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Environmental significance

Efficiency of lignin nanocapsules for delivering
neem oil and capsaicin against pest insects:
insights into the system Eruca sativa - Plutella
xylostellat

Sara Falsini, @*2 Tommaso Nieri,? Alessio Papini,® Maria Cristina Salvatici,”
Ali Abou-Hassan, © <9 Cristina Gonnelli ©2 and Sandra Ristori & *¢

In this paper, we report on the design, production and in depth characterization of nanoformulations based
on kraft lignin for delivering neem oil and capsaicin as insect repellents. The procedure followed was aimed
at establishing a protocol for scalable preparations, which can also ensure that the obtained dispersions are
stable in water media, from where they can be administered by safe and easy routes (e.g. foliar spray).
Lignin was initially dispersed in alkaline solution to obtain a concentration of 5% w/w. After oil addition in
comparable proportion (4.5% v/v), the resulting dispersed aggregates were downsized by sonication. To
increase the insect repellency effect, capsaicin was added to half of the samples by dissolution in the oil
phase. Extensive structural characterization by DLS, electron microscopy and SAXS showed that all
formulations contained well-defined particles with moderate polydispersity and globular shape, which
tended to be more elongated in the case of lower starting pH and consequent lower surface charge of the
particles. In all the samples, negative zeta potential values were measured, thus ensuring good stability by
electrostatic repulsion. These findings represent a favourable premise for applications, since one possible
drawback in the production of dispersed systems from natural sources is the ill-defined nature of the
ensuing formulation, often showing thread-like interconnected structures coexisting with a small fraction
of discrete objects, which can impart poor stability. The potentiality of the present formulations as insect
repellents was tested on Eruca sativa plantlets against larvae of Plutella xylostella with encouraging results.

In the last 50-60 years, pesticides have caused heavy pollution. Nanotechnology based on natural agents can help environmental preservation. For this
purpose, micro and nano-carriers for bioactive principles have attracted attention. In particular, lignin formulations appear to be an appropriate choice,

due to low cost and biocompatibility. We prepared lignin nanoassemblies to encapsulate plant secondary metabolites (neem oil and capsaicin), which

suffer from low stability. Our protocol yielded globular aggregates, thus maximizing the surface available for targeted release. Extensive characterization
gave a comprehensive picture of the structure and surface charge. A preliminary application was carried out against Plutella xylostella which shows

resistance to standard pesticides. This work represents a case study of how nanocarriers from natural sources may ensure sustainable plant protection.
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Introduction

Over the past 50-60 years, pesticides have enabled feeding
the worldwide population at levels that prevented millions
of people from starving every year. However, the growing
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production and distribution of foodstuffs have led to the
excessive use of synthetic pesticides, causing major
pollution of the ecosystem. In this context, crop protection
by natural agents is becoming important to achieve far
reaching aims such as the Sustainable Development Goal 2
(or the end of hunger) issued by the Agenda 2030 of the
United Nations."

This journal is © The Royal Society of Chemistry 2025
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Lately, many agricultural protocols have been modified in
order to employ eco-friendly and innovative strategies such
as sustainable nanotechnology. A sector where the principles
of nanoscience can find a major role is the design of vectors
for delivering natural compounds, such as hormones,
pesticides, and fertilizers.”™ In fact, it has been shown that
nanodelivery is able to increase the bioavailability of active
principles by favouring the penetration into plant tissues.
This also allows employing minimal effective doses® and
reducing the amount of organic solvents that are sometimes
used for the administration of poorly water-soluble
molecules.® Natural bioactive compounds are more eco-
friendly than synthetic molecules, since they are generally
less toxic for humans.” Indeed, a fraction of pesticides
sprayed aerially fail to reach the target, leading to hazards for
non-target organisms and workers.®

Among possible vectors for bioactive compounds, large
scale applications and polymeric micro and nano-aggregates
have gained attention and, in particular, lignin-based
nanoformulations appear an appropriate choice, due to their
low cost and good biocompatibility.” "

