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A B S T R A C T

Although the potential toxicity of many metallic and carbon nanoparticles to plants has been reported, few
studies have evaluated the phytotoxic effects of polymeric and solid lipid nanoparticles. The present work
described the preparation and characterization of chitosan/tripolyphosphate (CS/TPP) nanoparticles and solid
lipid nanoparticles (SLN) and evaluated the effects of different concentrations of these nanoparticles on
germination of Zea mays, Brassica rapa, and Pisum sativum. CS/TPP nanoparticles presented an average size of
233.6±12.1 nm, polydispersity index (PDI) of 0.30± 0.02, and zeta potential of +21.4±1.7 mV. SLN showed
an average size of 323.25± 41.4 nm, PDI of 0.23± 0.103, and zeta potential of −13.25± 3.2 mV.
Nanotracking analysis enabled determination of concentrations of 1.33×1010 (CS/TPP) and 3.64×1012 (SLN)
nanoparticles per mL. At high concentrations, CS/TPP nanoparticles caused complete inhibition of germination,
and thus negatively affected the initial growth of all tested species. Differently, SLN presented no phytotoxic
effects. The different size and composition and the opposite charges of SLN and CS/TPP nanoparticles could be
associated with the differential phytotoxicity of these nanomaterials. The present study reports the phytotoxic
potential of polymeric CS/TPP nanoparticles towards plants, indicating that further investigation is needed on
the effects of such formulations intended for future use in agricultural systems, in order to avoid damage to the
environment.

1. Introduction

Nanomaterials possess unique properties that make them highly
attractive for applications in various industrial sectors including
pharmaceuticals, cosmetics, energy, and agriculture (Servin et al.,
2015). Growth in the development of new applications for nanomater-
ials may result in the presence of these substances in the environment,
where they could become included in the food chain of living
organisms, resulting in effects such as bioaccumulation (Husen and
Siddiqi, 2014). It is therefore necessary to understand the fates of
nanomaterials in the environment, how they interact with living
organisms, and the biological effects that they can cause (Part et al.,
2015). In the environment, nanoparticles can reach the soil, water, and

air, and plants are among the organisms most likely to be exposed to
them (Larue et al., 2014; Ma et al., 2010). In particular, when
nanoparticles are used as carrier systems for agrochemicals, plants
are exposed to high concentrations of nanomaterials.

Studies have been conducted to obtain a better understanding of the
biological effects of nanomaterials, as well as the mechanisms of their
uptake and translocation in plants (Pérez-de-Luque et al., 2012).
Physico-chemical characteristics of nanoparticles such as size, zeta
potential, and concentration determine their interactions with plant
cells and can influence the physiological responses (Thuesombat et al.,
2014). Phytotoxic effects on plants include inhibition of germination,
changes in the structure and development of the plant tissues, oxidative
stress, and clastogenic effects (Chen et al., 2010; Rajeshwari et al.,
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2015). Studies have analyzed the effects on plants of carbon nanopar-
ticles (Khodakovskaya et al., 2009), nanoparticles of titanium, zinc,
copper, manganese, and iron oxides (Liu et al., 2016; Servin et al.,
2012), silver nanoparticles (Larue et al., 2014), and gold nanoparticles
(Zhu et al., 2012). Other types of nanoparticles with potential
agricultural applications are polymeric and lipid nanoparticles, which
can be employed as delivery systems for nutrients and pesticides in the
field (Campos et al., 2014; Kashyap et al., 2015). In studies of the
biological activities of systems consisting of poly(epsilon-caprolactone)
nanoparticles (Pereira et al., 2014) and solid lipid nanoparticles (de
Oliveira et al., 2015), it was observed that nanoparticles without
herbicide loadings in pre-emergent studies presented phytotoxic effects
at high concentrations on the plant species Brassica sp. and Raphanus
raphanistrum, respectively. However, no phytotoxic effects were ob-
served in postemergence treatment of Brassica sp. and Zea mays with
unloaded poly(epsilon-caprolactone) nanoparticles (Oliveira et al.,
2015a, 2015b). These studies have shown the importance to evaluate
polymer or lipid-based nanocarrier systems in relation the phytotoxic
effects on seed germination and seedling development of different plant
species in order to propose concentrations of these nanoparticles for
safe future applications in the field.

