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This  work  concerns  the  development  of  nanocarriers  composed  of  alginate/chitosan  (ALG/CS)  and
chitosan/tripolyphosphate  (CS/TPP)  for the  plant  growth  regulator  gibberellic  acid  (GA3). ALG/CS
nanoparticles  with  and  without  GA3 presented  mean  size  of 450  ±  10  nm,  polydispersity  index  (PDI)
of  0.3, zeta  potential  of  −29 ±  0.5 mV,  concentrations  of 1.52  × 1011 and  1.92  ×  1011 nanoparticles  mL−1,
respectively,  and 100%  encapsulation  efficiency.  CS/TPP  nanoparticles  with and  without  GA3 presented
mean  size  of  195  ±  1 nm,  PDI of  0.3,  zeta potential  of  +27  ±  3 mV,  concentrations  of  1.92  ×  1012 and
3.54 ×  1012 nanoparticles  mL−1, respectively,  and  90%  encapsulation  efficiency.  The  nanoparticles  were
olymeric nanoparticles
lant growth regulator
ibberellic acid
ustainable agriculture

stable  during  60 days  and  the  two  systems  differed  in  terms  of  the  release  mechanism,  with  the  release
depending  on factors  such  as pH and  temperature.  Bioactivity  assays  using  Phaseolus  vulgaris  showed
that  the  ALG/CS-GA3 nanoparticles  were  most  effective  in  increasing  leaf  area  and  the  levels  of  chloro-
phylls  and  carotenoids.  The  systems  developed  showed  good  potential,  providing  greater  stability  and
efficiency  of  this  plant  hormone  in  agricultural  applications.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Plant growth regulators (PGRs) are a class of natural or synthetic
ompounds based on plant hormones. They have broad appli-
ations in agriculture and horticulture, where they are used to
odulate plant growth and development, hence increasing yields

nd the quality of crop products [1]. These compounds are used
t low concentrations, acting at the cellular level during differ-
nt stages of plant development, and include gibberellins, auxin,
ytokinins, jasmonic acid, and ethylene, amongst others [2].

Gibberellins are a class of tetracyclic diterpenoid plant hor-
ones involved in several physiological processes in plants [3]. GA3

ecame one of the most popular PGRs used in agriculture to break

eed dormancy, promote shoot elongation, induce organ differen-
iation, and increase the number and weight of fruit [4–6].

∗ Corresponding author at: São Paulo State University, Av. Três de Març o, 511, Alto
a Boa Vista, Sorocaba, São Paulo, CEP 18087-180, Brazil.

E-mail address: leonardo@sorocaba.unesp.br (L.F. Fraceto).

ttp://dx.doi.org/10.1016/j.colsurfb.2016.11.027
927-7765/© 2016 Elsevier B.V. All rights reserved.
A difficulty is that PGRs can readily degrade when exposed to
environmental factors such as light and temperature, resulting in
loss of activity. In this context, one of the uses of nanotechnology
in agriculture is to provide nanoscale materials able to enhance the
stability and activity of various active agents, while at the same
time reducing environmental impacts [7–11]. For example, the
encapsulation of agrochemicals in nanoparticles can improve their
physicochemical properties and reduce problems such as sorption
and leaching, thus increasing bioavailability and efficiency, while
reducing the concentrations required and making the products
safer in the environment [12–14].

Nanocarrier systems based on chitosan (CS) have a range of
applications for crop protection. Nanoparticles produced using var-
ious techniques can be employed as delivery systems for pesticides
and fertilizers, as well as for gene delivery [15]. The nanoparticle
itself may  present fungicidal activity, depending on the molecular
weight of CS, nanoparticle size, and the zeta potential [16]. The use

of CS nanoparticles loaded with paraquat resulted in reduced tox-
icity of the herbicide, enabling weed control with less harm to the
environment [12]. CS nanoparticles prepared with the addition of
anionic proteins isolated from Penicillium oxalicum can be used in

dx.doi.org/10.1016/j.colsurfb.2016.11.027
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.11.027&domain=pdf
mailto:leonardo@sorocaba.unesp.br
dx.doi.org/10.1016/j.colsurfb.2016.11.027
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he treatment of seeds for fungus control, while at the same time
mproving plant development [17].

Another application of nanoparticles composed of CS is to
nhance the solubility, stability, and cellular uptake of antioxidant
ompounds, increasing their applications in the food and pharma-
eutical industries [18]. Nanocarrier systems have been developed
or plant growth regulators such as brassinosteroids [19] and O-
aphthylacetyl [20]. Liu et al. [21] showed that the association
f gibberellic acid and CS generated a sustained release system,
ncreasing the solubility of the active agent and protecting against
hermal and photolytic degradation at different pH values.