Fisher et al.™® have loaded lignin nanocarriers with the
fungicide pyraclostrobin to treat infected plants. Following a
different approach, Peil et al.'* have proposed the masking of
antagonistic fungi, such as Trichoderma reesei, by using lignin
nanocapsules against grapevine diseases. In a previous work,
we used lignin nanocapsules for delivering gibberellic acid,
to Eruca sativa and Solanum lycopersicum seeds'® to promote
germination, showing that by this route the hormone
molecules were able to enter the seedling tissues. We have
also prepared lignin-tannin mixed nanovectors to enhance
the potentiality = of  natural pesticides against
Phaeoacremonium minimum."® Lignin-based nanoparticles can
be filled with hydrophobic compounds (oils) to be used in
the administration of water insoluble bioactive compounds
in a finely dispersed form."”'® Furthermore, encapsulation of
oils into vectors can hinder the release of the cargo in the
environment. Here, the main focus is the in-depth physico-
chemical and morphological characterization of model
formulations to be applied in agriculture." Obtaining
insights into the process of nanoparticle formation and
stabilization helps to rationalize the synthesis and to find
standardized protocols for obtaining tuneable carrier
systems. This also helps to overcome problems that can be
encountered when natural mixtures are used, ie. the risk that
heterogeneities in the composition are reflected into marked
structural polydispersity. This is usually responsible for the
occurrence of some very large particles (or even worm-like
assemblies), with a consequent smaller surface/volume ratio
and with the possibility that particle entanglement leads to
loss of stability. The aim of this work was therefore to
elucidate the properties of lignin nanocapsules containing
neem oil and capsaicin as natural repellents.>® Although their
costs are relatively high, in comparison to chemical
pesticides, the use of lignin nanocarriers could reduce the
amount of needed neem oil and capsaicin, as observed with
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chemical pesticides.”® Hence, this method could provide a
less expensive alternative, especially if applications concern
large scale systems, in which the cost of plant-derived
pesticides is one of the possible limits to their use.**

Neem extracts are easily degraded and leached to soils
after administration with conventional methods.?*** So, their
absorption by plants can be more efficient if these
disadvantages are reduced through encapsulation into the
protective shell of a polymeric inert material. In particular,
we were able to obtain solutions of globular aggregates rather
than wires of lignin filled with oil, which allows us to
maximize the surface available for targeted release. Moreover,
since prolonged shelf life can be assured by electrostatic
repulsion among nanoparticles, we brought lignin to its
deprotonated state by carrying out the initial solubilization
step at basic pH.®***> As the target plant with widespread
use and commercial interest, we selected Eruca sativa L.
(Brassicaceae). Preliminary results on the efficacy of these
formulations as repellent agents were obtained against
Plutella xylostella L. (Lepidoptera: Plutellidae), an insect
commonly known as “cabbage moth”, since its larvae feed on
vegetative tissues of crops from the Brassicaceae family.>*>”
Our results show that novel carrier systems have good
potential to address the problem of insecticide resistance by
this plant pest while also suggesting wider application.

Experimental
Materials

Kraft lignin (alkali lignin, low sulphur, CAS number 8068-05-1)
and acetone were purchased from Sigma-Aldrich and stored at
room temperature (25 °C). KOH was provided by Sigma-Aldrich.
Milli-Q filtered water was obtained from a Millipore system (20
MQ cm at 25 °C). Capsaicin was provided by Sigma-Aldrich
and the stock powder was stored at +4 °C. Neem oil was
provided by Bio A.L.T. srl (Milan, Italy). Eruca sativa Mill.
(Brassicaceae) seeds were provided by Blumen Group S.p.A.
(Milan, Italy). The topsoil was purchased from COMPO Italia
Srl (Ravenna, Italy).

Preparation of lignin nanocapsules

Capsaicin was dissolved in acetone at a concentration of 0.15
mg mL™" and mixed with neem oil, at a 1:1 (v/v) ratio. 300
pL of this oil/acetone solution was added, dropwise and
under magnetic stirring, to 3 mL of aqueous lignin. Then,
high power sonication was applied to emulsify the oil phase
in the lignin solution and to facilitate capsaicin uptake in the
nanocapsules. For this purpose, a Sonopuls Bandelin was
used at 95% of power, for 180 s (1 s pulse on and 0.5 s pulse
off). The samples were dispersed finally in water. The final
concentrations of capsaicin and neem oil were 5.3-6.8 x 10~
mg mL ™" and 4.5 %v/v, respectively.