The present work evaluates the effects that nanoparticles of
chitosan/tripolyphosphate (CS/TPP) and solid lipid nanoparticles
(SLN) cause on plant development. It concerns the production and
characterization of CS/TPP nanoparticles and SLN, without loading of
active chemical, with evaluation of the effects of different concentra-
tions on three different plant species (Zea mays, Brassica rapa, and Pisum
sativum) in order to identify possible phytotoxic effects on germination
and seedling development.

2. Material and methods

2.1. Materials

The reagents chitosan (MW 27 kDa, degree of deacetylation:
75–85%), tripolyphosphate, glyceryl tripalmitate and polyvinyl alcohol
were obtained from Sigma-Aldrich. The seeds of Zea mays, Brassica rapa
and Pisum sativum were purchased from ISLA Sementes.

2.2. Methods

2.2.1. Preparation of the nanoparticles
CS/TPP nanoparticles were prepared by the ionotropic pre-gelation

method proposed by Calvo et al. (1997), with modifications. A 6 mL
volume of tripolyphosphate (TPP) solution (0.1%, pH 4.5) at 4 °C was
slowly added over a solution of CS (0.2%) diluted in acetic acid (0.6%,
pH 4.7), under agitation. After addition of TPP, the mixture was kept
under vigorous agitation for 40 min.

SLN were prepared according to the methodology proposed by
Vitorino et al. (2011) Firstly, 5 mL of an organic solution of chloroform
containing glyceryl tripalmitate (75%) were added to 30 mL of an
aqueous solution of polyvinyl alcohol (0.6%), followed by sonication
for 5 min at 40 W. The pre-emulsion formed was subjected to ultra-
turrax agitation for 7 min. The solvent was removed using a rotary
evaporator, and the final solution volume was 20 mL.

2.2.2. Characterization of the nanoparticles
The atomic force microscopy (AFM) images (Nanosurf Easy Scan 2

Basic AFM-pattern BT02217, Nanosurf® Switzerland) were obtained
using the cantilevers TapAl-G (BudgetSensors®,Bulgaria) to scan the
samples, in the contact mode. The nanoparticles of CS/TPP and SLN
were previously diluted in the proportion of 1:100 and 1:1000
respectively. Samples were added to the grids and dried at room
temperature for further analysis.

Nanoparticle size and PDI was determined by photon correlation
spectroscopy (DLS), using a ZS90 analyzer (Malvern Instruments, UK)

operated at 25 °C and a fixed angle of 90°. The CS/TPP samples were
analyzed directly, and a dilution of 1:100 (v: v) was used for the SLN.
All samples were analyzed in triplicate.

The size distribution was also determined, together the concentra-
tion of the nanoparticles, by nanoparticle tracking analysis (NTA)
(Model LM-10 analyzer, Malvern Instruments, UK), with the CS/TPP
and SLN samples diluted in deionized water at ratios of 1:100 and
1:1000 (v: v), respectively. Each sample was measured five times, with
approximately 4000 particles counted per analysis. The measurements
were performed at 25 °C.

The zeta potential analyses were performed using the Malvern
Instruments ZS90 analyzer, with direct analysis of the CS/TPP nano-
particles and dilution at 1:100 (v: v) in the case of the SLN. All samples
were analyzed in triplicate. During the tests, the pH was measured
using a potentiometer (Tecnal) coupled to a pH electrode.

