Zhong et al. Chem. Biol. Technol. Agric. (2023) 10:140 Chemical and BiOlOgiCEi'
https://doi.org/10.1186/s40538-023-00510-8 . . gt
Technologies in Agriculture

: . ®
Enhancing the salt stress resistance of seeds

and seedlings via a brassinolide sustained
release agent system

Ximing Zhong', Ruopeng Lan', Guofeng Su', Li Hao', Hua Xu', Hongjun Zhou'" and Xinhua Zhou'"

Abstract

Background The growing escalation of soil salinization is tremendously threatening the global food security

and the development of sustainable agriculture. To address the worldwide predicament caused by salt stress
toward crops, combining nanotechnology with the merits of plant hormone may become an efficient and effective
approach.

Results In this work, a sustained release agent system (BR@MSN) was developed by loading brassinolide (BR)

to mesoporous silica nanoparticles (MSN) to enhance the salt stress resistance of cucumber seeds and seedlings.

The obtained BR@MSN agent was about 120 nm. As an endogenous plant hormone, promotion in crop growth

was found at low BR concentration. Due to the sustained release property, BR@MSN avoided excessive BR exposure
to seeds and seedlings to cause inhibitory effects. After the soil application of BR@MSN, the promotion effect from BR
combined with the regulation enhancement from MSN nanocarrier improved the seed germination rate by 11.76%
under saline environment. Compared with the same BR concentration (2.0 mg/L), BR@MSN increased the seed germi-
nation rate even by 1324.29%. In addition, remarkable wettability on foliar surfaces was found, and the foliar applica-
tion of BR@MSN significantly enhanced the salt stress resistance of cucumber seedlings by alleviating the accumu-
lation of reactive oxygen species (ROS) and increasing the cell viability along with the improvement in superoxide
dismutase (SOD) activity (234.11%), the decrease in malondialdehyde (MDA) content (61.30%), and the increase

in chlorophyll content (110.88%).

Conclusions The newly developed BR@MSN agents could effectively enhance the salt stress resistance of crop seeds
and seedlings, and their applications significantly improved the seed germination rate and seedling growth. The
remarkable efficacy makes this BR@MSN agent system potential in agricultural field for enhancing the salt stress resist-
ance of crops and facilitating the development of sustainable agriculture.
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Introduction

Soil salinization is a worldwide challenge that tremen-
dously threatens global food security and sustainable
agriculture [1-3]. In the world, about 800 million hec-
tares of arable lands are affected by soil salinization, and
the total saline land even reaches 1125 million hectares
[4, 5]. However, plants cannot grow up normally in the
soil with high salt content due to the occurrence of salt
stress exerting adverse effects on seed germination,
growth, flowering, and fruiting [6]. When plants are suf-
fered from salt stress, the intake of water and nutrients
will be reduced [7]. The water shortage and nutrients
deficiency induce osmotic stress and ionic stress, which
further leads to the occurrence and accumulation of
reactive oxygen species (ROS) [8-10]. Excessive accumu-
lation of ROS in cells destroys the normal physiological
and molecular function of cells, leads to metabolic dis-
order, and thus brings about oxidative damages [11-14].
In the meanwhile, salt stress adversely affects the pho-
tosynthesis of plants, along with the reduction in avail-
able resources and the inhibition in cell division, thus

impeding the plant growth and development [15, 16]. As
we know, cucumber is a healthy vegetable enriched with
vitamins, fibers, and nutritional elements, and it can be
used for maintaining blood pressure, detoxifying body,
and preventing cancer [17]. Due to the high nutritional,
medicinal and health beneficial values, cucumber is eco-
nomically important and become the top ten vegetables
produced globally [18]. However, cucumber plants are
susceptible to saline environment, and the occurrence of
salt stress will result in serious yield reduction, which will
aggravate the instability of global food supply [19]. There-
fore, seeking an effective approach to enhancing the salt
stress resistance of cucumber plants is highly urgent.
Plant hormones are well-known to enhance the resist-
ance of plants against biotic and abiotic stresses, and thus
potential for alleviating the salt stress. Brassinosteroids,
recognized as the sixth kind of plant hormones, are poly-
hydroxysterols with high physiological activity [20-22].
Since brassinolide (BR) was first isolated from rape pol-
len in 1979, more than 70 brassinosteroid derivatives and
conjugates have been found and identified from various
plants [23-25]. Among brassinosteroid derivatives and
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conjugates, BR possesses the most biological activity,
and generally regarded as an efficient, broad-spectrum,
and non-toxic plant growth regulator, regulating seed
germination, flowering and other growth stages, play-
ing important role in the growth and development of
plants [26-28]. In addition, BR is able to improve antioxi-
dant system and enhance the tolerance of plants against
various environmental stresses, inducing plants to resist
abiotic stresses, including the salt stresses [29-32]. How-
ever, in agricultural applications, compared with foliar
spraying, soil application of BR generally causes the fixa-
tion by soil or the loss of active components, leading to
the decrease in utilization efficacy. At the same time, due
to the endogenous property, BR is easy to be metabo-
lized, which seriously affects the duration of physiologi-
cal effects in plants, and excessive active components are
necessarily employed to maintain the efficacy. However,
excessive application of BR is potential to inhibit plant
growth [28, 33]. Therefore, appropriate methods are
urgently seeking to improve the utilization efficacy and
duration of BR to enhance the salts stress resistance of
plants.