For the sake of clarity, the samples investigated in this
study are listed in Table 1, where the composition and
starting/final pH values are likely indicated. The final pH of

the nanoformulations was determined by neem oil
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Table 1 Sample name and composition, pH solution for dissolving the 5% lignin, and final pH of the formulations

Sample name Composition

PH of the starting KOH solution pH of the final formulation

N13 Lignin NCs and neem oil

NC13 Lignin NCs and neem oil + capsaicin
N11 Lignin NCs and neem oil

NC11 Lignin NCs neem oil + capsaicin +

encapsulation. Neem oil and capsaicin alone were also tested
as water dispersions, and the results obtained with these
heterogeneous formulations (macro-emulsions) are reported
in ESIT 1 and 2.

The quantification of loaded capsaicin was determined
using a UV/Vis spectrophotometer after NC disruption with
CH,Cl,, followed by solvent evaporation and redissolution in
ethanol (Fig. S1 and S2t). The absorption was measured at
288 nm and gave loading rates in water solution of 72% and
88% in NC11 and NC13, respectively.

Dynamic light scattering (DLS) and zeta potential (ZP)

DLS experiments were performed on a Zetasizer PRO Red
Label (Malvern Panalytical Co., Ltd., Malvern, UK), equipped
with an He-Ne 633 nm, 4 mW laser and backscattering optics
at a 173° detection angle. Each measurement was averaged
over 11 runs and taken in duplicate. Samples were diluted at
1:200 with MilliQ water to adjust optical density.

Zeta potential measurements were performed with a
Zetasizer PRO Red Label (Malvern Panalytical Co., Ltd.,
Malvern, UK). Samples were diluted at 1:100 with MilliQ
water. Each reported ZP value was averaged over 3 runs
recorded at 2 minute intervals from one another.

Electron microscopy

SEM observations were performed using a Gaia 3 (Tescan s.r.
o, Brno, Czech Republic) FIB-SEM (focused ion beam-
scanning electron microscope). The electron beam used for
SEM imaging had a voltage of 10 kV and operated in high
vacuum and with a secondary electron detector at the CEME
- Centro di Microscopie Elettroniche “Laura Bonzi”, CNR
Research Area (Florence, Italy).

Samples were deposited on a stub, dried, and then coated
with an ultrathin coating of gold to enhance the contrast
thanks to the presence of an electrically conductive material.

For TEM observations, the different aqueous suspensions
of capsules were diluted in Milli Q water to obtain the final
faint suspension. A drop (10 pL) of each solution was
deposited on carbon coated grids, left to dry and imaged by
transmission electron microscopy using a JEOL-1011
microscope at 100 kV.

Small angle X-ray scattering (SAXS) experiments

SAXS experiments were performed at the high brilliance SAXS
beamline ID02 of the European Synchrotron Radiation
Facility (ESRF), Grenoble, France. The wavelength of the
incident photons was 1 = 1 A. The range of scattering vector q

1924 | Environ. Sci: Nano, 2025, 12, 1922-1929

13.5 11.0
13.5 10.5
11.5 7.9
11.5 6.4

was 0.2-0.63 x 10* A ', with a sample-detector distance
ranging from 1 m to 30 m.
q is defined:

where 6 is the scattering angle and 1 is the X-ray wavelength
(= 0.1 nm).

Samples were diluted at 1:10 in Milli Q water and they
were placed in quartz capillaries of 1.5 mm diameter. The
temperature was 24 °C.

The SAXS intensities of the NCs were fitted using SAS
view.