2.2.3. Evaluation of phytotoxicity
The phytotoxicity of the CS/TPP and SLN nanoparticles were

evaluated using three plant species: Zea mays L. (Poaceae), Brassica
rapa L. (Brassicaceae), and Pisum sativum L. (Fabaceae). These species
are recommended by United States Environmental Protection Agency
phytotoxicity assays (US EPA, 1996; Ma et al., 2010). The seeds were
previously treated in sodium hypochlorite solution (2.5%) for 10 min
and then washed three times with ultrapure water. Aqueous solutions of
the nanoparticles (10 mL) were added to Petri plates (100×15 mm).
The stock solutions of CS/TPP and SLN nanoparticles (the nanoparticle
solution after its prepare) were tested, as well as dilutions of stock
solutions in water (of 75%, 50% and 25%). Controls were performed
using ultrapure water, PVA (0.6%) and TPP (0.1%). PVA and TPP were
evaluated at the same concentrations they are found in the stock
solution of nanoparticles. The incubation of seeds followed the proce-
dure of Ma et al. (2010) with modifications. Basically, the Petri plates
were covered and sealed with tape and placed in the dark for 6 days in a
growth chamber at room temperature. Filter paper was not used in the
base of Petri plates in order to prevent the interaction of this material
with the nanoparticles. The assays were performed in triplicate, and
each Petri plate contained 10 seeds per analysis. Seed germination was
evaluated after six days of exposure to the nanoparticles, using Eq. (1):

TS 100Germination (%) = (Number of germinated seeds/ )× (1)

Where TS is the total number of seeds used in the assay. A seed was
considered as germinated when it presented a protruded radicle with
more than 1 mm in length. In order to assess the early development of
plantlets, the length of primary roots (bigger than 1 mm) and shoots
were measured. In the case of Z. mays, shoot was measured from root
junction until the coleoptile apex. For B. rapa shoot measurement was
from the hypocotyl base until the apex of the cotyledons, while for P.
sativum it was from the epicotyl base until the leaf primordia. One-way
analysis of variance (ANOVA) with Tukey's post-hoc test and signifi-
cance level of 0.05 was used to determine the effects of the CS/TPP and
SLN nanoparticles on the different plant species. Data was presented in
the form of means and standard deviations. All the statistical proce-
dures were performed using Graphpad Prism v. 5.01 software.

3. Results and discussion

3.1. Characterization of the CS/TPP nanoparticles and SLN (Initial time
assay)

The nanoparticles were characterized using the DLS, NTA and AFM
techniques. The size distribution plots (Fig. 1) revealed high polydis-
persity of the CS/TPP nanoparticles, indicative of different populations
of nanoparticles, with a concentration of 1.33×1010 nanoparticles
mL−1. In the case of the SLN, there was a more homogeneous
population of nanoparticles, with a concentration of 3.64×1012

nanoparticles mL−1. As shown by AFM, both nanoparticles have
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spherical shape. The characterization of the nanoparticles by DLS
showed that the CS/TPP nanoparticles presented a size of
233.6± 12.1 nm, polydispersity index (PDI) of 0.30± 0.02, zeta
potential of +21.4±1.7 mV, and pH of 4.75± 0.09. These results
were consistent with the size data obtained using NTA, where the
majority of the nanoparticles showed an average size of
227.2± 19.9 nm and high polydispersity. For the SLN, the DLS
analyses showed an average size of 323.25± 41.4 nm, PDI of
0.23±0.103, zeta potential of −13 mV±3.2 mV, and pH of
4.69±0.21. The average size obtained using NTA was 161 nm, smaller
than obtained using DLS.

Miladi et al. (2015) found that the sizes of CS/TPP nanoparticles
produced using ionotropic gelation were usually smaller than 250 nm,
while under optimized conditions the particles obtained were in the
91–175 nm size range. The PDI values obtained here for these
nanoparticles were in agreement with values in the range 0.1–0.4
(Calvo et al., 1997; Fan et al., 2012). The size, polydispersity index, and
zeta potential of the SLN obtained here were in accordance with values
reported previously using the same preparation method (de Oliveira
et al., 2015).

