies
involving beans as well as lentils and wheat, Bormashenko et al. concluded that cold
radiofrequency air plasma treatment leads to the dramatic decrease in the WCA of seeds,
which in turns results in increased WU [15,16]. Further, the accumulation of increased
amounts of water has been demonstrated in bean seeds by magnetic resonance imaging
(MRI) following treatment with a helium plasma jet [36] and even simply after exposure
to a plasma ball [37]. The correlation between WCA and WU in our own results is shown
in Figure 6. The WU appears to increase exponentially with decreasing WCA. The three
curves for seeds treated at different pressures nearly overlap.

Such an acceleration of WU is beneficial to the germination process, of which the water
uptake by the seed is the first and essential step [38]. The presence of water allows the
resumption of the biochemical processes in the seed after the metabolic quiescence during
its dry state [38]. The plasma-related WU improvement can also facilitate germination and
growth if the seed is planted in drought conditions [29,39].
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Figure 6. Correlation between WCA and WU for bean seeds plasma-treated at three different
pressures and three different treatment times. WCA was recorded immediately after plasma treatment.
WU was recorded after 100 s of soaking. Exponential curves were fitted to the data.

2.4. Scanning Electron Microscopy

The obtained scanning electron microscopy (SEM) images show alterations to the bean
seed surface with plasma treatment. Figure 7 shows the micrographs taken after treatment
at selected conditions. At medium magnification (2000 ), we mainly observe the removal
of irregular materials present at the surface while the underlying scaly morphology appears
to stay intact. At higher magnification (10,000 ), we see that the plasma treatment alters
the otherwise reasonably smooth surface significantly. The morphology becomes rougher,
and particularly after the treatment at 20 Pa, structured in an apparent pattern.

The obtained micrographs assist in our understanding of the wettability and WU
increase. The effect, known as plasma etching, removes material from the surface and
causes increased roughness and (nano)structuring in the process. The increased surface to
volume ratio contributes to increased wettability [40]. The mechanism of etching is twofold:
energetic ions that impinge on the surface physically remove the material [41], while carbon
atoms are also removed in volatile molecules with progressive oxidation [42]. As we know
that the density of reactive plasma species in H-mode IC RF plasma is high [23], we expect
considerable etching even at such short treatment times, as shown in Figure 7. The etching
typically progresses in intensity with increasing treatment time [21], as the plasma removes
increasing amounts of the surface material.

It has previously been shown that plasma treatment will alter the surface morphology
of seeds. Interestingly, IC RF plasma treatment of beans did not change their morphology,
as established by SEM [15]. As explained above, these rather marginal effects are probably
due to the low power absorbed by ICP in the E-mode. As etching intensifies with increased
treatment power [43], our H-mode plasma treatment causes extensive etching even though
the beans are kept at a floating potential, and thus, the ion bombardment is negligible
as compared to other effects. On the other hand, exposure to an oxygen DBD caused
alterations to the seed coat and cotyledon surfaces, as observed by SEM at rather low
magnifications [14]. Similarly, atomic force microscopy (AFM) analyses were able to detect
corrugation and potentially pore formation at the bean seed surface following a helium
plasma jet treatment [36]. On the other hand, the pea surface was eroded after one treatment
with an air DBD [44] and showed cracks in the seed surface after a different one [21]. The
surface morphology gained after plasma treatment depends on the peculiarities of the
experimental reactors, so big differences between authors are expected.
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Figure 7. SEM images of bean surface at selected treatment conditions: (a,b) untreated; (c,d) p=5Pa, t=3s; (e,f) p=20Pa,
=3s. (a,c,e) 2000 x magnification; (b,d,f) 10,000 x magnification.

2.5. X-ray Photoelectron Spectroscopy

The elemental composition of the bean seed surface as determined by XPS is shown in
Table 1. The most apparent change after plasma treatment is the decrease in surface carbon
content, accompanied by an increase in surface oxygen content to double its untreated
value. The concentrations of nitrogen and silicon remain reasonably constant. After plasma
treatment, additional elements appear at the seed surface, mainly magnesium and calcium,
but also other elements in trace amounts.
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Table 1. Elemental composition of native and plasma-treated bean seed surface expressed in at.%.
Excluded are elements appearing in only a few analyses, mainly in amounts <1 at.% (K, S, AL, P, F,
and Cl).

