V&N agriculture m\py

Article
Wettability and Water Uptake Improvement in Plasma-Treated
Alfalfa Seeds

Matej Holc 1*, Peter Gselman 2, Gregor Primc (0, Alenka Vesel 1, Miran Mozeti¢ 1?0 and Nina Recek !

Jozef Stefan Institute, Jamova Cesta 39, 1000 Ljubljana, Slovenia; gregor.primc@ijs.si (G.P.);
alenka.vesel@ijs.si (A.V.); miran.mozetic@ijs.si (M.M.); nina.recek@ijs.si (N.R.)

Interkorn Ltd., Gancani 94, 9231 Beltinci, Slovenia; peter.gselman@interkorn.si

*  Correspondence: matej.holc@ijs.si

Abstract: The cultivation of alfalfa (Medicago sativa L.), a forage crop grown worldwide, is negatively
affected by hard seed presence. We show that treatment of alfalfa seeds with an inductively coupled
radio frequency oxygen plasma improves their surface hydrophilicity, as determined by water
contact angle (WCA) measurements and water uptake. Furthermore, we see that these effects are
mediated by functionalization and etching of the alfalfa seed surface. Surface chemistry is analyzed
by X-ray photoelectron spectroscopy (XPS), while morphology is viewed using scanning electron
microscopy (SEM). Plasma produces effective alfalfa seed hydrophilization with a variety of treatment
parameters. With its potential for fine-tuning, plasma modification of seed wettability shows promise
for introduction into agricultural practice.
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Alfalfa (Medicago sativa L.), also known as lucerne, is a forage crop grown around the
world and is commonly considered the most important forage legume due to its high yield
and quality. It is used for the production of hay and silage and is grown on pastures [1].
The plant is related to clovers, i.e., plants of the genus Trifolium, which it also visually
resembles. Both genera are part of the vicioid subclade of the legume family Fabaceae [2].
Advantages of crop legumes, as opposed to grasses, are their high protein content, due to
the ability of biological N, fixation, and their better palatability [1].
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more susceptible to bacterial or fungal infection [9]. Furthermore, the quality of scarified
seed typically deteriorates with storage [6].

An alternative way to modify seed surface properties is the use of low-temperature
plasma systems. Typically, plasma treatment of seeds will increase surface hydrophilicity,
which in turn enables increased water uptake into the seed [10,11]. Plasma discharges in
oxygen-containing gases are known to introduce oxygen-containing functional groups to
surfaces of materials, including agricultural seeds. In addition, plasma treatment may etch
the seed surface or result in physical cracks [12,13]. We have recently reviewed the relation
between wettability increase and germination improvement in seeds as a result of plasma
treatment and found a positive correlation between the change in the water contact angle
(WCA) and the GP, despite scattered results [14]. Plasma treatments at moderate conditions
and exposure times are unlikely to negatively affect seed lots, as temperatures remain
moderate [15], and reactive plasma species typically only affect the outer few nanometers
of the seed surface. In addition, vacuum ultraviolet (VUV) radiation may affect deeper
structures, typically in the range of a few 10 nm [16].

Interestingly, plasma treatment of alfalfa seeds began as early as the 1960s, when
Nelson et al. used a low-pressure glow plasma system to reduce seed hardness and
positively affect germination, publishing their results in 1983 [6]. At suitable levels of
exposure, they increased the percentage of normal seedlings and decreased the hard seed
percentage. Even in seeds stored for as long as 19 years, where the hard seed percentage
decreased naturally, treated seed lots have still shown better results than untreated control
seeds. However, in those experiments, separate radio frequency (RF) electric field and
infrared treatments were about as effective as the plasma treatment in achieving such
results [6].

Following a gap of several decades, interest in plasma treatment of alfalfa seeds began
to arise again with the emergence of plasma agriculture. An array of papers published
since 2016 concern the treatment of alfalfa seeds with a variety of plasma systems. All such
papers, along with the 1983 publication, are summarized in Table 1.

Table 1. Overview of currently available research concerning the treatment of alfalfa seeds with
gaseous plasma.