3.2. Evaluation of phytotoxicity of CS/TPP nanoparticles and SLN

The results obtained with the controls show that the experimental
conditions did not affect seed germination, since the seedlings showed
no symptoms of stress (Fig. 2) and the germination rates were high
(around 80% for Zea mays, 73% for Brassica rapa and 90% for Pisum
sativum).

Fig. 2 shows the effects of the CS/TPP and SLN nanoparticles on the
germination percentage for the different plant species The CS/TPP
nanoparticles showed dose-dependent inhibitory effects on the germi-
nation of all tested species. B. rapa was the most sensitive one, with a
complete inhibition of germination in the presence of 6.65×109

nanoparticles mL−1. No germination of Z. mays seeds was observed
only at 1.33×1010 nanoparticles mL−1, while the germination of P.
sativum was reduced by 77.7% at the same concentration. The TPP
polymer did not have any significant effects on the germination of the
tested species. In the case of the SLN (Fig. 2), no inhibition of
germination (relative to the control) was observed in the analyzed
species, within the concentration range studied. It is noteworthy that
this lack of effect was observed despite the seeds were exposed to
higher concentrations of SLN in comparison with CS/TPP nanoparticles.
This seemed to be indicative of differences between the SLN and CS/
TPP nanoparticles in terms of their interaction with the seeds.

As a result of the inhibitory effect on germination, the CS/TPP
nanoparticles significantly affected the lenght of the root and shoot of Z.

mays, with 82.3% reduction in development of roots and 94.6% for
shoots by 9.98×109 nanoparticles mL−1, while higher concentrations
of nanoparticles caused a complete cessation of development of these
plant organs (Fig. 3). The same 100% inhibition was observed for B.
rapa using nanoparticle concentrations of 6.65×109, 9.98×109, and
1.33×1010 mL−1, which is a consequence of the complete inhibition of
germination in these conditions. For P. sativum 1.33×1010 nanoparti-
cles mL−1 negatively affected the development of the root and shoot by
80.3% and 95.2%, respectively. In the case of B. rapa, nearly 81%
reduction of root and shoot lenght was observed even at 3.33×109

nanoparticles mL−1, a concentration that did not affect germination,
suggesting that a direct effect of CS/TPP nanoparticles on the early
development of seedlings of this species may occur. For all controls
with TPP, there was no inhibitory effect on root and shoot lenght,
showing that the observed effects can be attributed to the nanoparticles.
Fig. 3 also shows that root and shoot length of all species were not
affected by any treatments with SLN or with PVA.

Although not tested separately in the present study, it is known that
the CS polymer is nontoxic and for this reason has considerable
potential for applications in agriculture, where it can act as a
biostimulant and/or reduce abiotic stress in plants, as well as increase
resistance against pathogens (Pichyangkura and Chadchawan, 2015).
According to this, in recent studies of our group, different CS-based
nanoparticles have been shown to not impair germination and initial
growth of Phaseolus vulgaris (Pereira et al., 2017a, 2017b). Regarding
the acetic acid, the concentration present in the CS/TPP nanoparticles is
0.038 mM, and as described in literature the phytotoxic effects of acetic
acid on seeds are observed in concentration higher than 4 mM (Tunes
et al., 2012). Moreover, CS/γ-polyglutamic acid nanoparticles, in which
acetic acid was present at 0.15 mM, did not have phytotoxic effects
against P. vulgaris (Pereira et al., 2017a). Thus, in the present study, the
inhibitory action of the CS/TPP nanoparticles on germination could
have been a result of the different properties exhibited by materials at
the nanometric scale, and not due to the isolated materials per se. Many
factors are probably involved in the distinct phytotoxicity of CS/TPP
nanoparticles and SLN. Characteristics such as size, concentration,
reactivity, chemical structure and surface charge may determine the
effects that nanoparticles cause in plants (Rico et al., 2011; Tripathi
et al., 2017). Here, concentration is not involved, given that SLN
concentrations in the assays were higher than CS/TPP ones. However,
size may be an important factor, since CS/TPP nanoparticles
(233.0±12.1 nm) are smaller than SLN (323.3±41.4 nm). In animal
cells, it is known that nanoparticle internalization and toxicity is
negatively correlated with nanoparticle size (Shang et al., 2014).