Evaluation of antifeedant activity

Eruca sativa Mill. plants were seeded in pots (diameter 6 cm).
After 50 days from the germination with the development of
the first true leaves, the plants were sprayed with the
formulation of 1:10 diluted in a final volume of 2 mL (Fig.
S31). 18 plantlets were left under control conditions and each
of the other 18 seedlings was exposed to 10 larvae of Plutella
xylostella placed on the pot soil.

The control plants were treated with deionized water
under the same conditions. The experiments were conducted
in triplicate at 25 °C. A digital camera, placed at a distance of
15 cm from the pots, was used to take pictures of the three
replicates of each treatment at different time steps
immediately before the spray administration (time = 0) and
after 24 h, 72 h, and 7 days after the treatment (time = 1, 3,
and 7). The areas (cm?) of the aerial parts including leaves
and stems were measured with Image] v.1.54 software.®

Results

Lignin is sparely soluble in water media at low and
intermediate pH values, but can be dissolved in alkaline
solutions,?*?° and thus as beforehand characterization, we
carried out the acid-base titration of the kraft lignin
specimen used in this work. We found that despite the
occurrence of more than one type of deprotonable group,
such as phenolic hydroxyls, aliphatic hydroxyls and benzyl
alcohols in its molecular structure, the titration curve showed
only a single equivalence point, as indicated by the sharp pH
inflection in Fig. S4. Following this result and to investigate
the effect of deprotonation on the formation of
nanoparticles, we dissolve lignin in alkali (KOH) solution at
two different pHs, namely 11.5, i.e. just before the onset of

This journal is © The Royal Society of Chemistry 2025
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the plateau, and 13.5, i.e. at the plateau level. In both cases,
the lignin concentration was set at 5% w/v.

Structural characterization and surface charge

DLS showed that the particles present in lignin-neem
formulations were definitely submicron in size, having a
Z-average diameter of 280-360 nm in intensity, with slightly
lower values measured in capsaicin-loaded samples (Fig. 1).
This evidence, joint with a high polydispersity index (PDI
0.4-0.6), indicated that the size distribution was broad and
that, possibly, the equivalent sphere model applied by DLS
cumulant analysis could only give an
representation of the particle structure.

A more detailed investigation was performed by filtering
the samples through 0.45 pm pore diameter polycarbonate
membranes. The DLS data obtained after filtration are shown
in Fig. 2A and B. Indeed, in all the samples, objects with
different size distribution could be evidenced. Subsequent
ultracentrifugation (15’ three cycles at 16100g) confirmed
that a fraction of objects, with a diameter less than 100 nm,
was present in solution (Fig. 2C and D). These particles could
be due to free fragments of lignin, whose % in mass was
slightly larger than neem oil.

The precise morphological properties of the NCs were
investigated by Electron Microscopy (SEM and TEM), showing
that both spherical and elongated aggregates were present in
samples prepared at starting pH 11.5, while only globular
particles (with varying sizes) were observed in samples
prepared at starting pH 13.5. Typical SEM and TEM
micrographs for these two series of samples are reported in
Fig. 3. Overall, the morphology of the particles in plain and
loaded samples appeared similar.

All nanoformulations showed remarkable shelf stability at
20 °C and this was ascribed to their negatively charged
surface, as measured by zeta potential (Fig. 4). In particular,
NCs prepared at starting pH 11.5 did not show any visible
coalescence/precipitation for at least 2-3 weeks, while NCs
prepared at pH 13.5 were stable for more than 1 month, in
agreement with zeta values of these two-sample series. The
variation in surface charge induced by the starting pH

approximate

500

nm

- 400

300

200

100

Average diameter.

T T
N13 NC13 N11 NC11

Fig. 1 Average NC diameters obtained by DLS measurements.
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Fig. 2 DLS intensity profiles of lignin NCs prepared at starting pH 13.5
(left panel) and 11.5 (right panel) after filtration with 0.45 pm
polycarbonate membranes (A and B) and ultracentrifugation at 14000
rpm (three cycles for 15') (C and D).

confirmed the significance of the chosen pH levels from the
titration curve.

