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EFFECTS OF ALGINATE ENCAPSULATED DIVALENT IONS (Zn?*, Cu?*
AND Ca?*) ON MUSTARD (Brassica juncea (L.) Czern.)

SEED GERMINATION AND SEEDLING GROWTH

Belén Reig Vano', Beata Kowalska?, Magdalena Szczech?, Robert Maciorowski,
Magdalena Olkiewicz®, Marta Giamberini¢, Bartosz Tylkowski’

ABSTRACT

Encapsulation of agrochemicals allows growers to precisely control the conditions under which the active in-
gredient is released. Since zinc, copper, and calcium ions are essential micronutrients in crop production, the
goal of our work was to incorporate them into alginate-based capsules, and to investigate the impact of their
release on seed germination and seedling growth. Oriental mustard (Brassica juncea (L.) Czern.) was selected
as a model crop. Among the tested ions, Cu®* exhibited the greatest increase, followed by Zn**, whereas Ca”*
showed the smallest increase, and its concentration declined over time when calcium-based capsules were
applied. Performed studies demonstrate that released cations from the capsules into soil solution significantly
affected seeds germination and biomass of mustard sprouts in laboratory tests. The release of Cu** and Zn**
negatively influenced radicle development, with Cu®* almost completely suppressing radicle elongation, and
Zn”* exhibiting a progressive inhibitory effect with increasing incubation time. Although, Ca®* stimulated radi-
cle elongation, it did not significantly affect total sprout and cotyledon biomass.

Keywords: essential micronutrients, oriental mustard, zinc, copper, calcium

INTRODUCTION

Nowadays the United Nations projects that the world’s population could grow to around 8.5 billion in 2030 and
9.7 billion in 2050. It is predicted to reach a peak of around 10.4 billion people during the 2080s, and to remain at
that level until 2100 [Gerland et al. 2022]. Thus, it is widely recognized that global agricultural productivity must
increase to feed a rapidly growing world population. Therefore, sustainable crop production needs to be secured
and enhanced.
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Encapsulation technology, protected in 1953 and commercialized in 1956 by Dr. Green and Dr. Schleicher from
the USA National Cash Register Company, is considered as one of the most interdisciplinary technologies invented
in the last decades [Marturano et al. 2019]. The market for encapsulated technologies keeps on growing in volume
thanks to the expanding range of applications [Marturano et al. 2018, Wong et al. 2023, Wozniak-Budych et al.
2024]. Companies such as BASF, Syngenta or Ceradis have issued patent for encapsulation technologies focused
on agriculture applications [Scher et al. 2003, Krieken et al. 2019, Staff et al. 2022]. The purpose of encapsulation
is to enable a faster and more effective use of materials for extremely targeted delivery of active ingredients to
specific places. It is achieved by protection of the load from aggressive environments and/or by controlled release
within the time frame desired for the application [Bhatia 2020, Tylkowski et al. 2020, Garcia-Carrasco et al. 2023].

Alginate, due to its outstanding properties, such as: biocompatible, biodegradable, water solubility (which
minimalized the environmental problems associated with organic solvents), gelification at room temperature
(which reduce the risk of the degradation of thermosensitive compounds), as well as due to its readily available
and relatively inexpensive cost, has been used for seeds coating [Chin et al. 2021, 2022] as well as for agriculture
capsules development [Lambrese et al. 2024]. The capsules have been especially applied to protect beneficial
microorganisms or biostimulants from environmental degradation [Jiménez-Arias et al. 2023], as well as to control
the release of active ingredients [Fan et al. 2022], for example, to control the release of pesticides [Du et al. 2023],
herbicides [Artusio et al. 2021], or fungicides [de Castro Spadari et al. 2017]. As it is disclosed in the US Patent
5204111A [Handjani et al. 1993] alginate capsules can be produced by comprises slowly introducing an aqueous
alginate solution into crosslinking solution of a bivalent metal salt. Cations employed as crosslinking agents can
be arranged according to their affinity to alginate, as follows: Mn < Zn, Ni, Co < Fe < Ca < Sr<Ba<Cd < Cu < Pb
[Ching et al. 2017, Reig-Vano et al. 2021]. Vincekovic¢ et al. [2017] reported encapsulation of Trichoderma species, as
promising alternative to standard plant protection, in the matrix of alginate-based capsule crosslinked by copper
cations. While Shaban and El-Komy [2001], and Qi et al. [2023] have investigated encapsulation of Trichoderma
species in alginate capsules crosslinked with calcium cations. Furthermore, both copper and calcium ions have been
used for encapsulation of plant growth regulators [Kudasova et al. 2021], or to reduce the environmental impact of
copper fungicides in vineyards [Ortega et al. 2024]. Moreover, fertilizer encapsulation through alginate crosslink-
ing with copper and zinc has been studied by Ekanayake and Godakumbura [2021]. There are a limited number of
studies on the effect of alginate capsules containing Ca?*, Zn?* or Cu?* cations on the parameters of crop seedlings.
Therefore, the described research was undertaken with using Brassica juncea (L.) Czern. as a model plant.