Author Year Plasma Gas Pressure Tr?atment Effect
Time [s]
Nelson [6] 1983 glow air low / T germmatlonf | hard seed %;
long-lasting effects
Butscher [17] 2016  pulsed DBD Ar atm 120-900 decontamination; T germination under
mild conditions
Tang [18] 2016 glow Ne low 20 ' T germingtion; T vigor.
Feng [19] 2018 CCRF air/He low 15 1 germination; 1 vigor; under simulated
drought stress
, | water uptake, changes to
$ WCA, 1 ptake, chang
Luan [20] 2020 corona air atm / surface chemistry (FTIR)/morphology
(SEM)
I\l/\l/ellil;?:- 2021 arc air atm 600 PAW: decontamination; unaffected
[21] germination and growth

T—increased; |—decreased; atm—atmospheric; DBD—djielectric barrier discharge; CC—capacitively coupled;
RF—radiofrequency; WCA—water contact angle; FTIR—Fourier transform infrared spectroscopy; SEM—scanning
electron microscopy; PAW—plasma-activated water.

Given the importance of seed hardness to alfalfa cultivation [3], it is surprising that
only one of the recent publications addresses the wettability of the seed surface. In the
paper by Luan et al., the authors treated alfalfa seeds using an alternating current (AC)
corona discharge in ambient air and found that the resulting changes to seed coat chemistry
and morphology resulted in changes to the seed hydrophilicity and water uptake [20].
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Of the remaining papers, two have mainly considered the effects of plasma treatment
directly on alfalfa seed germination. Tang et al. [18] have treated alfalfa seeds with a glow
discharge at low pressure, using neon as the process gas. They found that the treatment
at suitable conditions stimulated germination rate and germination vigor. Feng et al. [19]
germinated seeds under simulated drought stress and found that treatment of seeds with a
low-pressure, capacitively coupled (CC) RF plasma using air/helium improved an array of
germination and seedling growth parameters, including germination rate, seedling height,
and root length. The remaining two papers mainly considered plasma decontamination of
alfalfa seeds; one used a pulsed dielectric barrier discharge (DBD) in argon to decrease E.
coli presence on the seed surface [17], while the other soaked the seeds in plasma-activated
water (PAW) to disinfect the seed of various pathogens [21]. The DBD treatment also
improved the germination probability at mild treatment conditions but negatively affected
it if the treatment time, pulse frequency, or voltage were increased [17]. PAW treatment,
in turn, increased sprout length, but the effect on the growth rate was not statistically
significant [21].

To understand the observed effects of plasma on the surface chemistry and morphol-
ogy, as well as their relation to alfalfa seed wettability and water uptake (WU) improvement,
we have approached the plasma treatment of alfalfa seeds systematically. We used a low-
pressure, inductively coupled (IC) RF plasma in both the E-mode and the H-mode to treat
the seeds. At lower generator powers of the RF generator, the discharge in the IC plasma is
characterized by low electron density, relatively high electron temperature, and low light
emission. Such a discharge is called an E-mode discharge, which is considered to have a
negligible induced electric field in the coil compared with the voltage drop between the coil
and the reactor wall. By increasing the generator power, a certain critical value is reached
when the plasma luminosity and density of electrons increase, while electron temperatures
slightly decrease. This is the H-mode discharge, where the induced azimuthal electric field
predominates over the axial one [22].

We used oxygen as the process gas to hydrophilize the seed surface. Furthermore,
we used the same array of treatment parameters for the seeds to be used in all analyses in
order to compare the treatment effects directly. To the best of our knowledge, this is the
first paper using X-Ray photoelectron spectroscopy (XPS) to analyze alfalfa seed surface
chemistry after plasma treatment of seeds.

2. Materials and Methods
2.1. Seed Material

Seeds of alfalfa (Medicago sativa L.) were obtained from Interkorn Ltd. (Gancani,
Slovenia). Visually healthy and undamaged seeds were selected for use in the experiments.
Before the experiments, seeds were kept in a dry atmosphere at room temperature.