SAXS analysis

Fig. 5 shows the experimental and fitted SAXS data for N13
(Fig. 5A) and N11 (Fig. 5B). The intensity profiles decayed
with large shoulders and no clear peaks, indicating that
slightly different contributions superimposed to give the
overall signal. Capsaicin loading did not alter the main
features of the SAXS profiles. The SAXS curves of NC11 were
simulated by considering core-shell cylinders and core-shell
spheres, whereas only spherical aggregates were taken into

®ium .

Fig. 3 SEM (A and B) and TEM (C and D) representative micrographs
of N13 (A and C) and N11 (B and D) samples.
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Fig. 5 Representative SAXS intensity profiles of N13 (A) and N11 (B).
Blue circles: Experimental data; continuous red lines: best-fitting
obtained with the contributions shown in Fig. S5;1 dashed red line: g™
decay due to large (=1 um) scattering objects.

account for samples prepared at starting pH 13.5. The
contribution of elongated objects used for fitting the SAXS
diagrams of the systems prepared at starting pH 11.5 was
consistent with the microscopy data. In all cases, a ¢_* trend
was found at low g values and was interpreted as the Porod
“tail> of large scattering objects (about 1 micron). This
contribution was probably not influential in numerical terms,
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but it was visible due to its huge scattering intensity. The best
fit curves in Fig. 5 were intentionally not smoothed with
more polydispersity to evidence the capturing of different
bumps in the experimental profiles.

Evaluation of antifeedant activity on Eruca sativa

The average daily increase in shoot growth was affected by

the treatment at different intervals, after spray
A
Control
8_
- = water
3 6] (= NN
HES = N13
S 2 = NCi1
c
© = NC13
e 04
=
S -2
-
-4 I I I
24h 72h 168h
Time
B
Treated
8-
~ = water
s = N1
E 4- = N13
£ o = NC11
r m NC13
£ 0
<
S -2
-
-4 I I I
24h 72h 168h
Time, hours

Fig. 6 Leaf area increment (cm?) without any disturbance (A) and in
the presence of parasites (B). Capital letters indicate significant
differences (one-way ANOVA, at least p < 0.05) among the mean
values of the control without any disturbance and samples treated
with parasites within each sampling time (24 h, 72 h, and 168 h after
spray administration). Lower case letters indicate significant
differences (one-way ANOVA, at least p < 0.05) among the mean
values of the leaf area increment obtained in water and after
nanoformulation exposure within each sampling time (24 h, 72 h and
168 h after spray administration). (C) Example of the control plant and
(D) example of the plant treated with NC11.

This journal is © The Royal Society of Chemistry 2025
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administration in control samples (Fig. 6A) and in the
presence of Plutella xylostella larvae (Fig. 6B).

In particular, in the control samples after 24 h from the
initial treatment, NC11 and NC13 exposed plants developed
an increment in the leaf area similar to the treatment with
simple water. A lower increase in growth was induced by the
nanoformulations with only neem oil and without capsaicin.
After 72 h, NC11 exposure started to affect negatively the
plant growth as well as the N11 and N13 samples. A different
trend was obtained with NC13 treatment. In this case, the
increase in leaf area (4.8 cm® + 1.4) was similar to the control
(4.9 cm® + 0.9). The administration of NC11, N13 and N11
promoted an increase in the leaf area of 3.8 cm?® + 0.2, 2.4
em”® + 0.5 and 1.5 ecm® + 0.6, respectively. Neem oil and
capsaicin alone were also tested as water dispersions, but the
corresponding data are not reported here. In fact, applying
these macro- (and heterogenous) emulsions failed to give
reproducible results, since the sprayed solution could not be
evenly distributed on the plant leaves.

In the presence of insects, after 24 h, N13 exposed plants
showed an increase in the aerial part similar to the water
(Fig. 6C), whereas the leaf area increment was smaller for the
other treatments. After 48 h, the behaviour was similar to
that after 24 h except for the plant treated with NC13 where a
lower increment was observed. After 168 h, N13 and NC11
(Fig. 6D) represented the two treatments with the highest
increment in the leaf area, considering that the shoots
exposed to simple water and NC13 were completely eaten by
P. xylostella larvae.