The term mustard refers to a group of plants of the Brassicaceae (Cruciferae) family, which belongs to the genus
Brassica. Mainly three species of mustard are cultivated worldwide for their gastronomic value: oriental mustard
(Brassica juncea, used in our studies), yellow or white mustard (Sinapis alba L.), and black mustard (Brassica nigra L.).
Usually, mustard plants are consumed as edible oils, condiments, sauces, fermented vegetables, or salad greens.
These plants have been reported for their high nutritional value and richness in bioactive compounds such as
glucosinolates, polyphenols, dietary fiber, 3-carotene, and ascorbic acid [Devkota et al. 2020, Ramzan et al. 2023,
Rahman et al. 2024]. Moreover, we decided to select mustard because it shows good promise as a rapid and
short-duration vegetable crop which could be applied as a crop model. Indeed, it has been considered as a crop
model for climate change assessment [Boomiraj et al. 2010], and as a crop model during investigation of have
metals capture from contaminated soils [Nepal et al. 2024] . The aims of our work were to prepare alginate-based
capsules containing Zn?*, Cu?* or Ca?* ions in their structures and to evaluate the effect of these ions release on
mustard seed germination and seedling growth. The experiments were conducted in laboratory conditions, using
soil solution with released Zn?*, Cu?* or Ca*"ions as well as soil with the alginate capsules.

MATERIALS AND METHODS

Sodium alginate was purchased from PanReac AppliChem (Barcelona, Spain). Calcium chloride anhydrous
(granular, 7.0 mm, >93.0%), zinc chloride (reagent grade, >98%), braunsterican 0.5 x 16 mm BL/BL 25 G 4 5/8 nee-
dles and Norm-Ject syringes were purchased from Sigma-Aldrich (Barcelona, Spain). Copper (Il) chloride dihydrate
(reagent grade, >98%) was purchased from Fisher Scientific (Barcelona, Spain). Mustard B. juncea was provided
from Kampol (Poland), and it was chosen as a test plant.

Microcapsules preparation

Three types of alginate-based microcapsules: CCa, CZn and CCu were prepared by means of a ionic gelation
process during which sodium alginate was crosslinked with Ca**, Zn?*" or Cu** cations, respectively. As shown in
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Figure 1, to fabricate the microcapsules, first 1.7 g of sodium alginate was dissolved in 98.3 g of Milli-Q water. Then,
10 g of obtained solution was extruded dropwise into 200 g of a crosslinking bath containing 0.5 wt% of aqueous
solution of one of the salts: CaCl,, ZnCl, or CuCl,. The encapsulation process was performed at room temperature
(22 £2 °C) using a peristaltic pump (KDS 100 Legacy Syringe Pump, KD Scientific, Holliston, MA, USA) with extru-
sion rate set-up at 0.4 mL min~". The distance between the needle’s tip and the crosslinking bath was maintained at
2.5 cm.The crosslinking solution was gently stirred, by means of a magnetic stirrer set-up at 100 rpm, during whole
encapsulation process which included alginate solution extrusion, and capsules maturation periods. After 48 h of
capsules maturation time [Reig-Vano et al. 2021], formed microcapsules were filtered out from the crosslinking
bath, washed with Milli-Q water, and finally dried in an oven at 40 °C for 24 h.

Figure 1. Microcapsules preparation set-up

Polymeric solution (1.7 wt% Alg)

==l Flow = 0.4 ml/min ®
--- .

