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Abstract: In this paper, rice milk-based beads were fabricated through gelation in a calcium chloride
solution. Green extraction of chili pepper in water/ethanol was conducted in order to obtain powder
extract (PE) rich in apigenin C-pentosyl-C-hexoside, capsaicin, and dihydrocapsaicin. The effect of
capsaicinoids loading on beads’ properties was evaluated in terms of morphological and physical
properties. Swelling phenomena and diameter variation of beads were studied as a function of time
proving correspondence with the PE amount. The effect of ionic strength on bead swelling was
considered. Kinetic studies of PE release were conducted to investigate the release profiles, which
were modeled through a modified Baker and Lonsdale model by considering the change in mean
diameter over time. The effect of PE loading was then correlated to the growth of Cynodon dactylon
weed through in vivo tests. The results corroborate the performances of the encapsulated PE to be
used as natural and green herbicide release systems able to inhibit the growth and the proliferation
of weeds.

Keywords: green herbicides; rice milk; biocomposite; chili pepper; weed; capsaicinoid

1. Introduction

The control of weeds and pests has been carried out by using traditional chemical
pesticides in order to protect plants and crops and increase agricultural productivity. How-
ever, chemical pesticides are usually toxic since their enrichment in crops. The potential
runoff and leaching of pesticides through the soil is currently a critical issue. Thus, the
need of searching for botanical pesticides based on natural substances as an alternative
to synthetic pesticides [1]. Since the long-lasting persistence of pesticides, they have been
found in surface water, groundwater and even drinking water [2]. Moreover, they be-
come easier to enter the food chain since their bioaccumulation properties [3–5]. All these
dreadful considerations lead to the need for a green and innovative alternative to pro-
tect crops without leading to harmful consequences on the ecosystem [6,7]. A possible
solution lies in the use of naturally derived substances [8] which could act as insecticides,
antifeedants, insect-growth regulators, and repellents. Thus, the use of new approaches is
highly recommended aiming of guaranteeing a controlled dispersion of green herbicides
in soil. Controlled release methodologies have been studied as alternatives to avoid or
reduce such problems [9]. Encapsulation is taking a central stage as a technique to design a
controlled release device. Usually, an active compound is encapsulated in a biopolymer
matrix, which acts as a slow or safe release carrier. Biodegradable polymeric matrices such
as cellulose, agarose, starch, chitosan, gelatin or albumin are commonly employed [10–13].
In this work, rice milk was used as a matrix and sodium alginate was applied as gelling
agent. The rice milk, which can be considered a grain milk made by processing rice, has
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an average chemical composition based on protein (0.6%), carbohydrate (10.6%), sugar
(4.0%), and fat (1.0%) [14]. Moreover, rice milk is rich in vitamins (thiamine, niacin, folate,
riboflavin, etc.) as well as minerals; especially calcium, phosphorous, sodium, and mag-
nesium [15]. Capsaicin (8-methyl-N-vanillyl-trans-6-nonenamide) is an active component
of the extract of red chili pepper, used as food coloring and flavoring agents [10], exerting
analgesic, anti-inflammatory and antibacterial activities [16]. More importantly, it possesses
strong anti-microbial effects against gram-negative together with gram-positive bacteria
and fungi [11,17]. Capsaicin, dihydrocapsaicin, nordihydrocapsaicin, homocapsaicin, and
homodihydrocapsaicin are the five natural capsaicinoids. Among these, capsaicin and
dihydrocapsaicin are the most predominant and biologically active ones [18]. According
to the U.S. Environmental Protection Agency (U.S. EPA) chili pepper extract, thanks to its
natural occurrence, can be classified as a biochemical pesticide. Since that, capsaicinoids
were extracted from chili pepper using an environmentally friendly methodology. The poly-
mer droplet gelation was finally applied as a green approach to design a soil-compatible
polymeric matrix [19–21]. Based on the above, this research concerns the design and prepa-
ration of the green beads composite made up of rice milk, alginate, and capsaicinoids as a
novel delivery system of green herbicides against a targeted weed (Cynodon dactylon). The
obtained results will show the potentiality of the fabricated novel biocomposites as release
devices of green herbicides to slow down and inhibit the proliferation of weeds. To the
best of the authors’ knowledge, there have been no scientific studies on the formulated
biocomposites up to now.