Discussion

The characterization results reported in the previous section
show that lignin nanocapsules were successfully obtained in
aqueous media. These formulations can be applied by
spraying on plant leaves, which is a simple and convenient
administration route for medium and large-scale
applications. Neem oil was loaded in the hydrophobic core at
the final concentration of 4.5% v/v.*! Capsaicin was also
encapsulated with rates in the range of 70-90% reaching a
final concentration in the range of 5.3-6.8 x 10 mg mL .
These values are not attainable without an appropriate
carrier, indicating that the present systems represent a viable
route for treating pests with natural (but poorly bioavailable
alone) oils and polyphenols.

From DLS measurements, the nanoaggregates showed
dimensions in the range of 300-400 nm, which are suitable
for delivery purposes.®>** The measured PDIs were relatively
high with values between 0.4 and 0.6, suggesting the
polydispersity of nanoparticles with the presence of more
than one population in solution. Indeed, filtration revealed
lignin systems with a size of 100 nm or less, while from
electron microscopy and SAXS diagrams, larger particles were
also evidenced. This confirmed that a plurality of aggregates
was present in all NC formulations. Such interpretation was
in agreement with previous studies where lignin

This journal is © The Royal Society of Chemistry 2025
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nanoparticles similar conditions were
described.>**

In this work, in-depth physicochemical characterization
allowed us to rationalize the behaviour of nanoformulations
prepared at different starting pH values of the alkali
solutions in which lignin was solubilized. First of all, it was
evidenced that the starting pH had an effect on the surface
charge, though the measured ZP values remained negative in
all cases. In general, negative ZPs are advantageous for
nanocarriers since this property is associated to stable
solutions and minimal effects toward the target organisms.>°
Moreover, differences in morphology were evidenced between
NC11 in and NC13 by electron microscopy in agreement with
the structural data obtained from SAXS profiles. In particular,
NC11 showed the presence of both cylindrical and spherical
objects, whereas only spherical aggregates were observed for
samples prepared at starting pH 13.5. We can thus speculate
that a lower surface charge density promotes the elongation
of the particles and that the corresponding, slightly larger
interface is responsible of more efficient cargo release.

Finally, from preliminary results on the protection against
Plutella xylostella, we were able to assess that neem oil and
capsaicin carried by lignin submicron capsules efficiently
exert their action on the Eruca sativa plantlet and that this
effect persisted for seven days avoiding the loss of leaves.

prepared under

Conclusions

The ongoing search of appropriate submicron carriers for
natural compounds has opened new routes to develop
innovative agro-technological products.

In this work, stable formulations were obtained by
choosing right pH values to fully dissolve kraft lignin and
obtain negatively charged particles in water solution. High
percentages of capsaicin (70-90%) were incorporated in
lignin NCs containing neem oil, confirming the versatility of
this polymer to be loaded with hydrophobic compounds. DLS
results showed that the obtained nanocapsules had an
average size in the suitable range for drug delivery and
concurred with higher resolution structural techniques
(electron microscopy and SAXS) to establish that more than a
single population of aggregates were present in solution. In
particular, electron microscopy and SAXS revealed the
presence of cylinders in the formulation N11, while in the
N13 samples only spherical aggregates were detected. These
anisotropic particles appear to play a major role in
determining the observed better performance of the samples
prepared at lower starting pH. Indeed, the test on Eruca
sativa showed that NC11 exerted a greater protective effect
than NC13, allowing constant growth of the aerial part.

In summary, this work provides a case study of how to use
sustainable nanotechnology to counteract insecticide
resistance, showing that the detailed design and
characterization of formulations from natural sources is a
viable strategy for sustainable plant protection. The
nanovector design with plant-derived and safe materials lays
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the groundwork for scaling up the procedure. In this kind of
approach, LCA (life cycle assessment) could provide an added
value guiding the right choice of production processes to
reduce environmental impacts.®”

Data availability

The data supporting the findings of the study will be made
available as ESIf accompanying this article. The ESI{ will
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the results reported in the main manuscript and raw data on
insect experimental bioassays.
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