2.2. Plasma Reactor

For the treatment of seeds, we employed an in-house, pilot-scale plasma system which
operates in the pressure range between 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 reactor in which seed samples were treated was a glass tube 800 mm
in length and 36 mm inner diameter. The reactor was continuously pumped using a two-
stage oil rotary vacuum pump that had a nominal pumping speed of 80 m3/h. At the
same end as the pump, a simple air inlet valve was placed for venting the whole vacuum
system. 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. A Baratron absolute pressure gauge (MKS Instruments,
Andover, MA, USA) was used to monitor the pressure inside the reactor. A 6-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 experiments were performed at a fixed
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air inlet l

to pump

output power of 50 or 300 W to achieve E- or H-mode plasma, respectively. A schematic
representation of the system is seen in Figure 1.
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Figure 1. Schematic representation of the plasma system used for the treatment of bean seeds.
Adapted from Recek et al. [23].

2.3. Plasma Treatment

During each treatment, 100 alfalfa seeds were treated simultaneously. The seeds were
placed into a concave recess of a glass holder and positioned in the middle of the copper
coil, as shown in Figure 1. The E-mode plasma is fairly uniformly distributed along the
discharge tube, while the H-mode plasma is mostly spatially enclosed within the coil. In
both cases, the seeds were directly exposed to the glowing plasma. The discharges were
ignited at a pressure of 25 Pa. The output power (Pp) at the generator was 50 W for the
E-mode and 300 W for the H-mode. Treatment times were 0, 10, 30, 60, 90, and 120 s for
the E-mode and 0, 0.3, 1, 3, and 5 s for the H-mode. The times of 120 s and 5 s were the
longest suitable treatment times for the E- and H-mode, respectively. Longer treatment
times caused visible damage to the seeds during preliminary experiments and were thus
not considered for inclusion.

2.4. Water Contact Angle

To determine the surface wettability, WCA was measured on untreated and plasma-
treated alfalfa seeds. Static WCA by the sessile drop method for picoliter droplets was
evaluated using the Drop Shape Analyzer DSA 100 (Kriiss GmbH, Hamburg, Germany).
A droplet of deionized (DI) water with a volume of approximately V = 0.002 uL was placed
onto the alfalfa seed surface. The measurements were performed at ambient conditions,
immediately after plasma treatment. The measurement on each sample was performed 1-4
times, while the sample at each treatment condition was prepared in triplicate. A mean
value and standard error were calculated.

2.5. Water Uptake

We determined WU by the seeds as follows. Immediately after plasma treatment, each
sample of 100 seeds was placed in a microcentrifuge tube and water was added on top of
the seeds. To prevent seeds from floating on the surface, the microcentrifuge tubes were
shaken by hand and then left steady for seeds to soak. Soaking times were as follows: 30,
90, 150, and 300 min. Before weighing the seeds, the water was removed, and the seeds
were placed on a paper towel to remove excess water. We calculated the absolute WU by
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WCA [°]

subtracting the dry seed mass after plasma treatment from the seed mass after soaking, and
then determined the relative WU. The measurements were performed in duplicate, and a
mean value and standard error were calculated.

2.6. Scanning Electron Microscopy

We used an environmental SEM to obtain images of the alfalfa seed surface at high
magnification (up to 10,000 x ). Environmental SEM enables scanning without the additional
coating of the sample surface, even at high magnifications. The seeds were attached to an
aluminum holder using conductive carbon tape. The SEM images were obtained using a
Quanta 650 ESEM (Thermo Fisher, Waltham, MA, USA).

2.7. X-ray Photoelectron Spectroscopy

The elemental composition of the seed surface, expressed in atomic percent (at.%),
was determined by XPS (Physical Electronics, Ismaning, Germany). After the seeds were
fixed and placed on the sample holder, they were left inside the XPS chamber to dry for an
hour before the analysis. The analyzed area of the sample was 400 pm?, excited by X-ray
radiation from a monochromatic Al source at a photon energy of 1486.6 eV and a take-off
angle of 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). All measurements were performed in duplicate, and a mean value
and standard error were calculated.

2.8. Statistical Analysis

JASP 0.9.2. open-source software (University of Amsterdam, Amsterdam, The Nether-
lands) was used for statistical analysis of data from WCA, WU, and XPS. ANOVA and the
post hoc Tukey’s range test were used to calculate and compare group means. Differences
in the means were considered statistically significant at (p < 0.05). Where error bars are
shown in charts, they represent standard error.