2. Materials and Methods
2.1. Materials

Rice milk (Stammi Bene) was purchased from a local market. Sodium Alginate
(CAS: 9005-38-3) was purchased from Sigma Aldrich. Calcium chloride (CAS: 10043-52-4)
was purchased from Sigma Aldrich. Chili pepper, in powder form, was purchased from a
local grocery. Cynodon dactylon seeds and soil were purchased from a local market.

2.2. Chili Pepper Extraction

Prior to produced rice milk beads, 10 g of chili pepper powder was solubilized in
150 mL of water/ethanol solution (50:50 v/v) for 24 h at 50 ◦C. Then, the mixture was
filtered through a vacuum pump using a Whatman filter n.1. The chili pepper extract (PE)
was dried at room temperature for 4 days.

2.3. Beads Preparation

Rice milk (10 g) and alginate (0.27 g) were mixed and stirred at 100 ◦C for 2 h. Chili
pepper extract was added to the solution at different concentrations (0%, 2.5%, 10%, 20%).
The solution was added dropwise to a 1.5% wt CaCl2 solution to obtain beads. In order to
achieve complete gelation, the beads were kept at 4 ◦C for 24 h. Next, they were recovered
from the CaCl2 solution and were washed with distilled water to fabricate the B-PE-x
(x = % wt of PE into the composite beads). Finally, the produced beads were air dried for
72 h. Pure rice milk/alginate beads were fabricated in the same way. Figure 1 reports a
schematization of the gelation process and, by way of example, the picture of B-PE-20%.
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Figure 1. Schematization of gelation process of B-PE.

2.4. Methods

SEM analysis was conducted to investigate the morphology of beads. Before the
analysis, samples were covered with a thin film of gold by sputtering. Images were
acquired by a Phenom ProX microscope, working in high-vacuum mode.

The diameter of the beads was evaluated by analyzing digital images. Twenty beads
were analyzed for each condition. The beads’ diameters were obtained from recorded
photographs and are expressed as the mean ± standard deviation.

The powder extract was solubilized in EtOH/H2O (1:1% v/v) at a final concentration
of 10 mg/mL and was subjected to a 0.45 µm membrane filter and directly injected into an
HPLC system (Varian Medical Systems, Inc., Agilent, Santa Clara, CA, USA), consisting of a
Varian 9012 binary solvent delivery unit, a Varian 9050 UV/Vis detector. HPLC analysis of
the C. annuum extract was conducted on Luna® 5 µm C18(2) 250 × 4.6 mm (100 Å), packed
with 5 µm core-shell particles column (Phenomenex, Bologna, Italy). The injection volume
was 20 µL, and the flow rate was 1.0 mL min−1.

Chromatograms were monitored at 280 nm at maximum absorbance of the compounds
of interest. The mobile phase consisted of H2O (A) and ACN (B), both acidified by formic
acid 0.1% v/v. The analysis was performed in gradient elution as follows: 0.01–3.00 min,
isocratic to 1% B; 3.01–21.00 min, 1–80% B; 21.01–25.00 min, isocratic to 80% B; and then
five minutes for column re-equilibration. UHPLC-HRMS/MS analysis was performed on
a Thermo Ultimate RS 3000 coupled online to a Q-Exactive hybrid quadrupole Orbitrap
mass spectrometer (Thermo Fisher Scientific, Bremen, Germany) equipped with a heated
electrospray ionization probe (HESI II). The separation was performed in reversed-phase
mode, with a Kinetex® EVO C18 (150 × 2.1 mm; 2.6 m, 100) (Phenomenex, Bologna, Italy).
The column temperature was set at 40 ◦C, and the flow rate was 0.3 mL/min. The mobile
phase was (A): H2O with 0.1% HCOOH (v/v) and (B): ACN with 0.1% HCOOH (v/v). The
following gradient was employed: 0.01–3.00 min, isocratic to 1% B; 3.01–21.00 min, 1–80%
B; 21.01–25.00 min, isocratic to 80% B; and then five minutes for column re-equilibration.
Three µL were injected. All additives and mobile phases were LCMS grade and purchased
from Merck (Milan, Italy).