As we know, nanotechnology has been applied to theo-
retical research and practical applications in many fields
[34-37]. Until recent years, many emerging technologies
have been integrated into agricultural field, and the appli-
cations of nanomaterials and technologies has turned
to agricultural field to achieve sustainable agriculture
[38-40]. Among them, mesoporous silica nanoparticles
(MSN) attract worldwide attention due to the unique
merits in tailored structures, remarkable surface area,
easy surface-functionalization feature, good biocompat-
ibility, and cost-effectiveness [41-43]. Of note, MSN has
been widely utilized in agricultural field as a nanocarrier
to protect pesticides from photodegration and prolong
pest control. Zhong et al. revealed the zein-functional-
ized MSN nanocarriers exhibited high pesticide loading
capacity, and the obtained nanopesticides also demon-
strated enhanced photostability and controlled release
behavior [44]. Shen et al. found the polydopamine-
modified MSN effectively controlled the release rate of
avermectin, thus prolonging the duration of pesticide
and reducing detrimental environmental hazards [45].
Zhao et al. designed a pesticide-loaded MSN system and
investigated the translocation and distribution of MSN
in cucumber plants [46]. The results showed that the
uptake of MSN by cucumber leaves could be achieved. In
addition, many researches revealed the supplement of Si
provided by silica is beneficial to the water-use efficiency
of the plants under salt stress and thus improved plant
growth [47, 48]. Therefore, considering the features of
MSN and BR, employing MSN as nanocarrier to load BR
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may become a feasible strategy to address the dilemma
caused by salt stress.

In this work, a brassinolide (BR) sustained release agent
system (BR@MSN) were developed by loading BR to
MSN nanocarrier, and the nanocarrier was synthesized
via the hydrolysis and condensation of tetraethyl ortho-
silicate (TEOS) under alkaline condition using cetyl tri-
methyl ammonium bromide (CTAB) as a template. The
successful preparation of BR@MSN was confirmed by
Fourier Transform Infrared (FTIR) and thermogravi-
metric (TG) characterizations, and the morphology was
observed via scanning electron microscopy (SEM). The
as-obtained BR@MSN demonstrated sustained release
behavior, and such behavior avoided excessive BR expo-
sure causing inhibitory effects on cucumber seed germi-
nation and plant growth. Besides, the collaboration of the
sustained release of BR from BR@MSN and the regula-
tion enhancement from MSN significantly improved
the cucumber seed germination rate and stem elonga-
tion under saline condition. Of note, these BR sustained
release agents exhibited remarkable wettability on foliar
surfaces, and the foliar application of BR@MSN was able
to enhance the salt stress resistance of cucumber seed-
lings by reducing the accumulation of reactive oxygen
species and enhancing the cell viability. Therefore, these
newly developed BR sustained release agents are condu-
cive to the seed germination and seedling growth under
adverse environment, and they are potential for allevi-
ating the worldwide predicaments caused by salt stress.
The synthetic route of BR@MSN and their enhancement
in the salt stress resistance toward cucumber seeds and
seedlings are demonstrated in Fig. 1.

Materials and methods

Experimental materials

Tetraethyl orthosilicate (TEOS, 98%), cetyl trimethyl
ammonium bromide (CTAB, 99%), hydrochloric acid
(37%), thiobarbituric acid (TBA, 98%), trichloroacetic
acid (TCA, 99%), brassinolide (BL,>90%), sodium
hypochlorite solution (6.0%), naphthylboronic acid (97%),
acetonitrile (HPLC), disodium ethylenediaminetetraac-
etate (DETA-Na,, 0.1 mol/L), b-methionine (Met, 99%),
riboflavin (98%), and pyridine (99.8%) were purchased
from Aladdin. Nitroblue tetrazolium (NBT, 98%), Evans
blue (0.5%), and phosphate buffer solution (0.1 mol/L,
pH=7.0) were procured from Beijing Reagan Biotechnol-
ogy Co., Ltd. Sodiun chloride (NaCl, 99.5%), lactic acid
(90%) and glycerol (99%) were provided by Macklin. Sil-
wet L-77 was provided by Beijing Solarbio Technology
Co., Ltd. Absolute ethanol and ammonia solution (25%)
were purchase from Tianjin Damao Chemical Reagent
Factory. Nutrient soil was provided by Shandong Shouhe
Seed Industry Co., Ltd. Vermiculite was bought from
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Xinyang Guotong E-commerce Co., Ltd. All chemicals
were used as received without further purification.

Synthesis of mesoporous silica nanoparticle (MSN)
nanocarriers

The method to synthesize MSN nanocarriers was
adopted according to previous report [45]. First, 0.45 g
CTAB was mixed with 180 mL ethanol aqueous solu-
tion (concentration of 16.7%) in a 250 mL flask, and
4,00 mL ammonia solution (25%) was added. After stir-
ring for 30 min at 70 “C, 1.50 mL TEOS was added drop-
wise into above solution, and the reaction proceeded for
24 h. Afterward, the obtained solution was cooled down
to room temperature, and then centrifuged at 12,000 rpm
for 7 min. The supernatant was discarded, and the pre-
cipitate was washed with ethanol and water trice to
remove the residual reactants. Subsequently, methanol
solution containing 0.5% hydrochloric acid was utilized
to wash the crude product overnight to remove CTAB.
After drying at 60 “C, MSN nanocarriers were obtained.