3. Results and Discussion
3.1. Water Contact Angle

WCA measurements are shown in Figure 2. For both the E-mode and the H-mode
treatment, the WCA drops substantially after the shortest treatment time, after which the
WCA decreases more gradually. The difference is statistically significant in all instances
except between treatments of 30 and 60 s in the E-mode and between treatments of 3 and 5
s in the H-mode.

100 4
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T T
60 80 100 120

Treatment time [s] Treatment time [s]
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Figure 2. Water contact angle (WCA) on the alfalfa seed surface after treatment with an (a) E mode or
(b) H-mode plasma at various treatment times. The error bars represent standard error. Different
lowercase letters above data points represent statistically significant differences (p < 0.05; post hoc
Tukey’s range test) between treatments.
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We see from Figure 2 that, after the longest feasible treatment times, the E-mode
treatment results in a WCA around 13°, while the H-mode achieves a WCA of about 25°.
While the E-mode reaches a comparable result at a treatment time of 90 s, the H-mode
plasma is able to achieve this in a substantially shorter time due to a higher density of
reactive plasma species [22]. Treatment with plasma, especially when using an oxygen-
or nitrogen-containing gas, is known to increase seed surface wettability [14]. This is
achieved through mechanisms of functionalization and etching, as will be seen in the
results of the XPS and SEM analyses. While some treatments are able to reduce WCA on
seeds to immeasurably low values [23-27], thereby achieving effectively complete wetting
of the seed surface, the end result depends on the seed properties and selected process
parameters. Often, notable WCA decreases were achieved particularly through the use of
IC RF plasmas [23-25].

When Luan et al. treated alfalfa seeds with a corona discharge at atmospheric pressure,
they reduced the WCA of the seeds from about 130° to about 75° [20]. The significantly
higher initial WCA may relate to a difference in the cultivar, seed storage, or other similar
reason. The less prominent WCA reduction might be due to the use of a corona discharge,
which is inhomogeneous in nature [28]. Consequently, surface modification and the result-
ing wettability changes may be less extensive. To the best of our knowledge, this is the
only available study measuring alfalfa seed surface wettability. There are also no further
publications concerning the WCA after plasma treatment for seeds of other related legume
species from the genera Medicago, Trifolium, or Melilotus.

3.2. Water Uptake

Along with wettability, we investigated whether the plasma treatment increases the
WU of alfalfa seeds. From Figure 3, it is evident that the WU does indeed increase, and
that increasing the treatment time also results in a larger WU improvement. As with the
WCA, the result after the longest feasible treatment time is comparable for the E-mode
and H-mode treatments, namely a relative WU improvement of about 140%, which is
about a 20% increase compared with the untreated control. For the E-mode treatment, the
increase is statistically significant for all treatment times at 30 min of soaking, but not at
longer soaking times, except for the 120 s treatment at 150 min of soaking. For the H-mode
treatment, the WU of treated seeds is significantly larger than the WU of control seeds for
the 5 s treatment at 90 and 300 min of soaking.
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Figure 3. Water uptake of 100 alfalfa seeds after treatment with (a) an E-mode plasma or (b) an
H-mode plasma at selected treatment times and soaked in water. The error bars represent standard
error. Different lowercase letters next to data points represent statistically significant differences
(p < 0.05; post hoc Tukey’s range tests) between treatments at each individual soaking time.

Again, only Luan et al. have so far measured WU of alfalfa seeds after plasma exposure.
They soaked a set amount of seeds in water for 20 h and found that treatment at all selected
conditions improved the water uptake, whereby the improvement seemed independent of
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the applied voltage [20]. A recent review points out several instances where the imbibition
was increased after plasma treatment of legume seeds [29]. This includes treatment of
Mimosa caesalpiniafolia [11] and pea seeds [12] with air DBD plasmas, as well as treatment
of soybean with an air DBD plasma utilizing O, or N as a carrier gas [30]. In our own
research, the treatment of bean seeds with the same plasma system, as used in this work,
also improved the WU of the sample [23].