The ESI was operated in positive (ESI+) and negative (ESI-) modes. The MS was
calibrated by Thermo Calmix Pierce™ calibration solutions in both polarities. Full MS
(150–1500 m/z) and data-dependent MS/MS were performed at a resolution of 35,000
and 17,500 FWHM respectively, normalized collision energy (NCE) values of 15, 20, and
25 were used. Source parameters: Sheath gas pressure, 50 arbitrary units; auxiliary gas
flow, 13 arbitrary units; spray voltage, +3.5 kV, −2.8 kV; capillary temperature, 310 ◦C;
auxiliary gas heater temperature, 300 ◦C. Data analysis and processing were performed
using Xcalibur software v. 3.0.63 (Xcalibur Thermo Fischer Scientific, Waltham, MA, USA).
The identification was based on standard retention time, accurate mass measurement,
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elemental composition assignment, and MS/MS spectrum interpretation (Figure S1). The
identification of capsaicin (m/z 306.2061), dihydrocapsaicin (m/z 308.2216), and apigenin-
C-pentosyl-C-hexoside (m/z 563.1400) was achieved by comparison of their fragmentation
pattern and the retention times previously reported in the literature [22].

Barrier properties to water vapor were evaluated using a DVS automated multi-
vapor gravimetric sorption analyzer, using dry nitrogen as a carrier gas. Samples were
exposed to increasing water vapor pressures obtaining different water activities aw = P/P0
(from aw = 0.1 to aw = 0.8), where P0 is the saturation water pressure at the experimental
temperature (30 ◦C). The adsorbed water mass was measured by a microbalance and
recorded as a function of time; the equilibrium value of sorbed vapor, Ceq (gsolvent/gdry basis)
was evaluated. In order to analyze the sorption isotherms, different models were adopted:
a polynomial model (Equation (1)), Langmuir isotherm [23] (Equation (2)), Freundlich
isotherm [24] (Equation (3)) and Temkin isotherm [25] (Equation (4)):

qe= A0 + A1 × aw + A2 × aw
2 + A3 × aw

3 + A4 × aw
4 (1)

qe =
qmKLce

1 + KLce
(2)

qe= KFce
1/n (3)

qe =
RT
b

ln(Ktce) (4)

where qe is the is the amount of the adsorbate at equilibrium (mg/g), Ai are constants of
the polynomial model to be determined, ce is the concentration of water (mg/L), qm is the
maximum adsorption capacity (mg/g), KL is the Langmuir constant related to the energy of
adsorption (L/mg), KF is Freundlich constants (mg/g) (L/mg)1/n, n is adsorption intensity,
Kt is the equilibrium binding constant (L/mg) corresponding to the maximum binding
energy, and the ratio RT/b is related to the heat of adsorption.

Swelling properties were determined according to the following procedures. Firstly,
10 mg of material were air-dried and weighed. Then, they were immersed in 15 mL of liquid
medium solution for different time intervals. Wet samples were wiped with filter paper to
remove excess liquid and weighed. The effect of salts on swelling behavior was evaluated
by immersing a determined number of beads in NaCl, CaCl2, and MgCl2 aqueous solutions
(0.15 mol/L). The swelling degree (SD) was calculated as (Equation (5)):

SD(%) =
Ww − Wdry

Wdry
× 100 (5)

where Ww and Wdry are the weights of the beads measured at a specific time point and the
initial weight of air-dried samples.

The release kinetics of capsaicin were performed by ultraviolet spectrometric mea-
surement using a Spectrometer UV-2401 PC Shimadzu (Japan). A total of 200 mg of
beads were placed into 10 mL of water and stirred at 100 rpm in an orbital shaker
(VDRL MOD. 711+ Asal S.r.l.). The release medium was withdrawn at fixed time intervals
before performing the UV-Vis analysis by analyzing the considered band at 281 nm. The
experimental data were fitted according to Baker and Lonsdale model (Equation (6)) [26].