t p C N (0] Si Mg Ca
Untreated 75.3 44 17.7 2.8 / /

5Pa 50.2 34 36.6 2.0 2.5 24

0.5s 15 Pa 66.4 4.6 249 1.6 0.8 0.8

20 Pa 57.6 49 32.0 1.7 1.3 14

5Pa 49.1 4.6 35.9 1.7 2.1 2.0

3s 15 Pa 53.1 2.1 374 1.6 3.0 2.2
20 Pa 61.4 4.6 29.2 2.5 0.8 1.1

5Pa 49.3 3.1 38.7 2.7 24 2.7

10s 15 Pa 45.1 2.6 40.9 1.8 22 2.8
20 Pa 494 4.5 39.0 29 1.6 2.1

It is well known that exposure of organic materials to oxygen-containing plasma
introduces new oxygen-containing functional groups to the surface [15]. This is the reason
for the drop in carbon and rise in oxygen concentration after plasma treatment. The car-
bon and oxygen concentrations appear quite constant regardless of the time and pressure
parameters, which indicates that the surface becomes saturated with oxygen-containing
functional groups already after the shortest treatment time, 0.5 s. This further indicates
that the density of reactive oxygen species, particularly of the neutral oxygen atom radical,
is high in this H-mode plasma, as we have previously demonstrated for this plasma sys-
tem [23]. After the surface is saturated with oxygen-containing groups, etching continues,
and further oxidation takes place.

Prolonged plasma treatment can etch and damage the outer layers of the plasma-
treated seed and thus negatively affect it [45]. To estimate which layer of the bean seed
coat the treatment effects, we can estimate the thickness of the waxy cuticle layer on the
bean seed surface, which has not been assessed in the literature. One paper reports the
number of cuticular alkanes on bean seeds as 3.5 mg/100 g seeds and estimates this to be
about 10% of the total wax quantity [46]. We may further estimate the mass and volume of
one bean seed as an average of the data given for four cultivars, which yields m =0.37 g
and V = 173.69 mm?3, respectively [22]. If for the cuticular wax we assume a density of
1 g/cm? [47], and simplify the bean seed shape to that of a sphere, we may calculate the
cuticle thickness as:

Mwax
Y 3 Vpean §/3 (Vbean T Dwax ) .
dwax == 47 41 = 0.86 nm. (1)

Given this thickness, along with our plasma treatment times, we expect that our
plasma-mediated etching of the surface has not breached the protective layer of the bean
cuticle or affected the underlying cells of the epidermis. To support this, we may consider
the etching rates of polymers. We find that after 20 s of treatment with plasma, the polymers
are etched at a rate no higher than 35 nm/s, with the notable exception of PVC, which
structurally contains a halogen [48]. If we assume that the etching rate of cuticular wax is
comparable, then our longest treatment of 10 s would etch away less than half of the total
bean seed cuticle thickness.

To the best of our knowledge, this is the first XPS analysis of bean seed surface available
in the literature. However, as the XPS analysis depth is on the scale of a few nm [49], we
remain well within the expected cuticle thickness and may thus compare with any other
seed surface XPS results. In all available analyses, XPS after plasma treatment revealed
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oxidation of the cuticle. Quinoa seeds treated with air plasma either as a surface DBD or
low-pressure CC RF discharge [50], nasturtium seeds treated with a DBD in an air/He
mixture [49], as well as cucumber and pepper seeds treated with a surface DBD in the
air [35], all showed increases in surface at.% of oxygen at the expense of carbon. Analysis
of high-resolution C1s XPS spectra revealed a shift from C-O bonds to O-C-O and C=0
bonds and further to O-C=0 bonds with treatment time increase, representative of gradual
oxidation of the hydrocarbon chains. Furthermore, after surface saturation with oxygen-
containing functional groups, additional oxidation results in chemical etching [49,50],
which fits our SEM observations in Figure 7. As stated earlier, in the context of ageing, the
concentration of oxygen at the surface may diminish with time [35]. This may be due to the
re-orientation and shift of the oxygen-containing functional groups away from the surface
into the bulk of the material [31].