The suggested mechanism of improved imbibition after plasma treatment of seeds
is increased availability of water at the seed surface due to functionalization, as well as
modification of the protective surface layers of the seed [11,26]. Several authors have
postulated a direct correlation between WCA and WU of plasma-treated seeds, including
those researching legumes such as beans [31] and Mimosa caesalpiniafolia [11]. Furthermore,
one recent publication has resolved the water path in plasma-treated seeds of another
Fabaceae species, namely Leucaena leucocephala. It found that plasma, by hydrophilizing the
surface of the seed coat, managed to increase water absorption into the seeds, overcoming
the resistance barriers to water penetration [9].

3.3. Scanning Electron Microscopy

SEM images of the alfalfa seed surface are collected in Figure 4. The untreated alfalfa
seed surface has a regular pattern of bumpy protrusions throughout. After short treatment
times (E-mode, 30 s; H-mode, 1 s), no changes to the surface morphology were detected.
After treatments with the longest feasible treatment times of either E-mode or H-mode
plasma, etching of the surface is apparent, as the bumps become eroded, and the entirety of
the surface is thereby notably rougher. In Figure 4c,d, we see that after E-mode treatment
for 120 s, the etching is sufficient that cracks appear at the seed surface.

The native seed surface we see under SEM is consistent with the observations of
other authors, either those researching the topography of alfalfa seeds [32] or treating
them with plasma [17,20]. Only Luan et al. have examined the alfalfa seed surface after
plasma treatment. Similar to our observations, their micrographs showed etching of the
surface protrusions and the appearance of fine grooves. Furthermore, the authors also
found an increase in the frequency and area of surface cracks, particularly in the seeds
directly exposed to plasma, as opposed to covered with a Petri dish during treatment [20].
Conversely, Butscher et al. have taken SEM images of the alfalfa seeds before, but not after,
exposure to plasma [17].

Plasma etching of seed surfaces was previously demonstrated in several species of the
genus Fabaceae. The surface of the pea seed had similarly elaborate protruding structures,
which became increasingly etched and exposed with plasma treatment [33,34]. Specifically,
protrusions were etched more intensely than depressions of the surface [12]. In seeds of
common bean, a short, powerful IC RF oxygen plasma etched and eroded the otherwise
reasonably smooth surface [23], and the irregular surface of mung bean seeds was similarly
eroded by an atmospheric pressure microplasma array [35].

When plant seeds are exposed to plasma, etching occurs at their very outer sur-
face, which is a hydrophobic waxy layer called the cuticle [36]. Cuticular waxes are
commonly made up primarily of long-chain, saturated hydrocarbons with additional
oxygen-containing functional groups. Etching is achieved by the gradual degradation and
erosion of these waxy materials [37]. In seeds of black gram, for example, a rough waxy
surface was notably eroded by the use of an air DBD plasma [38]. Indeed, in several legume
species, the hardness of the seeds appears to be related to the thickness of the seed coat
and of the cuticle itself [39], while loss of cuticular lipids has been associated with seed
softening [40]. Furthermore, the physical dormancy of pea seeds was found related to the
impermeability of the interface between the waxy cuticle and the cell wall of the underlying
macrosclereid cells, called the “light line” [41]. The permeability level of the alfalfa seed
coat was also found related to its thickness, and the variation in macrosclereid cell length
was determined to be one of the influencing factors [42]. In Leucaena leucocephala seeds,
this resistance barrier to water penetration was similarly identified as the surface of the
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seed coat along with the light line and was possible to overcome by plasma treatment [9].
Research on fenugreek seeds has additionally found that exposure to an atmospheric pres-
sure plasma jet has progressively peeled off macrosclereid cells from the surface of the
seeds [43,44].

uanta 650

(@ (b)

Figure 4. Alfalfa seed surface as seen using SEM; (a,b)—untreated; (c,d)—E-mode treatment for 120 s;
(e,f)—H-mode treatment for 5 s. (a,c,e)—5000 x magnification; (b,d,f)—2000x magnification.
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Likewise, seed surface cracking was also seen in other Fabaceae species. Pea seeds
treated with a DBD air plasma exhibited cracks at the surface [12]. Treatment of mung bean
seeds in an aqueous solution with an atmospheric pressure microplasma array also eroded
and cracked the seed surface [35]. Cracking was also seen in SEM images after plasma
treatment of non-legume seed species, such as wheat [45], spinach [46], or cotton [13].