Preparation of the BR sustained release agents (BR@MSN)
BR sustained release agents (BR@MSN) were pre-
pared by loading BR to MSN nanocarriers. Similar to

previous report [49], 5.00 mg brassinolide was placed
into a 100 mL brown conical flask, and then 50.0 mL
anhydrous ethanol was added to prepare a brassinolide
solution with a concentration of 0.1 mg/mL. Afterward,
0.10 g MSN was added into above solution, and the
mixture was shaken at 25 ‘C for 24 h. Subsequently, the
mixture was centrifuged at 12,000 rpm for 20 min. The
supernatant was discarded, and the precipitate was dried
at room temperature to obtain BR@MSN. The synthetic
route of BR@MSN is demonstrated in Fig. 1.

Determination of seed germination rate

Seed germination rate could be determined using the
method reported by Khan [50]. Uniform cucumber seeds
were selected and disinfected with sodium hypochlorite
solution (1.0%) for 10 min. Afterward, deionized water
was used to rinse the treated seeds for 5 min and then
dried at room temperature. The dried cucumber seeds
were placed in a 50.0 mL tube and mixed with the sam-
ple (BR, MSN, and BR@MSN, respectively) dispersion
with different BR concentrations (0.125 mg/L, 0.25 mg/L,
0.5 mg/L, 1.0 mg/L, and 2.0 mg/L, respectively). Specifi-
cally, the BR@MSN concentration indicated the inher-
ent BR concentration, and the mass of MSN used for
experiment was the same with BR@MSN. Above tubes
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were further shaking in dark condition for 8 h before
the treated cucumber seeds were placed in a germinat-
ing box (dimension of 10.0 cmXx10.0 cmXx5.0 cm, 30
seeds in each box) with 10.0 mL NaCl aqueous solution
(150 mM). The cucumber seeds were cultured for 7 days
under saline condition. The germination rate (GR) of
cucumber seeds could be calculated using the following
equation:

N
GR = x 100% 1)

where N and S are the number of germinated seeds and
the total number of tested seeds, respectively.

Plant growth evaluation

Similar to Li’s work [51], to evaluate the effect of BR
concentrations on the growth of cucumber seedlings,
cucumber seeds were sown in soil mix (commercial
nutrient soil and vermiculite, 3:1 v/v) and watered with
0.3 mL sample (BR, MSN, BR@MSN, respectively) dis-
persion with different BR concentrations (0.125 mg/L,
0.25 mg/L, 0.5 mg/L, 1.0 mg/L, and 2.0 mg/L, respec-
tively) every 5 days. The commercial nutrient soil was
consisted of organic matter, humic acid, perlite, and
coconut bran. During the growth stage, seedlings were
grown in growth room with the following settings: 24+ 1
C (day time) and 21+1 °C (night time), 14/10 h as the
day/night regime, 60% relative humidity. No pesticide or
other fertilizer was used during the plant growth. Seed-
ling growth status was recorded by taking photos after 15
culturing days.

Determination of cell viability and superoxide anion (0%7)
content

The methods to determine cell viability and superoxide
anion (O?7) content of cucumber seedlings are simi-
lar to the previous work [52]. The cucumber seedlings
with three real leaves were transplanted to the bottles
filled with water. Afterward, the cucumber seedlings
were treated by dropping different sample (BR@MSN,
MSN, and BR) dispersions with different BR concentra-
tions (0.125 mg/L, 0.25 mg/L, 0.5 mg/L, 1.0 mg/L, and
2.0 mg/L, respectively) on the second leaf. After cultur-
ing for 24 h, the water in bottles were changed to NaCl
solution (120 mM). After additional 24 h, cucumber
leaves were cut and stained in Evan blue solution (5%) in
dark for 6 h to determine the cell viability. To determine
superoxide anion (O?7) content, the cucumber leaves
were soaked in 100 mmol/L phosphate buffer solution
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(with 5 mg/mL NBT) for staining for 6 h. Afterward,
the stained leaves were taken out, rinsed with water, and
then immersed in a decolorizing solution (ethanol:lactic
acid:glycerol=3:1:1) at 95 ‘C to completely remove the
chlorophyll. The treated leaves were recorded by taking
photos for comparison.

Determination of superoxide dismutase (SOD) activity

The SOD activity could be determined according to
previous report [49]. First, 1.0 g cucumber leaves and
4.0 mL phosphate buffer solution were mixed and
then ground in a precooled mortar. Furthermore, the
ground mixture was centrifuged (4000 rpm for 10 min).
The supernatant was diluted to 10.0 mL using phos-
phate buffer solution, and the diluted solution was
served as enzyme solution. To determine SOD activ-
ity, 0.05 mL above enzyme solution was mixed with
1.5 mL 0.05 mol/L phosphate buffer solution, 0.3 mL
100 pmol/L EDTA-Na, solution, 0.3 mL 20 pmol/L
riboflavin, 0.3 mL 750 umol/L NBT, 0.3 mL 130 mmol/L
Met solution, and 0.25 mL deionized water. After suf-
fering from a sunlight lamp for 20 min, the absorbance
of the treated sample was measured by a UV-3600 Plus
spectrophotometer (Shimadzu, Japan) at 560 nm. The
sample placing in dark was served as a control group.
SOD content could be determined using the following
equation:

SOD =2 x V1 x (Ack — Ap)/(Ackx x m x Vi) (2)

where Ay is the absorbance of control group, Ay is the
absorbance of the treated sample, m corresponds to the
mass of cucumber leaves, V. represents the total vol-
ume of sample solution, V represents the volume of test
sample.