3
2
×
{

1−
(

1− Mt

M∞

) 2
3
}
× Mt

M∞
= k

t
r2 (6)

where Mt is the amount of drug released at time t, M∞ is the amount of drug released at
infinite time, k is the Baker–Lonsdale release constant, and r is the radius bead, supposing
it to have a spherical shape [27]. Since the beads underwent swelling phenomena, the bead
radius is supposed to be time-dependent (r = r(t)).
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Weed growth tests were performed as described hereafter. Petri dishes (Ø = 13 mm)
were filled with commercial soil. Cynodon dactylon seeds were spread on the soil with
a fixed ratio weight/surface (12 g/m2). The rice milk-based beads were distributed on
the soil (7.5 mg/mm2). The Petri dishes were placed in an uncovered gazebo at ambient
conditions (25 ± 5 ◦C and HR = 55 ± 3%). The soil was kept moist by sprinkling a certain
amount of water (15 mL) three times a day. The test was conducted for 12 days.

2.5. Statistical Analysis

The statistical significance of the obtained data was assessed by performing a one-way
ANOVA test. Tukey’s post-hoc method was conducted for assessing significant differences
between means (p < 0.05). The statistical comparisons were obtained by means of the
Statistix 8.1 software (Analytical Software, Miller Landing Rd, Tallahassee, FL, USA).

3. Results
3.1. Chili Pepper Extract Composition

Capsacinoids are a complex mixture of several organic compounds. Prior to perform-
ing UV-Vis analysis, the PE composition was determined by conducting a UHPLC-MS
analysis for the identification of the main compounds [28]. The spectrum is reported
in Figure 2.
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Figure 2. UHPLC-UV-Vis (λ = 280 nm) chromatographic profile of the extract (Peak 1: Capsaicin
standard; Peak 2: Dihydrocapsaicin standard).

Table 1 reports the chemical formulas of the identified compounds.

Table 1. Chemical formulas and tentative identification of compounds.

Compound Name tR (min) [M − H]+

(m/z)
[M − H]−

(m/z) MS2 (m/z)
Chemical
Formula Error (ppm)

Apigenin C-pentosyl-C-hexoside 10.97 - 563.1400 443.10
269.05 C26H27O14 0.10

Capsaicin 15.92 306.2061 - 182.1540
132.0596 C18H27O3N −1.63

Dihydrocapsaicin 16.73 308.2216 - 184.1697
137.0596 C18H29O3N −1.99

tR = retention time of LC-MS/MS spectra (Figure S2).
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MS/MS spectra are reported as Figure S1 while TICs of chili pepper extract obtained
by LC-MS analysis are reported in Figure S2.

3.2. Morphological Analysis of Beads

Figure 3 reports SEM micrographs of rice milk-based beads. From the SEM micro-
graphs, it is evident the formation of a surface texture that is rough and uneven.
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Figure 3. SEM micrographs of B-PE beads (a) B-PE-0, (b) B-PE-2.5; (c) B-PE-10 and (d) B-PE-20.

However, the surface morphology did not seem to change after the introduction of
PE. The high-resolution images of the beads surface revealed that the sample is very rough
with plenty of wrinkles and folds, a characteristic that could favor the diffusion of the
encapsulated herbicide. EDX spectra of B-PE-20% (Figure 4) demonstrated the presence of
capsaicinoids on the beads since the presence of nitrogen. Conversely, calcium and sodium
can be associated with CaCl2 and sodium alginate residues. The elemental mappings
confirm that these elements are homogeneously distributed onto the surface.
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3.3. Swelling Degree Analysis

Figure 5 reports the normalized beads diameter (D(t)/D(t = 0)) for rice milk-based beads.
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Figure 5 highlights the exponential increase in the beads’ diameter over time. Com-
pared to a neat rice milk bead, the presence of PE seems to favor the water adsorption and
so the swelling of beads determines an increase in volume. No statistical difference was
observed for B-PE-2.5% and B-PE-10% while a significant increase in mean diameter was
observed for B-PE-20%, probably due to the hydrophilic nature of chili powder. The change
of normalized diameter was modeled through Equation (7):

D
D0

= a + b × exp (− t
c
) (7)

where D0 is the diameter at t = 0, a and b are constant to be determined; c is a time constant
(h). As time approaches zero, the normalized diameter should be equal to 1 while as t
tends to high values, D/D0 approaches a maximum value of diameter (Dm). By modifying
Equation (7), Equation (8) can be derived:

D
D0

=
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c
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Table 2 reports the values extrapolated from the fitting process.

Table 2. Parameters of Equations (7) and (8).