Out of the inorganic elements, we already detected silicon on the surface of untreated
beans, while magnesium, calcium, and a few minor elements appeared only after plasma
treatment. These are expected elements to appear on biological sample surfaces, originating
either from cellular material or environmental contamination. If we consider that after
the oxidizing plasma treatment, the inorganic materials are most likely found in the form
of oxides (SiO,, MgO, Mg(OH),, CaO) [51]; the amount of oxygen taken up in this way
adds up to about 5-12 at.% per treatment condition, which leaves the remaining oxygen,
bonded to carbon, at about 20-30 at.%. A paper by Gémez-Ramirez et al. suggests that this
accumulation of mineral elements at the seed surface after plasma treatment may be due to
their inner diffusion and migration to the seed surface layers [50].

2.6. Germination Percentage

Within the incubation times and sample sizes used in our experiment, no notable
increases in the germination percentage were recorded, as shown in Figure 8. No trends
with gas pressure or treatment time were apparent. At certain treatment conditions, fewer
seeds than in the untreated control germinated.

100 4 - untreated 100 -
B 5 -
B 15 pa
= 8+ [ 20ra = 80
@ ] )
3 3
2 ? 60
sl el
2 3
< ]
E E
£ £ 404
g g
&0 0 ] - untreated
o || I 5Pa
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Figure 8. Germination percentage of native and plasma-treated bean seeds after (a) 4 days and (b) 7 days of incubation at
germination conditions. The error bars represent standard error.

Out of the publications that have so far followed the germination percentage of bean
seeds after plasma treatment, the parameter was increased by one treatment, namely an IC
RF air plasma [15]. In three other cases, similarly to our results, the germination percentage
was unchanged. In the case of treatment with an argon plasma jet, germination was already
100% in untreated seeds [17]. In another treatment with an IC RF air plasma [16], as well as
in a seed-packed DBD reactor with helium [18], germination of untreated seeds was also
>90%, and the plasma treatment accelerated the germination in both cases. Germination
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80

percentage was increased by plasma treatment in other legume species such as lentil [15],
mung bean [29], pea [21], and soybean [13]. Interestingly, an early paper achieved a
significant improvement in germination simply with an electrostatic treatment using a
high-intensity electric field, but it does mention partial discharges between seeds, so the
effect may be plasma-related [52]. If plasma treatments of seeds use power or duration that
is too high, they can damage the delicate seed material [8,14,53], as the reactive species dose
received by the seed is too high. It is possible that this occurred at some of the treatment
conditions used in our experiments, but no correlation with treatment time nor with gas
pressure is evident in Figure 8.

2.7. Radicle Length

In germinating bean seeds, the first growth to protrude from the seed is the radicle,
which is the embryonic root of the plant [54]. Mean radicle length after 4 and 7 days
of incubation is shown in Figure 9. Radicle length increases in plasma-treated seeds
compared to untreated ones. The average length of the radicle after 3 s of plasma treatment
is about 55-70 mm, while it is only 35 mm for untreated beans. Further, radicle length
appears to increase with plasma treatment time, at least for the first few seconds. A
visual representation of radicle length after 4 days of incubation is additionally shown
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Volkov et al. previously found that plasma accelerates radicle development in bean
seeds. This was true for seed exposure to a helium plasma jet [36] as well as a commercially
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available plasma ball [37]. It was also shown that the plumule, which is the seedling part
that develops into the stem, increased in size after oxygen DBD treatment at a suitable
treatment time of 5 min [14]. Furthermore, when the seeds were planted in soil, an increase
in seedling length emerging from the soil was found after plasma exposure [36]. Seedling
vigor, which is a measure of both seedling length and germination percentage, was also
improved after an argon plasma jet treatment [17]. Similar improvements after plasma
treatment were also observed in soybean, where one group has demonstrated that a DBD
treatment of seeds may improve a variety of growth and physiology parameters in healthy
seeds as well as those infected with a fungal complex [55].

Our results show that improvements in germination percentage and seedling estab-
lishment do not necessarily correlate. The radicle length improvement was achieved in the
absence of a germination percentage increase. From the viewpoint of practical use in the
field, an increased radicle length is beneficial for seedling establishment in the field [36].

Interestingly, one early study which placed beans into an electrostatic treatment device
has achieved agricultural improvements in the absence of a discharge. The seeds, naturally
infected with a bean fungus, were germinating with a higher percentage after electric-field
treatment. They developed faster and had increased embryo and root mass. In the field
experiments, the yield was increased by 30-80% [52]. Together with the recent results of
plasma ball exposure [37], this indicates that the plasma electric field or radiation may play
an important role in germination and growth stimulation. In that way, plasma exposure
may be understood as a method of physical seed priming [56].