Determination of malondialdehyde (MDA) content

To determine MDA content, previous method was
adopted [53]. Specifically, 0.5 g cucumber leave was
added in a pre-cooled bowl grinding with 5.0 mL TCA
(5.0%), and then centrifuged in a refrigerated centri-
fuge at a speed of 3000 rpm for 10 min to obtain the
supernatant MDA extract. Afterward, 2.0 mL extract
was transferred to a tube and mixed with 2.0 mL TBA
(0.67%). The mixture was boiling in water for 30 min.
After cooling down to room temperature, the mixture
was centrifuged, and the supernatant was used for
absorbance measurement. The absorbances of the sam-
ples at 450 nm, 532 nm, and 600 nm were determined
by a UV-3600 Plus spectrophotometer. The calculation
for MDA content could be employed as the following
equation:
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MDA =(6.45 X (A532 — Aeoo) —0.56 x A4,50) X V2
x V/(m x V1 x 1000)

3)
where V is the total extract volume, m is the mass of
cucumber leaves, V; is the extract volume for test, and
V, is the total volume of the solution for absorbance
measurement.

Determination of Chlorophyll Content

The chlorophyll content could be determined according
to previous work [53]. First, 0.2 g cucumber leaves were
ground and then mixed with 10.0 mL acetone (80%), and
the mixture was stored in dark with shaking for 24 h at
room temperature. Acetone (80%) was served as a blank
control, and the absorbances of the samples were meas-
ured at the wavelengths of 645 nm and 663 nm. The
contents of chlorophyll a (C,), chlorophyll b (C,), and
total chlorophyll (C;) could be, respectively, calculated
according to Eqgs. (4—6):

C, =12.72 x Aggz — 2.59 X Agas (4)
Cp = 22.88 x Agas — 4.67 X Ag33 (5)
Cr=Cs+ G (6)

where C,, C;, and C; are the contents of chlorophyll a,
chlorophyll b, and total chlorophyll, respectively.

Investigation of sustained release behavior

To investigate the sustained release behavior of BR from
BR@MSN, 5.0 mg BR@MSN was dispersed in 5.0 mL
ethanol solution (60%), and then was added into a dial-
ysis bag (5000 Da), which was placed in a brown coni-
cal flask with 25 mL ethanol solution (60%) used as the
release medium. Above flask was shaken at 25°C. After-
ward, 1.0 mL release medium was taken out at a certain
interval, and 1.0 mL ethanol solution (60%) was replen-
ished in the flask. The release medium (1.0 mL) taken
out from flask was mixed with 1.0 mL naphthylboronic
acid solution (0.4 mg/mL in pyrine), and the absorb-
ance of above solution was measure at 290 nm by a
high-performance liquid chromatography (HPLC). In
detail, the mobile phase employed for HPLC measure-
ment was acetonitrile:water=285:15. BR concentration
could be calculated according to the standard curve of
A =1857.77228C +756.14428 (R?=0.999). The cumula-
tive release rate (R;) of BR@MSN could be calculated by
the following equation [49]:
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C; x 0.03/mpr(i = 1)
R; = i—1 .
Ci x 0.03/mpp+ Y Ci x 0.001/mpp(i > 1)
i=1
(7)
where C; is the BR concentration at different intervals,
while m1,, represents the total mass of BR in the samples.

Statistical analysis

The statistical analysis was performed using a IBM SPSS
software (24.0 version). The experimental data were
measured in three replicates, and the significant differ-
ences in means were compared using Duncan’s test at a
significant level of P<0.05 [54].

Characterizations

To analyze the chemical structures of BR, MSN, and BR@
MSN, Fourier Transform Infrared (FTIR) spectra were
recorded using a Spectrum 100 (Perkin-Elmer, USA) in
the wavenumbers ranging from 4000 cm™ to 450 cm ™.
Besides, a TGA 2 thermogravimetric analyzer (Met-
tler-Toledo, Switzerland) was employed to analyze the
thermal stability of BR, MSN, and BR@MSN. The experi-
mental temperature was set from 40 ‘C to 800 ‘C with a
heating rate of 10 ‘C/min, and the whole heating process
was under N, atmosphere with a flowing rate of 50 mL/
min. The contact angles of various droplets on cucum-
ber foliar surfaces were determined by a contact angle
meter (Theta, Biolin). The hydrodynamic sizes of samples
were determined using a 90 Plus PALS particle size ana-
lyzer (Bruker, USA). In addition, a HD scanning electron
microscopy (ZEISS, Germany) was employed to compare
the morphologies of MSN and BR@MSN.

Results and discussion

Chemical structure confirmation

To confirm the successful preparation of BR@MSN, FTIR
analysis was utilized. The FTIR spectra of BR, MSN, and
BR@MSN are shown in Fig. 2a. In the spectrum of MSN,
the peaks at 465 cm™, 799 cm™!, and 1093 cm™ were,
respectively, ascribed to the bending vibration, symmet-
ric stretching vibration, and asymmetric stretching vibra-
tion of Si—-O-Si [55]. Besides, the peaks at 961 cm ™! and
3439 cm™! corresponded to the bending vibration and
stretching vibration of Si—~OH. Above results revealed
the successful synthesis of MSN. As for BR spectrum, the
peaks at 1458 cm ™, 2868 cm™!, and 2964 cm™, respec-
tively, represented the bending vibration, symmetric
stretching vibration, and asymmetric stretching vibration
of —CH,~ structure. In addition, the peaks at 1728 cm™
and 3395 cm ™! were attributed to the stretching vibra-
tion of ester groups and the absorption peak of hydrogen
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groups. Of note, the characteristic peaks of MSN and BR
could be found in the spectrum of BR@MSN, which con-
firmed the successful preparation of BR@MSN.