Sample a = Dm/D0 b c (h) R2

B-PE-0% 1.45 ± 0.016 c −0.48 ± 0.02 a 0.66 ± 0.02 a 0.989
B-PE-2.5% 1.61 ± 0.013 b −0.63 ± 0.03 b 0.57 ± 0.04 b 0.992
B-PE-10% 1.59 ± 0.015 b −0.61 ± 0.03 b 0.58 ± 0.03 b 0.988
B-PE-20% 1.68 ± 0.022 a −0.70 ± 0.03 c 0.49 ± 0.03 c 0.989

For each composite, different superscript letters in the same column indicate that the mean values are significantly
different (p ≤ 0.05).

After 24 h, the maximum diameter increases up to 1.45 × D0, 1.61 × D0, 1.59 × D0,
and 1.68 × D0 for samples loaded with 0, 2.5, 10, and 20%, respectively. As Table 2 shows,
there are no noticeable differences between samples loaded with 2.5 and 10% of PE, while a
significant increase in bead diameter was observed for B-PE-20%. This was justified by the
fact that the high hydrophilicity of PE could improve water adsorption since the exposure
of a high number of polar sites. To better understand the effect of PE on an increase in
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volume, a swelling test was conducted. Pictures of swelled beads, as a function of time,
and swelling data were reported in Figure 6.
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Figure 6. Pictures of swelled B-PE (left) and swelling degrees (%) of beads as a function of time at
different PE content (right).

For short times, the rate of water uptake sharply increases and then levels off. The
presence of hydrostatic repulsion between macromolecules is due to water molecules,
which occupy a certain volume and led to an expansion of the structure [29]. Since that,
it follows an increase of SD as PE content increases. The trends of SDs are perfectly in
agreement with mean diameters variations, as previously reported, highlighting an evident
difference between unloaded beads and PE-loaded rice milk-based beads. Figure 7 reports
the swelling degrees of beads in presence of salt aqueous solutions.

As shown in Figure 7, the prepared beads adsorbed, except from NaCl solution, fewer
amounts of water from saline solutions compared to distilled water. This is supposed to be
caused by ionic hydrogels related to the screening effect of the metal cations. The presence
of metal cations in the bulk media led to a decrease in the osmotic pressure difference
between the hydrogel network and the external solution, so a lower amount of water was
absorbed. In addition, the swelling capacity decreased with an increase in the charge of
the cations (Mg2+ and Ca2+ possess a higher charge than monovalent cations like Na+)
since, as known, the porosity of hydrogels decreases as ionic strength increases since they
are considered polyelectrolytes. In addition, Mg2+ and Ca2+ can chelate COO− groups,
leading to a compact network; conversely, the smaller the radius of atoms of some valent
monoatomic cations, the more the water absorption capacity Na+ > Ca2+ > Mg2+ [30].
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3.4. Barrier Properties Evaluation

Figure 8 shows the sorption data of rice milk beads composites, reporting the equilib-
rium moisture content qe (on a dry basis) as a function of the water concentration Ceq (g/L).
The investigation of sorption properties is fundamental to understand the behavior of the
produced delivery beads for outdoor exposures such as agricultural ones. The evaluation
of barrier properties is crucial to the ability of the obtained composites to absorb and retain
a determined amount of water.
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The sorption data show that for B-PE-2.5% a reduction of water content, especially at
high activities, was observed probably due to the formation of an interconnected network
between the polysaccharides of rice milk and the capsaicinoids functional groups. The
improvement in sorption reduction is needed to avoid the probability of clustering occur-
ring or the alteration of composite properties due to the formation of cracks induced by
swelling and shrinkage phenomena. As PE content increases, an improvement in adsorbed
water content was observed since the hydrophilic nature of the natural extract. So, a higher
amount of water was absorbed by the bio-based beads. Sorption data have been fitted
through four different models reported in the Section 2. The extrapolated parameters from
Equations (1)–(4) are reported in Table 3. Plots representing sorption data fitted with the
chosen isotherm models are reported in Supporting Information (Figure S3).