Peristaltic pump
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Crosslinking solutions
(0.5 wt% CaCl,, CuCl,, ZnCl,)

Morphology of fabricated microcapsules was observed by Leica DMS1000 Low-to-Mid Range Magnification
Digital Microscope (Leica Microsistemas S.L.U., Barcelona, Spain) and by Environmental Scanning Electron Micros-
copy (ESEM) using a FEI ESEM Quanta 600 (FEI, Eindhoven, Netherlands) in low vacuum at an intensity of 15 kV.

Microcapsules effect on mustard germination

To investigate the effect of the encapsulated cations on the mustard germination, the mustard seeds were
treated with one of 10 different types of soil solutions: SS-0; SS-CCa-3d; SS-CCa-6d; SS-CCa-9d; SS-CZn-3d; SS-CZn-
6d; SS-CZn-9d; SS-CCu-3d; SS-CCu-6d; or SS-CCu-9d. In the acronyms:

“SS” means soil solution. It was prepared by thoroughly mixing of 6 kg of the soil with 6 L of water and its in-
cubation for 24 h at ambient temperature. The solution was filtered through filter paper to remove soil particles.
SS-0 refers as a control. The soil used in the experiments was sandy-loam soil collected in the National Institute of
Horticultural Research (Skierniewice, Poland) and contains: N-NO, - 53 mg; P - 64 mg; K- 107 mg; Mg - 131 mg
and Ca - 705 mg per 1 L of soil.

“CCa","CZn"and “CCu" refer to the type of microcapsules, which were used for Ca** Zn?" and Cu?* cations release
from the CCa, CZn, CCu microcapsules, respectively. These releases were carried out by mixing 50 mL of SS-0 with
0.5 g of corresponding microcapsules and incubated at 25 °C.

“3d", “6d", “9d" corresponds to number of days during which the SS-0 was incubated with the microcapsules.
As a matter of examples “SS-CCu-9d” means that this solution was obtained by mixing 0.5 g of CCu microcapsules
with 50 mL of SS-0, and then incubated for 9 days. After this period the soil solution was used in the mustard ger-
mination test. Each soil solutions were prepared in triplicate.
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The tests were performed in Petri plates, lined with disks of filter paper soaked with soil solution added with
the capsules. The soil solution “SS” was prepared as described above. Then solution was divided into 50 ml falcon
tubes (50 ml of the solution per tube) and was added with 0.5 g of the capsules containing Ca, Zn or Cu cations.
Soil solution without capsules (55-0) served as a control. Each treatment was made in triplicates. The tubes were in-
cubated in dark for 3; 6 and 9 days at 25 °C. After 3 days of incubation, and then after 6 and 9 days, the soil solution
with capsules in falcon tubes was vortexed and 2 ml was poured into Petri plate (90 mm diam.) lined with sterile
cellulose filter paper. Six plates were prepared for each type of the soil/capsule solution, for each time of incuba-
tion. Fifteen seeds of B. juncea were placed on the saturated filter paper in each plate. The plates with the seeds
were incubated in the growth chamber (Sanyo MRL-351H, Japan) for 14 h in the light at 20 °C, and 10 h in dark
at 18 °C, for 10 days. After incubation, mustard sprouts were counted to evaluate germination. Then the sprouts
were extracted from the plates to measure: radicle length and weight, shoot weight, and total weight. The test was
repeated once at the same conditions.

The effect of the capsules added to soil on mustard seedling growth

The same soil, as for preparation of the soil solution for germination tests, was used in the experiment on the
effect of cations release from the capsules on the growth of mustard seedlings. For this experiment the soil was
mixed with perlite 3—6 mm (Biovita, Poland) at the volume ratio 3 : 1, and distributed into plastic containers (11 x
17 x 5 cm), 600 g of the soil mixture per one container. The capsules (6 g; 1%) were added to the soil in each con-
tainer, and thoroughly mixed. The soil without capsules was prepared as a control. Then, water was added to the
soil in each container, to obtain approx. 60% of moisture. Closed containers were incubated at ambient tempera-
ture for 7 and 14 days.

The next step of this experiment was performed with the use of Phytotoxkit (Tigret, Poland), which is intended
for phytotoxicity screening of chemicals, leachates in soil or in other solid, bulk materials. The evaluation is carried
out in special, transparent, plastic plates (21 x 15.5 x 0.5 cm), divided to two chambers, one of which is filled with
soil sown with test plant seeds. Construction of the plates allows direct observation and measurement of the
length of the testing plants.