Thermal stability analysis

It is well-known that organic components are easier to
decompose compared with inorganic materials along
with the increase in temperature. Therefore, the loading
of BR in MSN will give rise to the discrepancy in thermal
stability. Figure 2b and Additional file 1: Fig. S1 show the
thermogravimetric (TG) and derivative thermogravimet-
ric (DTG) curves of BR, MSN, and BR@MSN, respec-
tively. The weight loss before 120 C was mainly due to
water evaporation [55]. Besides, at the temperature rang-
ing from 120 C to 800 C, the weight loss rates of MSN
and BR@MSN were 3.29% and 6.90%, respectively, imply-
ing the loading rate of BR in BR@MSN was about 3.61%.
Specifically, as for BR, it began to decompose at 280 C,
and the main weight loss stage was located at 413 C.
Before 500 °C, BR was completely decomposed. In the
case of BR@MSN, an obvious weight loss peak was found
at 428 ‘C (Additional file 1: Fig. S1), which was mainly
attributed to the decomposition of BR in BR@MSN. The
main decomposition temperature of BR shifting from
413 °C to 428 °C was due to the presence of MSN to some
degree insulating the heat, reflective of the improvement
in thermal stability [56]. Therefore, aside from FTIR anal-
ysis, above results also confirmed the successful loading

Table 1 Pore structure parameters of MSN and BR@MSN

Samples Surface area (mZ/g) Pore size (nm) Pore
volume
(cm3/g)

MSN 945,665 4.678 1.106

BR@MSN 925.723 4.289 0.993

of BR in MSN, and BR@MSN exhibited enhanced ther-
mal stability.

Pore structure analysis

In fact, the loading of BR in MSN not only caused the
variation in thermal stability, but also gave rise to the
discrepancy in pore structure. The nitrogen adsorption—
desorption isotherms and the pore size distributions
of MSN and BR@MSN are shown in Fig. 2c, d, and the
pore structure parameters are summarized in Table 1.
Obviously, both of MSN and BR@MSN displayed type
IV isotherms with H1 hysteresis loops according to the
IUPAC classification (Fig. 2c), indicating that there were
some slits in the structure [57]. In addition, MSN and
BR@MSN exhibited mesoporous structures (Fig. 2d), and
the average pore diameters of MSN and BR@MSN were
4.678 nm and 4.289 nm, respectively (Table 1). Smaller
pore diameter of BR@MSN than MSN was attributed
to the blocking effect derived from the loading of BR in
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MSN occupied some space in mesopores. In addition, the
BR loaded in MSN brought about the decrease in specific
surface area and pore volume. Therefore, above results
revealed the successful loading of BR in MSN, which was
consistent with the results of TG analysis.

Morphology and particle size analysis

The morphology and the size of particles are of signifi-
cance and closely relevant with their performance and
application, especially in the field of nanotechnology
[58, 59]. Figure 2e, f demonstrates the morphologies of
MSN and BR@MOSN, respectively. As shown in Fig. 2e,
the particles size of MSN was about 110 nm. After load-
ing BR, the particle size of BR@MSN slightly increased
to about 120 nm (Fig. 2f). Obviously, both of MSN and
BR@MSN nanoparticles were in a spherical shape.
Besides, the hydrodynamic sizes of MSN and BR@MSN
were also investigated, and the results revealed the cor-
responding sizes were 203 nm and 239 nm, respectively.
Of note, compared with the hydrodynamic sizes obtained
from the dynamic light scattering method, the particle
sizes shown in SEM images were much smaller, which
was mainly due to the swelling and slight aggregation of
nanoparticles in aqueous solution for the hydrodynamic
sizes [49].

Effects of BR concentration on seedling growth

As an endogenous plant growth regulator, BR plays an
important role in regulating plant growth [60, 61]. In this
work, the effects of BR, MSN, and BR@MSN with dif-
ferent concentrations (0.125 mg/L, 0.25 mg/L, 0.5 mg/L,
1.0 mg/L, and 2.0 mg/L, respectively) on the growth of
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cucumber seedlings were investigated, and the stem
diameter and root length of the cucumber seedlings after
being treated for 15 days are summarized in Fig. 3. It was
found that the pristine cucumber seedlings exhibited lit-
tle advantage in stem diameter and root length, while the
applications of BR, MSN, and BR@MSN exerted obvi-
ously positive influence on the seedling growth. Specifi-
cally, as shown in Fig. 3a, similar stem diameters were
found in the cucumber seedlings treated by BR and BR@
MSN, while the application of MSN achieved the maxi-
mum enhancement in stem diameter. As we know, Si is
able to deposit in the cell wall of plant stems, and thus
strengthens the stem diameter to resist against biotic
and abiotic stresses [62]. Because same mass of MSN
and BR@MSN was applied, compared with BR@MSN,
more Si element could be supplemented by MSN, thus
leading to greater increase in stem diameter. As for the
root length of cucumber seedling (Fig. 3b), after being
treated by BR, the maximum root length (7.66 cm) was
achieved at the concentration of 0.25 mg/L, while it
decreased with the increase in BR concentration. When
BR concentration reached 2.0 mg/L, the corresponding
root length decreased to 4.45 cm. Above results revealed
that, compared with low BR concentration, high BR con-
centration to some degree inhibited the root growth of
cucumber seedlings. However, as for the cucumber seed-
lings treated by BR@MSN, even at the BR concentration
of 2.0 mg/L, the root reached a high length of 8.10 c¢m,
which increased by 82.02% compared with the ones
treated by BR at the same concentration. This phenom-
enon was mainly attributed to the sustained release of BR
from BR@MSN (described in the next section).