As proved by data reported in Table 3, Temkin and Freundlich models are not suitable
since the coefficient of determination (R2) is quite low. Langmuir model appeared to be not
appropriate since the negative values of qm, which is not acceptable. So, the polynomial
model, despite the fact that its parameters do not have a precise physical meaning, is
perfectly able to fit the sorption data. The sorption parameters can be evaluated considering
Henry’s law of solubility (Equation (9)):

S =
dqe
dP

(9)

The evaluation of the tangent to the fitting polynomial model for low equilibrium
concentrations allowed to easily calculate the sorption parameter (Table 4).



Crystals 2022, 12, 1048 10 of 14

Table 3. Parameters obtained by fitting experimental sorption data with the proposed models.

B-PE-0% B-PE-2.5% B-PE-10% B-PE-20%

Polynomial model

A0 0 0 0 0
A1 21.5 29.9 7.32 37.63
A2 −101.7 347.2 86.8 −221.66
A3 41.4 1053.1 −596.7 352.3
A4 303.2 1002.3 910.6 155.2
R2 0.998 0.995 0.998 0.999

Langmuir model

qm (mg/g) −2.85 −2.27 −4.16 −6.25
KL (L/mg) −875 −733.3 −750 −761.9

R2 0.954 0.931 0.715 0.922

Freundlich model

KF (L/mg) 0.01 0.01 0.02 0.03
n 0.42 0.38 0.43 0.42

R2 0.851 0.832 0.821 0.781

Temkin model

RT/b (mg/g) 78.7 49.5 97.5 110.8
Kt (L/mg) 0.17 0.17 0.17 0.18

R2 0.474 0.385 0.426 0.517

Table 4. Sorption coefficients were obtained from the polynomial model.

Sample Sorption (g/g d.b.×/atm)

B-PE-0% 0.72 ± 0.02 b

B-PE-2.5% 0.55 ± 0.01 a

B-PE-10% 1.17 ± 0.09 c

B-PE-20% 1.26 ± 0.04 c

For each composite, different superscript letters in the same column indicate that the mean values are significantly
different (p ≤ 0.05).

Proper interactions are supposed to occur between the sugars-based matrix and PE
functional groups. Reduced water sorption of rice milk beads-2.5% can be a consequence
of enhanced interaction of polysaccharides chains and OH groups that are less available for
the interactions with water vapor.

3.5. Release Kinetic Evaluation

To test the capability of rice milk-based beads to be used as controlled release systems,
we followed the release of the major component in the PE which could be detected by
UV-Vis spectrophotometer, which is the capsaicin. Its release from polymeric composites
was followed over time. The release of the encapsulated functional molecule is due to the
entry of water molecules toward the bulk and thereby the counter diffusion movement
of molecules to the external surface followed by its complete release. Figure 9 reports the
release data of PE.
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The mechanism of drug releases is known to be due to many parameters (physical prop-
erties, drug-to-polymer ratio, geometric shape of matrix, and swelling phenomena) [31].
Figure 9 shows that the release rate of capsaicin is dependent on the loaded amount. The
initial burst release is supposed to be related to the free functional compound. Moreover,
the penetrating water molecules could generate phenomena such as relaxation of polymer
chains and hydration [32]. The adsorbed water molecules could then enhance the internal
pressure allowing the herbicide to be released and promoting the burst release effect. More-
over, it is worth noting that the burst is reduced as the PE amount increases, as consequence
of the higher stability of the polymeric bead network which likely is able to form hydrogen
bonds with PE. Then, a slower and more controlled release was detected [33]. As shown
in Figure 9, after 10 days more than 80% of PE is released. Moreover, 41% and 36% of PE
are released after 10 days for B-PE-10% and B-PE-20%, respectively. At a low PE amount,
the SD is reduced, as previously reported. As the PE amount increases, the B-PE structure
is more stable, and the beads are able to better adsorb water molecules determining an
increase in SD. The adsorption of a high amount of water and the increasing of gel volume
could act as a barrier for the counter diffusion of capsaicin; it could slow down the release
rate justifying the lower amount of capsaicin released. Probably, water molecules act as a
physical barrier, which improves the mass transfer resistance by increasing the tortuosity of
the system. By applying a modified Baker and Lonsdale model, substituting Equation (7)
into Equation (6), it was possible to derive Equation (10):

3
2
×
{

1 −
(

1 − Mt

M∞

) 2
3
}
× Mt

M∞
= 4 × k

t[
D0 × (a + b × exp

(
− t

c
)
)
]2 (10)

The fitting process of release kinetic curves allowed to obtain the k parameter which is
reported in Table 5:

Table 5. k parameters obtained from fitting of experimental data applying Equation (10).