After one week of incubation, 180 g of the soil with the capsules was taken from each container and distributed
into three Phytotoxkit plates (60 g of soil per one plate). Ten seeds of B. juncea were then sown into each plate.
The plates were incubated in the growth chamber (14 h in the light at 20°C, and 10 h in dark at 18°C). The same
was repeated after 14 days of soil incubation in the containers. The plates were incubated for 10 days. Thereafter,
mustard seedlings were extracted carefully and following parameters were measured: radicle length and weight,
shoot weight, total plant weight. The tests were repeated once at the same conditions.

Chemical analysis

The soil solutions incubated with studied capsules, as well as the bulk soil added with these capsules, were
subjected to chemical analysis. For soil solutions, three samples (20 ml) of each solution were taken after 3, 6 and
9 days of incubation and analyzed for the content of available forms of calcium, zinc and copper. For bulk soil
mixed with the capsules, the samples (50 g) were taken after 7, and then after 14 days of incubation, and studied
for available forms of elements mentioned above. The samples for each treatment were analyzed in triplicates.
Determination of Ca, Zn and Cu in soil solution was directly performed using an ICP-OES plasma spectrometer
model Optima 2000 DV (Perkin-Elmer), with wavelengths: 327.393 nm for Cu; 317.933 nm for Ca, and 206.200 nm
for Zn. This method is widely applied in the network of Chemical and Agricultural Stations in Poland for diagnostic
purposes. To measure calcium content, the soil was extracted with acetic acid solution (0.03 N), at a volume ratio
of soil : acetic acid solution 20 g : 200 ml, and mixed on a rotary stirrer for 30 min. After filtration the calcium con-
centration was measured by ICP at the wavelength described above. For copper and zinc, the soil was extracted
with Lindsey solution based on EDTA and citric acid at a ratio of vol. 25 : 100 ml. After mixing on a rotary stirrer and
filtration, these elements contents were determined with ICP at mentioned wavelengths.

Statistical analyses

Data from the experiments were tested for normality of distribution and homogeneity of variance using Shap-
iro-Wilk and Lavene tests, respectively. An analysis of variance was then performed in a two-factor model with the
variance due to the repetition of experiments extracted. If significance was found for the effects tested, the means
were compared using Duncan’s test at a = 0.05. Calculations were performed in the statistical package Statistica
v. 13 (Dell Inc. 2016).
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RESULTS AND DISCUSSION

By applying the external ionotropic gelation method, three types of microcapsules formed by alginate, and
calcium, zinc or copper cations were successfully fabricated. Figure 2a, ¢, and e shows the digital images of CCa,
CZn and CCu microcapsules, respectively, while Figure 2b, d and f shows their ESEM micrographs.

Figure 2. Digital images (a, c and e) and ESEM micrographs (b, d and f) of CCa
(@, b), CZn (¢, d) and CCu (e, f) microcapsules

From the digital micrographs it seems that the microcapsules are aggregated, and several of them fuse to-
gether to form clumps, which could affect their stability and eventually leads to caking of particles. However, their
deeper investigation by ESEM demonstrate that they are well separated. The difference in their outer morphology
is remarkable. The surface of the calcium-crosslinked microcapsules (Figure 2b) is smooth and uniform, while the
surfaces of the capsules crosslinked by zinc and copper cations (Figure 2d and 1f, respectively) are extremely
rough and irregular. Reig-Vano et al. [2021] reported that this difference can be attributed to a different crosslink-
ing mechanism.

Kinetics release of cations from the capsules structure into soil solution and bulk soil

In all experiments with mustard, concentrations of the cations released from the capsules were studied, accord-
ing to the time of their incubation in soil solution or in bulk soil. The content of available calcium, zinc and copperions
did not change in the soil solution as well as in the soil during whole time of incubation (Tables 1 and 2).
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When the capsules with Ca, Zn or Cu were added to the soil solution (after 3 days of incubation), the concen-
tration of the respective cations significantly increased by 53%, 926%, and 232%, respectively (Table 1). After next
3 days of incubation, no further increase in concentrations of these cations in the amended solutions was noted.
However, significant increase of studied cations concentrations was recorded after 9 days. It was also observed
that application of capsules with Zn?* also resulted in growth of the concentration of available Cu*, and opposite,
application of Cu-capsules caused increased amount of available Zn?* (Table 1).