Surface charge may be an additional characteristic that affects
nanoparticle phytotoxicity (Tripathi et al., 2017). According to Trujillo-

Fig. 1. Nanoparticle size distribution plots obtained using the DLS (blue line) and NTA (red line) and images of AFM : a) CS/TPP; b) SLN. The samples were analyzed in triplicate at 25 °C.
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Reyes et al. (2013), the uptake of cerium nanoparticles (zeta potential
=+ 21 mV) by plants was higher than that of the same nanoparticles
covered with citric acid (zeta potential =−56 mV). Moreover, altera-
tions in the surface of aluminum nanoparticles led to changes in the
phytotoxicity response (Yang and Watts, 2005). In the present study,
CS/TPP nanoparticles had a zeta potential of +21.4 mV, whereas SLN
had a negative zeta potential (−13.3 mV) and it can be hypothesized
whether these distinct characteristics might related with their phyto-
toxicity responses. The absence of phytotoxic effects of SLN may be
related to the negative charge of these nanoparticles, which would
prevent their interaction with carboxyl groups of pectin in the plant cell
wall (Anderson, 2016). Differently, the positive charge of CS/TPP
nanoparticles would favor their interaction with plant cell wall, thus
leading to inhibitory effects of these nanoparticles on germination and
plant growth (Figs. 2 and 3).

Various studies have shown that nanoparticles can penetrate the cell
walls in plant roots, becoming internalized in the cells and/or reaching
the vascular system of the plant and being distributed to other plant
organs such as the stem, leaves, and fruit (Pérez-de-Luque et al., 2012;
Wang et al., 2012). Chen et al. (2010) investigated the effects of carbon
nanotubes on A. cepa and found that larger and more hydrophobic
particles could create barriers in the pores of the cell walls, affecting the

physiological state of the plant and leading to cell damage. Zhao et al.
(2015) reported that exposure of Zea mays to zinc oxide nanoparticles
altered the physiological and biochemical processes of the plant during
its maturation cycle, reducing stomatal conductance and photosynth-
esis, with consequent reduction of leaf weight. Ma et al. (2015) found
that cerium nanoparticles with different shapes and sizes were taken up
and accumulated by plants at different rates, causing differing degrees
of oxidative stress. The various mechanisms described above could have
contributed to the phytotoxic effects of the CS/TPP nanoparticles on the
plant species evaluated here, although methods are required to estab-
lish relationships between the uptake of the particles by the plant and
the biological effects. It should be highlighted that the nature of
chitosan nanoparticles (carbohydrates) and SLN (lipids) makes them
extremely difficult to track these nanoparticles in plants, compared to
metal and metal oxide nanoparticles, or even carbon nanotubes.

In other studies of the herbicidal activity of carrier systems, de
Oliveira et al. (2015) evaluated the effects of SLN and the herbicides
simazine and atrazine, finding that pre- and post-emergence treatment
of Zea mays with nanoparticles alone (without the herbicides) did not
induce any phytotoxic effects. Differently, at the highest concentration
tested, pre-emergence treatment of Raphanus raphanistrum led to
decreased fresh weights of the roots and shoots, although such effects