(b)12
CJck
CdBr
10 - [ JMSN
[ BR@MSN
E\ ab ES %
) 8 ab -}
~ By ab
= o be ab
N cd
Tar 8 be ab
= be 3
D cd| de,
: { cd
©
é 4r f ef]
2F
0
0 0.125 0.25 0.5 1.0 2.0

Concentration (mg/L)

Fig. 3 Effects of BR, MSN, and BR@MSN with different concentrations on the a stem diameter and b root length of cucumber seedlings. The
cucumber seedlings growing in the normal situation without salt stress. The same BR and BR@MSN concentration indicates they possess the same
BR concentration, and the same MSN and BR@MSN concentration indicates they possess the same mass. The experimental data were measured
three replicates. Different letters (a, b, ¢, d, e, f) indicate significant difference between treatments at P<0.05
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Fig.4 a Cumulative release rates of BR from BR@MSN. b Zero-order, ¢ first-order, and d Korsmeyer—Peppas fitting release curves of BR@MSN. Where
the dots represent the original release curves, and the solid lines represent the fitting curves

Table 2 Release kinetic model fitting result of BR@MSN

Kinetic models Fitting formula  Parameters
k, k, R?

Zero-order model y=kt 1.1487 - 0.5864
First-order model y=k[1—expk,t)] 264167 04053 0.9970
Korsmeyer—Peppas y=k £ 12.7235 0.2488 0.8762
model

Higuchi model y=kt"? 64769 - 0.1999
Hixson—Crowell model  y=(k,—k, 13 24989 —0.0180 0.3883

Sustained release behavior of BR from BR@MSN

As aforementioned, the discrepancy in the cucumber
root lengths derived from the applications of BR and
BR@MSN could be accounted for the sustained release
of BR from BR@MSN. The sustained release behavior
toward BR@MSN is demonstrated in Fig. 4a. Specifi-
cally, at the initial state, BR released rapidly from BR@

MSN, which was mainly due to the fast dissolution of
BR absorbed on MSN surfaces. Furthermore, because
of the blocking effect caused by MSN and the interac-
tions (hydrogen bonds, et al.) between MSN and BR,
releasing tendency became relatively steady after 12 h.
Such releasing tendency is similar to other research
[63]. To further elucidate the release mechanism of BR
from BR@MSN, five kinetic models (zero-order, first-
order, Korsmeyer—Peppa, Higuchi, Hixson—Crowell)
were used to fit the cumulative release curves, the fit-
ting curves are shown in Fig. 4b—d and Additional
file 1: Fig. S2, and the fitting results are summarized
in Table 2. According to the regression coefficient (R?)
values of the kinetic fitting curves, the sustained release
behaviors of BR from BR@MSN followed the first-order
model, indicating the releasing behavior is closely rel-
evant with the concentration gradient [64].
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Of note, due to the sustained release property of BR@ avoiding the inhibitory effect caused by high BR con-
MSN, about 27% BR was released after continuously centration. Therefore, at the same BR concentration of
releasing for 36 h. Above results implied that the uti- 2.0 mg/L, BR@MSN exerted more positive influence on
lization of BR@MSN could effectively reduce the BR  seedling growth than the pure BR (Fig. 3b).
content exposed directly to cucumber seedlings, thus
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Fig. 5 Seed germination rates after being treated, respectively, by BR, MSN, and BR@MSN with different concentrations for a 3 days and b 5 days.
c Growth status of the cucumber seedlings treated with different concentrations of BR and BR@MSN, respectively. CK represents the cucumber

seed under salt stress without sample treatment. The experimental data were measured three replicates. Different letters (a, b, ¢, d, e, f, g) indicate
significant difference between treatments at P<0.05
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Seed germination and seedling growth under salt stress

In fact, BR is not only able to regulate plant growth, but
also alleviate the abiotic stress of plants, including the
salt stress. The effects of BR@MSN with different con-
centrations on the seed germination and the seedling
growth of cucumber plants under salt stress were inves-
tigated, and the results are demonstrated in Fig. 5. After
the cucumber seeds under salt stress had been treated
with BR for 3 days (Fig. 5a), it was found that higher BR
concentration resulted in greater seed germination rate
within the concentrations ranging from 0.125 mg/L to
0.25 mg/L. However, further increasing BR concentra-
tion above 0.25 mg/L, the seed germination rates were
adversely decreased, indicating excessive application of
BR inhibited seed germination. Of note, many reports
revealed that nano silica could improve the salt resist-
ance of plants and reduce the detrimental effect of salt
stress to plant cells [47]. Experimental results in this
work revealed the cucumber seeds treated with differ-
ent MSN concentrations (from 0.125 mg/L to 2.0 mg/L)
achieved little detrimental effect from salt stress. Instead,
the application of MSN significantly improved the seed
germination rate. As for BR@MSN, in the concentration
range in this work, the germination rate of cucumber
seed was also improved. Of note, although 0.5 mg/L BR
inhibited seed germination, the same BR@MSN concen-
tration demonstrated the best improvement in seed ger-
mination. This tendency was due to the collaboration of
the alleviation of salt stress caused by MSN and the seed
germination improvement resulted from the sustained
release of BR from BR@MSN. As aforementioned, high
BR concentration brought about the inhibition behav-
ior toward seed germination. In the concentration of
1.0 mg/L and 2.0 mg/L, improvement behavior in seed
germination rate could also be found for BR@MSN. At
the same time, the excessive presence of BR from BR@
MOSN resulted in inferior effects for the seed germination
rate than MSN, while the superior effects from MSN was
mainly contributed to providing more Si element to resist