McBride and Bouldin [1984] carried out studies based on ion-selective electrode data, and they reported that
at least 99.5% of Cu in soil was in an organically complexed form, while Hazra et al. [1987] reported that more than
84% of total Zn in soils occurs as structurally lattice bound, about 13% as sesquioxide bound, 1.6% as organically
complexed, and approximately 1% as exchangeable and water soluble forms. According to literature [Shaheen et
al. 2013, Yu et al. 2023] pH value of the soil system is a very important parameter, directly influencing sorption/
desorption, precipitation/dissolution, complex formation, cation exchange capacity and oxidation-reduction re-
actions. In general, maximum retention of cationic metals by soil active sides occurs at pH > 7. Indeed, Gong and
Donahoe [1997] reported that Cu and Zn became mobile from the soil to soil solution by decreasing its pH value.
Thus, very low concentrations of Cu and Zn cations detected in SS0 soil solution (0.02 and 0.01 mg L', respectively)
could be explained by its pH value of 7.7. At this pH values Cu and Zn cations can be retented by soil active sides.
While, in soils solutions enriched with zinc and copper capsules (SS-CZn and SS-CCu) pH values decreased from pH
7.7 to 7.1 and 6.3 respectively. It seems that these pH value changes caused Cu and Zn cations released from the
soil, and as consequence they were detected in the investigated soil solutions. Similar increase of soluble Cu?** and
Zn* concentration in soil solution was noted after application of Ca-capsules (soil solution pH 7.2). However, ad-
dition of Zn- and Cu-capsules to the soil solutions reduced availability of Ca presented in the stock solution, ~32%
and ~36%, respectively, after 9 days of incubation. In the case of Zn, the reduction of Ca availability was significant
during the first 3 days of incubation. This phenomena could be explained by Ca and Zn ions exchangeability.

Table 1. Concentration of soluble elements in soil solutions incubated for 3, 6 and 9 days

Ca(mglL™) Zn (mgL™) Cu(mgL™)
Treatment Days of soil solutions incubation
3 6 9 3 6 9 3 6 9
SSO 110.7 c 1120c 113.0c 0.01c¢ 0.01c¢ 0.01¢ 0.02 ¢ 0.01c¢ 0.01 ¢
SS-CCa 168.3 b 1700 b 200.7 a 0.36 ¢ 0.06 ¢ 0.37c 0.20 ¢ 0.02c 0.16 ¢
SS-CZn 90.7 e 885e 77.2f 92.60 b 94.80 b 123.20a 0.84 c 0.80c 0.66 ¢
SS-CCu 106.7 d 104.0d 7169 0.08 ¢ 0.07 ¢ 0.08 ¢ 46.50b 50.00b 7320 a

SS0 - incubated stock soil solution (control); SS-CCa, SS-CZn, SS-CCu soil solutions incubated with microcapsules of Ca, Zn, and Cu, respectively.
Means followed by the same letter do not differ significantly according to DMRT at p = 0.05

Table 2. Concentration of elements available for plants in soil incubated for 7 and 14 days with the capsules

Ca (mg kg™ Zn (mg kg™) Cu (mg kg™)
Treatment Days of incubation in soil
7 14 7 14 7 14
SO 8373 c 768.0d 11.6¢ 10.5¢ 22c 30c
S-CCa 1006.7 a 8773b 8.7c¢ 95c 15c¢ 20c
S-CZn 828.0c 705.7 e 1369.0 b 1501.7 a 21¢c 19c
S-CCu 823.0c 760.7 d 9.2c¢ 98¢ 9149b 9774 a

SS0 - incubated stock soil solution (control); SS-CCa, SS-CZn, SS-CCu soil solutions incubated with microcapsules of Ca, Zn, and Cu, respectively.
Means followed by the same letter do not differ significantly according to DMRT at p > 0.05

In bulk soil, just like in the soil suspension, incubation time was not the factor changing the concentration of
available cations. Addition of the capsules to the soil mixture with perlite resulted in significant growth of soluble
cations amount compared to control soil (S0) not supplemented with the capsules (Table 2). For copper, after
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7 days of soil incubation, the concentration of this element increased more than 400-times compared to control,
and successively increased after 14 days of incubation. To the lower extend increased concentration of soluble zinc
(about 100-times after 7 days), but also in the case of this ion, progressed availability was observed with time of in-
cubation. On the contrary, calcium concentration increase, although significant after the addition of capsules, was
lower compared to Cu and Zn. Moreover, in the case of calcium added with the capsules, its availability decreased
with time of incubation, and was significantly lower after 14 days than after 7 days.