Sample k (mm2 × h−1)

B-PE-2.5% 0.0053 ± 0.0008 a

B-PE-10% 0.0031 ± 0.0006 b

B-PE-20% 0.0022 ± 0.0009 b

For each composite, different superscript letters in the same column indicate that the mean values are significantly
different (p ≤ 0.05).
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The fitting of experimental release data by applying Equation (10) allows us to evaluate
the release constants (k) to support the previous reported statements. The k diffusion
constant underwent a decrease as PE content increased, which could be attributed to the
different swelling behavior of fabricated beads. Since the k constant could be considered
directly proportional to the diffusion coefficient, its reduction increases may be related to the
increase in mass transfer resistance, allowing to tune the release profile of an encapsulated
herbicide without spreading it in a short time. Finally, it could be claimed that a novel
agricultural compound delivery system, completely based on renewable resources, has
been designed to achieve controlled release. It is worthwhile claiming that the release
system, made of aqueous rice milk-PE material solution, is completely sustainable; no other
similar systems have been reported.

3.6. In Vivo Tests: Effect of PE Loaded Beads against Cynodon dactylon Growth

Figure 10 shows the in vivo tests performed as previously described. Each Petri dish con-
tains a determined amount of seeds and beads, dispersed on the soil and watered periodically.
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Figure 10. (a) Weeds growth over time; (b) effect of B-PE-0%; and (c) B-PE-20% on weeds growth
after 12 days.

Figure 10 highlights that seeds were germinated and grown in absence of capsaicinoids;
while in presence of an increasing concentration of chili pepper extract, the growth of
weeds is noticeably reduced and slowed down. The length of weeds in presence of neat
soil roughly reached 12 cm while the length is clearly shorter as the PE content increases.

There was no significant difference in growth rate of weed seeds in presence of B-PE-
2.5% and BPE-10% while a quasi-total blocking of weed growth was observed for weeds in
contact with BPE-20% (Figure 10c). As shown, the weeds in contact with herbicide delivery
sustained beads were strongly arrested proving that the sustained-release system had an
effective herbicidal ability, whereas the weeding time would be prolonged due to the slow
release of PE for highly loaded beads. The results suggest that the PE had positive response
with respect to the blocking or slowing down of weeds proliferation.

4. Conclusions

In this study, composites based on rice milk, using alginate as a forming agent, were
produced through gelation in CaCl2 solution. Chili pepper extract was extracted from chili
peppers through a water/EtOH solution and used as a potential green herbicide. SEM
micrographs evidence the roughness and the presence of pores and cracks on the beads
surface. Barrier properties resulted dependent on PE concentration which hydrophilicity
noticeably increased the adsorbed water content. Swelling phenomena were studied over
time (up to 24 h) and demonstrated a different behavior of beads varying the PE content



Crystals 2022, 12, 1048 13 of 14

and the ionic strength. The release kinetics of capsaicin appeared to be dependent on
PE content. In particular, after an initial burst, the release seems to be slowed down
as PE content increases, probably due to the formation of an interconnected network
stabilized by hydrogen bonds, which makes a physical hindrance for the counter diffusion
of capsaicin. Finally, in vivo tests were conducted using Cynodon dactylon as studied weed.
The results showed a noticeable slowing down of weed growth when the soil was covered
with B-PE-2.5% and a quasi-complete inhibition of weed growth after 12 days when the
soil was covered with B-PE-20%. The results demonstrated the possibility of tailoring
the release of a loaded compound by designing natural polymeric devices through an
environmentally friendly methodology. A phytotoxicity test will be conducted to further
support the performances of the produced systems.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/cryst12081048/s1. Figure S1: MS/MS spectra of investigated
compounds extracted by chili pepper; Figure S2: TICs of chili pepper extract obtained by LC-MS
analysis (ESI- on the top and ESI+ on the bottom); Figure S3: Sorption data fitted by isotherm models:
(a) polynomial; (b) Langmuir; (c) Freundlich and (d) Temkin.
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