It was previously shown that cracks in the cuticle of soybean facilitate water per-
meability and thus affect hardness [47]. It, therefore, makes sense that in hard-seeded
legumes, seed softening occurs concurrently with the appearance and growth of cracks
at the seed surface [40]. Studies of plasma-treated Leucaena leucocephala seeds found that
after wetting of the surface, water enters the seed through cracks in the seed coat, which is
further increased as plasma enhances the capillary effect in the cracks [9]. A mechanism of
improving water absorption due to peeling or cracking of thick seed coat layers was also
suggested for plasma-treated spinach seeds, which were normally hard to germinate [46].

Following all of the above findings, we may suggest that the effects of plasma on
the outer seed surfaces are such that they contribute to increasing imbibition and loss of
hardness.

3.4. X-ray Photoelectron Spectroscopy

The alfalfa seed surface composition as determined by XPS is shown in Figure 5 for
carbon, oxygen, and nitrogen, as well as in Table 2, for the remaining elements. Figure 5
shows that with increasing plasma treatment time, the carbon concentration decreases,
while the oxygen concentration increases up to a plateau. The E-mode treatment results in
a final oxygen concentration of about 40%, while the value after the H-mode treatment is
about 50%. For the E-mode, the C decrease and O increase become statistically significant
after treatments of 60 s and longer. For the H-mode, both differences are significant after
treatments of 1 s and longer. There does not seem to be a trend in the nitrogen concentration
fluctuations.

90
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Surface concentration [at.%]
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30s 60 s 90s 120s control 03s 1s 3s 5s
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Figure 5. Alfalfa seed surface concentration of carbon, oxygen, and nitrogen, determined by X-ray
photoelectron spectroscopy (XPS), after treatment with (a)—E-mode or (b)—H-mode plasma. The
error bars represent standard error. Different lowercase letters above the bars represent statistically
significant differences (p < 0.05; post hoc Tukey’s range tests) between treatments for each individual
element (C or O).
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Table 2. Alfalfa seed surface concentration of minor elements, determined by X-Ray photoelectron
spectroscopy (XPS) after treatment with E-mode or H-mode plasma. Expressed as at.%; standard
error is included.

E-Mode F Mg Al Si P S K Ca
CTRL 024+0.2 0.5+0.2 14+04 0.1+0.1 0.6 £0.1
10s 0.1+0.1 45+1.0
30s 02+0.1 03+0.2 30+03 0.1+£0.0 1.2+0.1 04 +0.0
60 s 04+03 0.8+04 1.1+03 3.6+0.7 04+0.2 0.6 £0.2 19+03 1.7+ 05
9N0s 024+0.1 04+0.1 1.1+02 3.3+09 024+0.1 04402 19+02 1.1+£02
120's 08+04 1.8+ 1.1 46 +2.1 0.6+03 0.6 £0.2 25+04 1.8+ 0.9
H-mode F Mg Al Si P S K Ca
CTRL 02402 05+0.2 14+04 0.1+0.1 0.6 +0.1
03s 0.1+£0.0 0.1£0.0 1.7 +0.2 0.7 £0.1 0.3+£0.0
1s 09+03 1.1+0.1 29403 024+0.0 0.6 +0.1 1.14+02 1.9+ 0.6
3s 1.6 £0.2 20+0.3 1.8+04 5.0+ 0.9 0.74+0.2 1.1£0.1 43+0.6 52403
5s 20+0.3 1.8+ 0.1 1.1+03 35+0.6 05+0.2 1.2+ 0.0 43408 51+04

To the best of our knowledge, there are no prior published XPS analyses of the
alfalfa seed surface, either native or after plasma treatment. However, our observations of
decreased surface carbon and increased oxygen are typical for seeds exposed to oxygen-
containing plasma. Similar effects have been observed for seeds of several agricultural
species, such as wheat [48], quinoa [49], cucumber, and pepper [50]. As for legumes, we
have recently demonstrated surface oxidation of bean seeds using the same plasma system
as that used here [23]. Comparable effects were also seen on mung bean surfaces after
plasma treatment [51].