Effect of encapsulated cations on mustard seeds germination and sprouts biomass

Cu, Zn and Ca, released from the capsules into soil solution significantly affected seeds germination and bio-
mass of mustard sprouts in laboratory tests. Seed germination was the most influenced by copper, especially after
treatment with the nine-day-old incubated soil solution (Figure 3a), where mustard germination was inhibited
by about 50% compared to control. Similar effects were observed by Rather et al. [2020] who exposed B. juncea
to 3.0 mM copper aqueous solution for 3 days, as well as by Gautam et al. [2016] who investigated the changes
in the safflower (Carthamus tinctorius L.) growth during its exposure to different concentrations of copper (25, 50
and 100 uM) for 20 days. In our studies we also observed that in excess of its permissible concentration, copper
cations can lead to a significant reduction of seed germination and seedling growth, while zinc and calcium did
not affect mustard germination significantly. Similar effect was observed in order to total sprouts weight, which
was significantly reduced by copper released form the CCu capsules (Figure 3c). Zhao et al. [2022] and Xin et al.
[2020] also indicated, that high concentration of copper can have negative impact on seeds germination and
plant growth. While, in the studies of Baczek-Kwinta et al. [2020] it was found that zinc unaffected germination of
broccoli (Brassica oleracea L. var. botrytis italica), sunflower (Helianthus annuus L.), and pea (Pisum sativum L.) seeds.

In our studies, total biomass of the sprouts was not affected by zinc and calcium released from CZn and CCa
capsules. However, the cations had different effects on the ratio of radicle to cotyledons weight. The strongest ef-
fect of the cations released to soil solution was observed in the case of sprout’s radicles. Copper and zinc released
from CCu and CZn capsules, greatly reduced mustard radicles, especially their length (Figure 3c and d, respective-
ly). In the case of copper, radicle development was almost completely reduced regardless of the incubation time
of soil solution with the CCu capsules. Zinc also reduced the radicle development, but its effect was enhanced
proportionally with increased incubation time of CZn capsule-soil solution by: 38%, 70%, 94% for 3, 6 and 9 days of
capsules incubation, respectively. The results are consistent with those obtained by Ivanova et al. [2010] and Wen
et al. [2024] who shown that copper and zinc have influenced on the parameters of plants.

In opposite, calcium significantly stimulated sprouts radicle elongation (Figure 3c), and its effect was positive-
ly proportional to the time of its release from the CCa capsules. When the soil solution incubated with the CCa
capsules for 9 days was used, the mustard radicles were 39% longer compared to control sprouts. Actually, Li et
al. [2014] reported that the treatment of wheat seeds (Triticum aestivum L.) with aqueous solution of zinc sulfate
heptahydrate ZnSO,-7H,0 (concentration range from 0.5 mM to 3 mM) did not affect seed germination, but re-
duced root length, while Takahashi et al. [1992] reported that Ca?" at 10 or 20 mM, significantly stimulated root
elongation in P. sativum and Zea mays L. seedlings.

A different response to the ions applied with capsules was found on cotyledons. In this case, copper released
to the soil solution stimulated wight of this part for 27% and 55% after 3 and 6 days of incubation, respectively,
compared to control (Figure 3e). However, the differences were not significant. After 9 days of incubation in soil
solution, concentration of copper released from the capsules was phytotoxic. Zinc and calcium, released from the
CZn and CCa capsules, had no significant effect on cotyledons biomass.