2.8. Fungal Contamination

During incubation of bean seeds at germination conditions, we found that seeds
treated with H-mode oxygen plasma show less fungal contamination than untreated seeds.
The proportion of contaminated seeds at the various treatment parameters is shown in
Figure 11. The decrease in contamination compared to control is apparent and is visually
illustrated in Figure 12. The percentage of infected seeds also appears to decrease with
increasing treatment time. There are no clear trends regarding contamination versus
gas pressure.
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Figure 11. The proportion of bean seeds contaminated with a fungal infection after (a) 4 days and (b) 7 days of incubation
at germination conditions. The error bars represent standard error.
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Figure 12. Bean seeds incubated at germination conditions after 7 days. Sprout and root growth are
visible, as well as the presence of fungal contamination. (a) Untreated; (b) p=5Pa, t=0.5s; (c)p=5
Pa,t=3s;(d)p=5Pa, t=10s.

Bean seeds used for planting may be naturally contaminated by fungi [14,52]. A
variety of fungal pathogens may attack the plant during its development and growth
phases, thus preventing its successful establishment or diminishing its yield [6]. In addition,
fungi can infect stored seed materials and food components and even contaminate them
with mycotoxins which are harmful to human health [57]. When seeds are planted to
germinate or placed in laboratory germination conditions, they require water to start this
process. However, the humid environment also enables the development or spread of
fungal pathogens [6]. Indeed, the moisture content of the bean seed sample itself may be
high enough to allow the development of fungal spores [14]. Therefore, an environmentally
friendly treatment that could remove such pathogens would be highly desired, making
plasma an ideal candidate. In fact, in addition to the direct destruction of fungi, plasma
has also been shown to degrade mycotoxins [58].

Results in the literature show that plasma can successfully decontaminate seeds of
legumes. Bean seed decontamination has been shown in an oxygen DBD setup, where the
plasma has completely inactivated the pathogens, and no fungal growth was observed in
the culture. However, this occurred at treatment times already detrimental to germina-
tion [14]. In soybean infected with the seed-borne Diaporthe/Phomopsis fungal complex,
DBD treatment significantly reduced the percentage of infected seeds, but the result de-
pended on the treatment gas, time, and the dielectric material of the plasma system [13]. A
surface DBD system also caused significant reductions of contamination on lentil seeds
previously inoculated with fungal spores, determined using the plate count method [59].
Furthermore, on pea seeds treated with a gliding arcjet, a 60 s treatment caused a significant
reduction of the microbial count [39].

The exact decontamination mechanisms of plasma technology may differ from system
to system depending on plasma parameters, process gas, and consequently on the type and
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densities of reactive species produced [60], as well as other plasma components such as UV
and/or VUV radiation [59]. When using oxygen plasma, reactive species such as the neutral
oxygen atom interact with fungal spores and inactivate them as they inhibit the function of
the cell membrane and oxidize the intracellular organelles [61]. In a capacitively coupled
RF plasma system, the presence of oxygen and nitrogen reactive species was shown, along
with the inactivation of bacteria on the cabbage seed surface [62]. Furthermore, even in the
case of electrostatic treatment of beans, partial discharges between seeds were implicated
in the generation of ozone and thus disinfection [52]. In IC RF plasma systems and H-mode
plasmas, in particular, high electron and ion densities result in high decontamination
efficiencies by the destruction of the biological contaminants [63]. Still, IC RF plasmas
have only rarely been used for the treatment of seeds [15,16,28,53], and much less for seed
decontamination. One such system has decreased fungal contamination in buckwheat, but
the treatment also delayed germination [64].

Due to large differences in plasma types and reactor setups, it is difficult to directly
compare the different plasma treatments used in the literature for seed disinfection. In other
legume disinfection experiments, treatment times ranged from about a minute [13,39] to as
long as 30 min [14]. Our treatment times used in this work are comparatively much shorter,
up to 10 s. The difference stems from the high densities of reactive plasma species found in
our H-mode IC RF plasma system [23], which destroy the fungal pathogens quickly and
efficiently. Our result shows that H-mode IC RF plasma is a rapid, effective approach for
removing fungi from the seed surface. If used properly, it additionally stimulates some
germination and growth properties without detrimental effects on the seed.