a, 87.57+0.34 b 67.34+0.13

1

C, 86.98+027 d
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against salt stress. After culturing for 5 days (Fig. 5b),
similar phenomenon on seed germination rate could be
found. High BR concentration (above 0.25 mg/L) inhib-
ited the seed germination rate, while the applications of
MSN and BR@MSN improve the seed germination rate
even at high BR concentration (2.0 mg/L). Specifically,
at the concentration of 2.0 mg/L, compared with BR, the
application of BR@MSN resulted in the seed germination
rate increased by 1324.29%. In addition, it was notewor-
thy that the application of BR@MSN achieved the domi-
nant advantage in seed germination rate (increased by
11.76%), even greater than MSN. This phenomenon was
mainly due to the steady and slow release of BR from
BR@MSN avoiding excessive exposure of BR from BR@
MSN to seedlings, combined with the alleviation effect
derived from MSN toward salt stress, thus positively
enhancing the seed germination rate.

Furthermore, the growth status of the cucumber seed-
lings under salt stress after being treated with BR and
BR@MSN with different concentrations were observed
and compared (Fig. 5¢). The results were similar to the
tendency of seed germination rate. Under salt stress,
cucumber seedlings grew slowly with a relatively short
stem. After being treated by BR at low concentration,
the stem elongation of cucumber plants was promoted.
However, increasing BR concentration adversely resulted
in inhibitory effect. Of note, as for BR@MSN, due to the
sustained release of BR from BR@MSN and the assis-
tant resistance against salt stress provided by the nano-
carriers, the stem elongation of cucumber seedlings
increased along with BR@MSN concentration, indicative
of the enhancement in salt stress resistance of cucumber
seedlings.

Wetting ability on foliar surfaces

Wetting ability on foliar surfaces is a significant factor
that should be considered for the applications of pesti-
cides and plant hormones. Increasing wetting ability will
reduce the losses from runoff, bouncing, and splashing of

] 90.58+0.69

a, 21.04+2.19 b, 39.24%0.12

C, 39.84+034 d,

44.50+0.92

Fig. 6 Contact angles of a; water, b, BR, ¢; MSN, and d, BR@MSN. a,—d, the samples with the addition of 0.05% Silwet L-77
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droplets, and thus enhance the utilization [65]. As dem-
onstrated in Fig. 6, due to the hydrophobic property of
cucumber leaves, the contact angles of water, MSN, and
BR@MSN droplets on foliar surfaces were around 90°. As
for BR droplet, because ethanol was used for dissolution,
the presence of ethanol decreased the contact angles to
67.34°. It is well-known that additives such as surfactants
are commonly added to decrease the surface tension of
droplets and increase the wettability on foliar surfaces.
Silwet L-77 was reported as an effective surfactant with
ability to solubilize cuticular waxes and enhance the
hydration of cuticle [49]. In addition, 0.05% Silwet L-77
could significantly enhance the wettability of droplets
on foliar surfaces. As demonstrated in Fig. 6, all contact
angles on cucumber foliar surface are below 45° after the
addition of Silwet L-77. As for BR@MSN droplet, with
the assistance of Silwet L-77, the corresponding contact
angle decreased from 90.58° to 44.5°, indicative of the
enhancement in wettability on foliar surface.

Salt stress resistance analysis after the foliar application

of BR@MSN

Remarkable wetting ability on foliar surfaces will facili-
tate the uptake of BR@MSN by plants, and we found that
the foliar application of BR@MSN was able to enhance

(@)

BR@MSN

0.125 ppm

0.25 ppm

0.5 ppm

1.0 ppm

2.0 ppm
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the salt stress resistance of cucumber seedlings. The dis-
crepancy in salt stress resistance could be demonstrated
by comparing the cell viability and superoxide anion
(O,7) accumulation in cucumber seedlings. As shown
in Fig. 7, compared with the normal cucumber leaves
(CK,), more uptake of Evans blue and Nitro blue tetra-
zolium (NBT) was found for the cucumber leaves under
salt stress (CK,), indicating the reduction in cell viabil-
ity (Fig. 7a) and the augment in superoxide anion accu-
mulation (Fig. 7b). After the foliar application of BR, the
Evans blue staining and NBT staining became lighter
at low concentration, while they turned to deeper after
the increase in concentration, revealing low BR concen-
tration was conducive to relieving salt stress. As for the
foliar application of MSN, it was found that higher MSN
concentration brought about greater resistance against
salt stress. In the case of BR@MSN, Evans blue staining
and NBT staining became lighter along with the con-
centration, and greater resistance against salt stress than
MSN could be obviously found. This phenomenon was
due to the collaboration of the alleviation effect from
MSN and the sustained release of BR from BR@MSN to
reduce the accumulation of reactive oxygen species and
alleviate cell damage, thus promoting the cell viability of
cucumber plants under salt stress.