The effect of capsules added to soil on mustard seedling growth

The cations released from the capsules to the soil had not significant effect on mustard seeds germination in Phy-
totoxkit tests. The germination was comparable for all treatments in both incubation times (Figure 4a). However, the
seedling weight was significantly enhanced by calcium released to the soil from the capsules (Figure 4b). Stronger,
positive effect of calcium on mustard growth was observed in soil incubated for 14 days, where the seedlings from soil
with Ca-capsules were by 106% bigger than in control. This positive effect of calcium was mostly related to the greater
roots development, both length and weight (Figure 4c and 4d). The average length of the roots in soil amended with
Ca-capsules was 29% and 58% higher than in control for plants grown in soil incubated for 7 and 14 days, respective-
ly. Similarly, the weight of mustard roots treated with released Ca was 29% and 70% greater than for control plants
grown in soil incubated for 7 and 14 days, respectively. Moreover, calcium released from the capsules stimulated also
the growth of the above-ground parts of mustard seedlings (Figure 4e), however, the differences were not significant.
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Figure 3. The effect of the ions released from capsules into soil solution on mustard sprouts development: germination (a);
total weight (b); radicle length (c); radicle weight (d); cotyledon weight (e). The same letters above the bars indicate that means
are not significantly differentiated according to DMRT at p > 0.05
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In the case of copper and zinc, these elements released to the soil during incubation, significantly decreased
roots elongation (Figure 4c). However, these cations did not affect significantly the weight of the young roots
(Figure 4d). In those experiments, zinc also significantly inhibited development of the above-ground parts of the
seedlings (Figure 4e), what resulted in decreased total seedlings weight (Figure 4b). Copper had no marked influ-
ence on mustard seedling growth, regardless the duration of the capsules incubation in the soil. Mariano-da-Silva
et al. [2025] investigated the effects of different copper concentrations on the germination and seedling develop-
ment of canola (Brassica napus L. var. oleifera). Canola is an oilseed crop developed through genetic improvement
of rapeseed, which originated from a spontaneous interspecific cross between wild cabbage (Brassica oleracea L.)
and mustard (Brassica rapa L. syn. campestris). The authors reported that copper levels exceeding approximately
30-90 mg Cu kg™ soil, depending on species and soil conditions, inhibit Brassica growth, reducing chlorophyll
content, photosynthetic efficiency, nitrate reductase activity, and water relations, while increasing oxidative
stress markers. Moreover they demonstrated that in case of B. juncea, exposures to 30-90 mg Cu kg~' resulted in
pronounced reductions in growth parameters and key biochemical processes. Similarly, Brassica napus L. seed-
lings exposed to 200-800 mg L' Cu exhibited significant declines in germination, root and shoot elongation,
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Figure 4. The effect of the ions released from capsules on mustard seedling growth in treated soil: seeds germination (a); total
seedlings weight (b); root length (c); root weight (d); shoot weight (e). The same letters above the bars indicate that means are
not significantly differentiated according to DMRT at p > 0.05
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and dry mass accumulation. Long et al. [2003] reported that zinc toxicity thresholds in Brassica typically range
from 170-270 mg DTPA-Zn kg™ soil, levels above which biomass and yield begin to decline. In Brassica chinensis L.
(pakchoi, Chinese cabbage), shoot biomass dropped when soil-extractable Zn exceeded ~170 mg kg™, and phy-
totoxic effects in edible tissues were observed at total soil Zn concentrations of 224-413 mg kg'. The authors in-
dicated that across heavier soils, other Brassica vegetables showed similar declines in growth and photosynthesis
under elevated Zn.

CONCLUSIONS

The incubation time of alginate-based capsules in soil did not significantly affect the concentration of available
cations. Among the tested ions, Cu?* exhibited the highest increase, followed by Zn?*", whereas Ca?* concentration
not only displayed the lowest increase, but also declined over time when calcium-based capsules were applied.
The release of Cu?* exerted the strongest impact on plant performance, significantly inhibiting seed germination
and reducing sprout biomass. In contrast, Ca?* and Zn?* did not significantly affect mustard germination nor total
biomass of the sprouts. The release of Cu?* and Zn?* from the capsules hindered radicle development. Cu?* almost
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completely inhibited radicle development, while Zn* had a progressive inhibitory effect with increased incuba-
tion time. In contrast, Ca?* stimulated radicle elongation. Although Cu?* increased cotyledon weight, prolonged
incubation (9 days) led to phytotoxic effects associated with elevated Cu?* concentrations. Neither Ca* nor Zn?*
significantly affected cotyledon biomass.

The findings of this study suggest that alginate-based encapsulated ions have potential applications in con-
trolled nutrient delivery; however, ion-specific responses and phytotoxic thresholds must be carefully considered.
These results justify further evaluation using economically important vegetable crops. Future research should
focus on the development of alginate-based capsules crosslinked with zinc, copper, and calcium, with diameters
smaller than 1 mm, to assess how capsule size influences cation release dynamics in soil and subsequent plant
growth responses.
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