Fig. 2. Evaluation of germination percentage of Zea mays (a), Brassica rapa (b) and Pisum sativum (c) seeds exposed to different concentrations (nanoparticles mL−1) of CS/TPP and SLN.
Results expressed as means and standard deviations (n =3). Statistical analysis of variance (one-way ANOVA) with Tukey’s post-hoc test (p<0.05), where: a = difference relative to the
control; b = difference relative to the TPP polymer (CS/TPP formulations) or the PVA surfactant (SLN formulations).
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were not observed in the case of post-emergence treatment. In work
with the poly(epsilon-caprolactone) nanocapsules as carrier system of
atrazine, pre-emergence treatment of Brassica sp. using nanocapsules
without herbicide led to inhibition of germination (Pereira et al., 2014).
Oliveira et al. (2015a) showed that the post-emergence treatment of
Brassica juncea with the same nanocapsules in the absence of the
herbicide did not cause symptoms of phytotoxicity in the leaves, did not
affect plant growth, and did not influence biochemical and physiolo-
gical parameters. The same results were obtained for pre- and post-
emergence treatment of Zea mays (Oliveira et al., 2015b).

In the preparation of nanoparticle formulations, it is considered the
concentration of active chemical and not the concentration of nano-
particles, as shown in this study, high concentration of nanoparticles
(stock solution) of CS/TPP inhibited germination and plant growth.
These results should be considered for the establishment of safe
concentrations of these nanoformulations in future studies evaluating
the potential application of these carrier systems in the agriculture,
thereby avoiding damage to both target and non-target plants and to
the environment.

In the present work, the CS/TPP nanoparticles were smaller than the
SLN, which together with the different compositions and the opposite
charges could have led to the different effects on the plant species
studied. In the case of the CS/TPP nanoparticles, the induction of
phytotoxicity in the plant species could have been associated with the
interaction of the positive-charged nanoparticles with the cell wall,
forming of a barrier. It would lead to reduction of germination and root
and shoot lenght, as well as physiological and biochemical responses

following internalization, which resulted in low germination rates and
compromised plant development. However, further studies are needed
to understand the mechanisms of interaction and phytotoxicity of these
particles in plants.

4. Conclusions

This work describes the effects of polymeric CS/TPP and SLN
nanoparticles at different concentrations on the germination and root
and shoot lenght of the plant species Zea mays, Brassica rapa, and Pisum
sativum. The CS/TPP nanoparticles were smaller in size, compared to
the SLN, which together with the opposite charges and different
compositions resulted in different responses in the species tested. The
CS/TPP nanoparticles showed phytotoxicity that was dependent on
concentration, while the SLNs showed no phytotoxic effects in any
species. Various studies have reported the effects of different nanoma-
terials on plants, but little is known about the physiological and
biochemical mechanisms involved, and further studies are needed to
understand the mechanisms of interaction between nanoparticulate
materials and plants. The present study demonstrates the importance of
phytotoxicity evaluation of the effects of polymeric nanoparticles in
plants, especially because these materials have considerable potential
for application as carrier systems in agriculture. In the case of carrier
systems that have direct application to seeds or other plant structures,
the concentration and type of nanoparticle to be used should be
considered to avoid unwanted phytotoxic effects. It is therefore
necessary to establish safe concentrations for the application of

Fig. 3. Evaluation of the early development of primary roots and shoots of Zea mays (a), Brassica rapa (b) and Pisum sativum (c) seedlings exposed to different concentrations
(nanoparticles mL−1) of CS/TPP and SLN. Results expressed as means and standard deviations (n =3). Statistical analysis of variance (one-way ANOVA) with Tukey’s post-hoc test
(p< 0.05), where: a = difference relative to the control; b = difference relative to the TPP polymer (CS/TPP formulations) or the PVA surfactant (SLN formulations).
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nanoparticles, ensuring that these materials have the desired effects,
without affecting both target and non-target plants and other organ-
isms. It should be pointed out that further trials are in progress aiming
at better understanding of the possible mechanisms of interaction
between these nanoparticles and plants. The strategies employed
include the use of fluorescent probes and hybrid systems consisting of
polymeric and magnetic nanoparticles.
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