3. Materials and Methods
3.1. Seed Material

Seeds of common bean (Phaseolus vulgaris L.), of the Etna variety, were obtained from
Interkorn Ltd. (Gancani, Slovenia) Visually healthy and undamaged seeds were selected for
the experiments. During storage, beans were kept in a dry atmosphere at room temperature
to prevent early germination.

3.2. Plasma Reactor

The reactor used for the treatment of bean seeds was an in-house, pilot-scale plasma
system operating in the pressure range between about 1 and 100 Pa. Plasma was inductively
coupled with an RF generator via a coil and a matching network optimized for the IC
plasma in the H-mode. The glass tube of the reactor, in which seed samples are treated, was
800 mm in length and 36 mm inner diameter. The reactor was continuously pumped using
a two-stage oil rotary vacuum pump with a nominal pumping speed of 80 m3/h. The pump
was connected to the reactor on one end through a series of stainless steel tees, onto which
a simple air inlet valve was mounted for venting the whole vacuum system. To achieve the
desired gas pressure, commercially available oxygen of 99.99% purity was introduced at
the opposite end of the tube by a flow controller AERA FC7700 (Advanced Energy, Fort
Collins, CO, USA) calibrated for argon at 20 °C. The gas inlet was also connected to the
reactor through a series of stainless steel tees, onto which a Baratron absolute pressure
gauge (MKS Instruments, Andover, MA, USA) was mounted to monitor the pressure inside
the reactor. A six-turn water-cooled copper coil with a length of 70 mm was wrapped
around the tube, and a Cesar 1310 RF power generator (Advanced Energy, Fort Collins,
CO, USA) operating at 13.56 MHz was coupled to the coil via a matching network. The
generator operates at an adjustable output power of up to about 1 kW, but the experiments
were performed at a fixed output power of 400 W. A schematic representation of the system
is seen in Figure 13.
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Figure 13. Schematic representation of the plasma system used for the treatment of bean seeds.

3.3. Plasma Treatment

During each treatment, 10 beans were treated simultaneously. The beans were placed
onto an aluminum holder and positioned in the middle of the copper coil, as shown in
Figure 13. The H-mode plasma is mostly spatially enclosed within the coil, so the seeds
were directly exposed to the glowing plasma. The H-mode discharge was ignited at
pressures ranging from 5 to 20 Pa. The output power (Pp) at the generator was 400 W. An
overview of treatment powers and pressures are found in Table 2. Treatment times at each
gas pressure were 0.5 s, 3 s, and 10 s.

Table 2. Overview of treatment powers and pressures during plasma treatment of bean seeds. Pp,
output power; Prgr, reflected power; Pgpr effective power.

p (Pa) Po (W) Prer (W) Perr (W)
5 400 80 320
15 400 70 330
20 400 60 340

3.4. Water Contact Angle

We recorded the WCA on native and plasma-treated bean seeds as a measure of
surface wettability. Static WCA by the sessile drop method was evaluated using the Drop
Shape Analyzer DSA-100 (Kriiss GmbH, Hamburg, Germany). A droplet of deionized (DI)
water with a volume of V = 1 uL was placed onto a reasonably flat part of the bean seed
surface. The measurements were performed at ambient conditions. For each treatment
condition, WCA was measured immediately after plasma treatment, as well as after the
following exposure times to ambient air: 1h, 2 h, 3h, 24 h, 48 h, 72 h, 7 days, and 1 month.
WCA at two different positions on each seed surface was analyzed, and an average WCA
from three equally treated seeds was calculated.

3.5. Water Uptake

To determine WU by the seeds, we submerged native and plasma-treated bean seeds
into a beaker containing tap water. Soaking times were as follows: 1s,10's, 100 s, and 1000
s. We calculated the mass of the seed WU by subtracting the initial dry seed mass from the
seed mass after soaking. At each treatment condition, all 10 treated seeds were analyzed
simultaneously. Additionally, WU was also measured and calculated 24 h, 48 h, 72 h, and 7
days after soaking.

3.6. Scanning Electron Microscopy

We used SEM to obtain images of the bean seed surface at high magnification (up
to 10,000). The beans were cut in half lengthwise and attached to an aluminum holder
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using conductive carbon tape. The SEM images were obtained using a Quanta 650 ESEM
(Thermo Fisher, Waltham, MA, USA). Using an environmental SEM, there was no need for
an additional coating of the sample surface.