Nanoparticles of alginate/chitosan (ALG/CS) and chi-
osan/tripolyphosphate (CS/TPP) have been used as carriers
f drugs and agrochemicals in sustained release systems that can
xtend the duration of action of the active chemical and improve
ts stability [12,22–24]. The CS polymer is a cationic polysaccha-
ide derived from the deacetylation of chitin [25]. It has many
pplications in agriculture, with properties including fungicidal
ctivity and the enhancement of plant defense mechanisms [15].
he alginate polymer (ALG), extracted from brown algae, is non-
oxic, biocompatible, biodegradable, and possesses a characteristic
egative charge, due to the presence of uronic acid groups [26].

In this work, ALG/CS and CS/TPP nanoparticles were used to pre-
are two different carrier systems for the GA3 plant hormone that
ould provide greater efficiency and stability in the field, leading
o improved quality and yield of agricultural products. Physico-
hemical characterization of the systems considered the following
arameters: size distribution (DLS and NTA measurements), poly-
ispersity index (PDI), zeta potential, and encapsulation efficiency.
he profiles of GA3 release from the nanoparticles were determined
nder different conditions. Fourier transform infrared spectroscopy
FTIR) and differential scanning calorimetry (DSC) measurements
ere performed in order to investigate possible interactions

etween the hormone and the components of the nanoparticles,
nd the biological activities of the systems were evaluated in Phase-
lus vulgaris.

. Experimental

.1. Materials

The GA3 plant hormone, sodium alginate, chitosan (MW:
7 kDa; degree of deacetylation: 75–85%), and tripolyphosphate
ere purchased from Sigma-Aldrich. Acetonitrile and acetic acid

HPLC grade) were obtained from JT Baker. Ultrafiltration filters and
ellulose membranes were purchased from Millipore. The seeds of
haseolus vulgaris L. (Fabaceae) were collected in the field, in the
unicipality of São Miguel Arcanjo (São Paulo, Brazil).

.2. Preparation of the ALG/CS and CS/TPP nanoparticles

.2.1. ALG/CS nanoparticles
The ALG/CS nanoparticles were prepared by the ionotropic pre-

elation method [22]. Firstly, a peristaltic pump was used to slowly
dd 3.75 mL  of CaCl2 solution to 59 mL  of ALG solution (0.063%,
H 4.9), under vigorous stirring. The GA3 plant hormone was  then
dded to give a final concentration of 50 �g mL−1. This solution was
ept under vigorous stirring and a peristaltic pump was  used to add
2.5 mL  of CS solution (0.07%, pH 4.6), prepared in an aqueous solu-
ion containing 5.7% acetic acid, over a period of 90 min. The same
rocedure was performed without the presence of the hormone.
.2.2. CS/TPP nanoparticles
The CS/TPP nanoparticles were prepared by the gelation method

27], with modifications. Firstly, 10 mL  of a solution of CS (0.2%, pH
.5), prepared in an aqueous solution of 0.6% acetic acid, was kept
: Biointerfaces 150 (2017) 141–152

under vigorous stirring and the GA3 hormone was  added to give a
final concentration of 50 �g mL−1. After dissolution of the hormone,
6 mL  of TPP solution (0.1%, pH 4.5 at 4 ◦C) was  added. Nanoparticles
were also prepared without the presence of the hormone.

2.3. Characterization of the nanoparticles

The ALG/CS and CS/TPP formulations were analyzed periodically
during 60 days, considering the following variables: size, polydis-
persity index, zeta potential, and pH.

2.3.1. Nanoparticle tracking analysis (NTA)
The NTA technique was  used to determine the size distribution

and concentration of the nanoparticles in the formulations, using a
Model LM-10 instrument (Malvern Instruments, UK). For the anal-
ysis, 10 �L volumes of the nanoparticle formulations (ALG/CS or
CS/TPP) were diluted in 990 �L of deionized water. Each sample
was measured 10 times, with approximately 400 particles counted
in each measurement. The analyses were performed at 25 ◦C.

2.3.2. Dynamic light scattering
The size distribution and polydispersity index (PDI) of the

nanoparticles were determined by the dynamic light scattering
(DLS) technique, using a Zetasizer Nano ZS90 instrument (Malvern
Instruments, UK). The samples were analyzed in triplicate, at 25 ◦C,
with the scattered light detected at an angle of 90◦.