(b) CK,

0 ppm

BR@MSN

0.125 ppm

0.25 ppm

0.5 ppm

1.0 ppm

2.0 ppm

Fig. 7 Effects of BR, MSN, and BR@MSN with different concentrations on a cell viability and b superoxide anion accumulation of the cucumber
leaves under salt stress. CK, represents the normal cucumber leaves, and CK; represents the cucumber leaves under salt stress without sample

treatment
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Fig. 8 (a) SOD activities, (b) MDA contents and (c, d) chlorophyll contents of the cucumber seedlings after foliar application of BR@MSN. CK,
represents the normal cucumber seedling, and CK, represents the cucumber seedling under salt stress without sample treatment. The experimental
data were measured three replicates. Different letters (a, b, ¢, d, e, f, g, h, i, j, k, ) indicate significant difference between treatments at P<0.05

In addition, the enhancement in salt stress resist-
ance benefited from the foliar application of BR@MSN
could also be verified by the promotion in SOD activity,
the decrease in MDA content, and the increase in chlo-
rophyll contents as for the cucumber seedlings under
salt stress. As we know, the improvement of antioxidant
enzyme activity is beneficial to the enhancement in plant
stress resistance [49]. As demonstrated in Fig. 8a, com-
pared to the normal cucumber seedlings (CK;), the SOD
activity of the cucumber seedlings under salt stress (CK,)
decreased by 36.41%, indicative of the reduction in anti-
oxidant enzyme activity. However, it was found that the
foliar application of MSN increased the SOD activity of
the cucumber seedlings under salt stress. Compared to
CK,, SOD activity increased by 129.51% after the foliar
application of MSN at the concentration of 2.0 mg/L.
Of note, under the same condition, experimental results
revealed that the foliar application of BR@MSN signifi-
cantly increased the SOD activity of the cucumber seed-
lings under salt stress even by 234.11%, indicating the

reduction of SOD activity caused by salt stress in cucum-
ber seedlings could be remarkably improved by BR@
MSN.

As a product of membrane lipid peroxidation, MDA
content is highly relevant with the growth status of plants
and thus utilized to evaluate the level of salt stress. As
demonstrated in Fig. 8b, the normal cucumber seedlings
(CK;) exhibited the lest MDA content of 2.42 umol/g,
while the MDA content increased significantly to
5.71 umol/g as for the seedlings under salt stress (CK,).
Besides, increasing BR concentration from 0.125 mg/L
to 2.0 mg/L led to the continuous increase of MDA con-
tent from 2.75 pmol/g to 5.58 umol/g, indicating low BR
content was conducive to the alleviation of salt stress. In
addition, it was found that the foliar application of MSN
resulted in the decrease of MDA content. Combined
with the merit of MSN and the sustained release fea-
ture of BR@MSN, superior resistance against salt stress
than MSN was found toward BR@MSN. When BR@
MSN reached a high concentration of 2.0 mg/L, MDA
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content decreased to 2.21 umol/g, which was decreased
by 61.30% compared to CK,. In addition, the foliar appli-
cation of BR@MSN brought about the increase in chloro-
phyll contents. Total chlorophyll content (Fig. 8d) is the
sum of chlorophyll a content (Fig. 8c) and chlorophyll b
content (Additional file 1: Fig. S3). Obviously, after the
cucumber seedlings were suffered from salt stress, the
total chlorophyll content decreased from 52.31 mg/L to
23.90 mg/L. Although the application of MSN to some
degree increased the chlorophyll content, more signifi-
cant increase was found toward BR@MSN. When BR@
MSN concentration increased to 2.0 mg/L, the chloro-
phyll content increased by 110.88% compared with the
cucumber seedlings under salt stress. Therefore, above
results revealed the foliar application of BR@MSN could
increase cell viability, alleviate superoxide anion accu-
mulation, improve SOD activity, decrease MDA content,
and protect chlorophyll, thus enhancing the salt stress
resistance of cucumber seedlings.

Conclusions

In summary, this work developed a brassinolide sus-
tained release agent system (BR@MSN) by loading BR
to MSN nanocarrier to enhance the salt stress resistance
of cucumber seeds and seedlings. The obtained BR@
MSN possessed a particle size about 120 nm. Experimen-
tal results revealed that high BR concentration exerted
inhibitory effect, while low BR content posed positive
influence on seedling growth. Of note, BR@MSN dem-
onstrated sustained release behavior that consistent
with the first-order kinetic model, and such sustained
release property avoided excessive exposure of BR to
cause inhibitory effects. Due to the collaboration of the
sustained release of BR from BR@MSN and the regula-
tion enhancement from MSN, cucumber seed germina-
tion rate increased by 11.76% under saline condition, and
it even increased by 1324.29% compared with the same
BR concentration. In addition, these sustained release
agents exhibited remarkable wetting ability on foliar sur-
faces, and the foliar application of BR@MSN significantly
enhanced the salt stress resistance of cucumber seedlings
by alleviating ROS accumulation and increasing the cell
viability that could be confirmed by Evans blue stain-
ing and NBT staining experiments. In addition, after the
foliar application of BR@MSN, SOD activity increased by
234.11%, MDA content decreased by 61.30%, and chloro-
phyll content increased by 110.88%, which further con-
firmed the improvement of cucumber seedlings against
salt stress. Therefore, this work provides a facile approach
to developing brassinolide sustained release agents, and
the significant efficacy in enhancing salt stress resist-
ance of cucumber seeds and seedlings makes them
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tremendously potential for agricultural applications to
achieve sustainable agriculture.
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