The mechanism of the increase in oxygen (O) and decrease in carbon (C) surface
concentration is the functionalization of the seed surface. The reactive plasma species
introduce new, oxygen-containing functional groups to the surface of the seed; the effect
was previously confirmed in bean and lentil seeds with the use of time-of-flight secondary
ion mass spectrometry (TOF-SIMS) [24]. The reason for the higher final O concentration
after H-mode compared to E-mode treatment lies in the considerably higher reactive plasma
species density in the H-mode [22].

The only other reported analysis of alfalfa seed surface chemistry after plasma treat-
ment is the Fourier transform infrared spectroscopy (FTIR) by Luan et al. [20]. XPS and
FTIR results cannot be directly compared due to different principles and depths of analy-
sis; in addition, the dried seed coat sample in the source paper was ground before FTIR
analysis. Nonetheless, the FTIR results suggest increased presence of hydrophilic groups
and decrease in hydrophobic ones. e.g., the FTIR analysis showed an increased absorption
intensity for peaks belonging to functional groups, such as O-H and N-H (3284 cm '), the
amide group (1627 cm 1), and C-N (1415 cm~!). On the other hand, absorption intensity
of peaks belonging to -CH, (2924 and 2856 cm 1) decreased [20]. This indicates that previ-
ously hydrophobic molecules of the seed coat were made more hydrophilic by the addition
of O- and N-containing functional groups, and/or removed from the surface to expose
the underlying hydrophilic components of the seed cells. Presence of nitrogen-containing
groups may originate from these components or from the use of air as process gas.

For the minor elements in Table 2, we mainly see an increase in their surface concentra-
tion with increasing treatment time, including some fluctuation of the low concentrations.
The most abundant elements reach up to 5 at.% after the longest treatment times, such as Si
after both treatments or K and Ca after H-mode treatment. The origin of the minor elements
is expected to be etching of the waxy surface materials, which reveals the cellular structures
underneath and thus introduces additional elements into the XPS depth of analysis [52].
Their presence is more abundant after H-mode treatment due to the higher reactive species
density and, thus, stronger etching in the H-mode than the E-mode [22].
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4. Conclusions

Using an inductively coupled radio frequency oxygen plasma, we have shown that
hydrophilization of alfalfa seeds is possible using both the E-mode and the H-mode. The
wettability increase is a consequence of both functionalization and etching of the seed
surface. Specific desired effects could be achieved with the fine-tuning of the treatment
parameters or combining both plasma modes.

These findings carry a promise that low-temperature plasma could help reduce seed
hardness, found not only in alfalfa but in many other legume species. Such a finding
would prove beneficial especially if plasma-treated alfalfa seeds would be able to retain the
benefits over a prolonged time period, particularly in storage.

As plasma parameters are tunable, it is possible to adjust the intensity of the treatment
to achieve the required wettability while at the same time avoid potential seed injury which
occurs with mechanical scarification.

The energy consumption per mass of treated seeds is an important parameter for
application of plasma systems into agricultural practice. This parameter is rarely tackled
in scientific publications. Due to the lack of data on energy consumption, it is difficult
to compare the results obtained by the authors listed in Table 1 with those from our
own experiment. For a proper assessment, one should compare the energy per volume
of treated seeds needed to achieve optimal improvement of the desired seed properties.
Indeed, atmospheric pressure plasmas (APPs) are more practical and easier to implement
than low-pressure ones, but the ease of implementation is not the only aspect. Low-
pressure plasmas have excellent homogeneity and high reactive particle density, are more
expensive, and require vacuum conditions, while APPs exhibit extensive gradients and
loss of radicals. From an application point of view, plasma-treated water seems promising,
but long treatment and seed imbibition times often outweigh its ease of use.

Another advantage of plasma hydrophilization is a reasonably short treatment time,
particularly when using H-mode plasma. Combined with the effective hydrophilization
at a variety of treatment parameters, as well as the potential for fine-tuning the treat-
ment, plasma modification of alfalfa seed wettability shows promise for introduction into
agricultural practices.
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