3.7. X-ray Photoelectron Spectroscopy

We used an XPS instrument (Physical Electronics, Ismaning, Germany) to obtain the
elemental composition of the outermost seed surface layer, expressed in atomic percent
(at.%). Pieces were excised from the seed surface and placed onto the sample holder, which
was placed inside the XPS and allowed to dry for an hour in the chamber before analysis.
The samples were excited by X-ray radiation from a monochromatic Al source at a photon
energy of 1486.6 eV. The area analyzed was 400 m?. The take-off angle was set at 45°. XPS
survey-scan spectra were acquired at a pass-energy of 187 eV using an energy step of 0.4 eV.
Spectra were analyzed using the MultiPak V8.0 software (Ulvac-phi, Inc., Chigasaki, Japan).
The results for untreated and treated seeds are presented as the mean values of the analyses
from two or three different bean seeds, respectively.

3.8. Germination and Radicle Length

We recorded the germination of bean seeds in a laboratory setting. We placed native
and plasma-treated bean seeds in Petri dishes on a layer of filter paper moistened with
water. The seeds were incubated at room temperature; water was added as needed.
At 4 and 7 days after incubation, we counted the number of germinated seeds, i.e., seeds
where the radicle has emerged through the seed coat. Per treatment condition, two parallels
of 10 seeds each were used. We additionally recorded the lengths of the radicles and
calculated a mean radicle length at the same incubation times, day 4 and 7.

3.9. Fungal Contamination

During the germination test, we recorded the presence of fungal growth on the
incubated beans at 4 and 7 days after incubation. We counted the number of infected seeds
where visible fungal growth was present. Per treatment condition, two parallels of 10 seeds
each were used.

4. Conclusions

The seeds of common bean (Phaseolus vulgaris L.), of the Etna variety, were treated in a
low-pressure plasma reactor at pressures between 5 and 20 Pa. Plasma was sustained with
a well-matched radiofrequency generator operating at the standard industrial frequency
of 13.56 MHz and the forward power of 400 W. The power absorbed by plasma was
estimated to about 300 W. Plasma was sustained in a glass cylinder with an inner diameter
of 36 mm, and the length of the glowing plasma in the H-mode was about 100 mm. The
power density was, therefore, about 3 W/cm?. Such plasma was found useful for rapid
hydrophilization of the beans’ surface. The wettability was measured with the sessile drop
method. The static water contact angle of untreated seeds was about 83°. Even half a
second of plasma treatment caused a drop of the WCA to about 8°, irrespective of the gas
pressure in the plasma reactor. The treatment time of 3 s enabled the super-hydrophilic
surface finish where the WCA was perhaps around 2-3°. The immeasurably low WCA
was observed for other treatment times up to 10 s. The scanning electron microscope
images revealed rich morphology on the sub-micrometer scale, which was explained by
laterally inhomogeneous etching of the seed coat. As typical for all known materials
with a super-hydrophilic surface finish, hydrophobic recovery was observed upon storage
of plasma-treated seeds at ambient conditions. The recovery was more pronounced for
samples treated for shorter times. For samples treated for 10 s, the WCA became measurable
two hours after the plasma treatment. The WCA increased to 5° after storing the samples
for a week and 12° after a month. The super-hydrophilic surface finish, therefore, persisted
long after the plasma treatment. The water uptake also increased with increasing plasma
treatment time, but the increase was not as dramatic. For example, the water uptake
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after soaking the seeds in distilled water increased by a factor of 2 or 3 due to the plasma
treatment. The scattering of these results was particularly severe. The surface composition
changed after the oxygen-plasma treatment, which is typical for surface functionalization
of any organic material. Microelements also appeared in measurable amounts, indicating
selective etching of organic compounds and accumulation of ashes (metal oxides) on the
seed surface. The germination percentage did not change notably after any of the plasma
treatments, but the radicle length a week after the plasma treatment increased by a factor
of two as compared to untreated seeds. The contamination with fungi also decreased with
increasing plasma treatment time, but sterility was not observed for treatment times up to
10 s. These results indicate rapid inactivation of fungal spores on the surface, but also the
inability of plasma treatment to inactivate in-seed spores. The short treatment times make
this technique promising for mass application in agricultural practice.
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