2.3.3. Atomic force microscopy (AFM)
Nanoparticle images were obtained with an Easy Scan 2 Basic

AFM instrument (Nanosurf, Switzerland), operated in contact mode
using TapAl-G cantilevers (BudgetSensors, Bulgaria) to scan the
samples. The nanoparticles were previously dialyzed for 1 h using
a cellulose membrane with 1 kDa exclusion pore size, followed by
dilution at 1:7000 in ultrapure water.

2.3.4. Zeta potential
The zeta potential values (in mV)  were determined by elec-

trophoresis, with analysis in triplicate, at 25 ◦C, using the Zetasizer
ZS90 instrument.

2.3.5. Chemical stability of the polymers (pH)
Measurements of pH were used to assess possible degradation

of the components of the formulations, using a Tecnal pH meter that
had been previously calibrated. Samples were assessed in triplicate,
at 25 ◦C.

2.3.6. Encapsulation efficiency
The encapsulation efficiency was determined indirectly. Soon

after preparation of the nanoparticles containing GA3, a 400 �L
volume was transferred to an ultrafiltration device (Microcon,
Millipore) containing a regenerated cellulose membrane with an
exclusion pore size of 30 kDa. The samples were centrifuged for
30 min  at 200g. The filtrate was collected and analyzed by high
performance liquid chromatography (HPLC) in order to quantify
the hormone that was not associated with the nanoparticles. The
encapsulation percentage was then obtained from the concentra-
tion in the filtrate, considering 100% to be 50 �g mL−1.

2.3.6.1. Methodology for quantification of GA3. Quantification of
GA3 was performed using a Varian ProStar HPLC equipped with
a Model 210 pump, a Model 325 UV–vis detector, a Metatherm
oven, and an autosampler. The column was a Supelcosil LC18-DB

(3.3 × 4.6 cm;  3 �m)  and the mobile phase was acetonitrile and
water (containing 0.1% phosphoric acid (H3PO4)) at a ratio of 3:1
(v:v), pumped at a flow rate of 0.4 mL  min−1. The detector wave-
length (�) was 210 nm.  The chromatograms were processed using
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alaxy Workstation software. The calibration curve obtained under
hese conditions could be described by y = 9.46 + 2.6*x (r = 0.998),
nd the limits of detection and quantification were 4.16 and
3.89 �g mL−1, respectively.

.3.7. Differential scanning calorimetry (DSC)
The samples were placed in aluminum cups and analyzed by

SC under a flow of nitrogen at 50 mL  min−1, with heating from 20
o 350 ◦C at a rate of 10 ◦C min−1.

.4. Release kinetics assays and mathematical modeling

.4.1. Release kinetics
The release kinetics experiments employed a system with

cceptor and donor compartments separated by a cellulose mem-
rane with 1 kDa exclusion pore size. Samples of free GA3 (diluted

n distilled water) or nanoparticles with GA3 were placed in the
onor compartment. In the case of the ALG/CS-GA3 nanoparti-
les, the acceptor compartment contained CaCl2 solution (11 mM,
H 4.9), while TPP solution (0.1%, pH 4.75) was  used for the
S/TPP-GA3 nanoparticles. Distilled water was used for the sys-
em with free GA3. Magnetic stirring was maintained throughout
he experiments. After addition of the samples to the donor com-
artment, aliquots were periodically collected from the acceptor
ompartment. The assays were performed in triplicate, at room
emperature.

.4.2. Release assays at different pH and temperature
The release of GA3 under different conditions was investigated

y altering the pH and temperature. The assays were performed
s described in Section 2.4.1, at 30 ◦C and at ambient temperature,
ltering the pH values to 5.9 and 5.7 for the ALG/CS-GA3 and CS/TPP-
A3 nanoparticles, respectively. The pH of the acceptor system was

he same as that of the nanoparticle suspension. After the release
ssay, characterization was performed of the nanoparticles present
n the donor compartment.

.4.3. Korsmeyer-Peppas mathematical model
The mechanism of release of GA3 from the nanoparticles was

lucidated using the Korsmeyer-Peppas model, described by:

t/M∞ = ktn  (1)

here Mt is the amount of GA3 released as a function of time (t),
∞ is the amount of GA3 added to the system at t = 0, k is the kinetic

onstant, and n is the release exponent. For the application of the
athematical model, only release values lower than 60% were used

28]. The mathematical model was applied to the results obtained
nder the different conditions in order to elucidate the effects of pH
nd temperature on the profiles of release from the nanoparticles.

.5. Biological activity

In agriculture, GA3 is used in bean crops [29,30], so for this rea-
on, Phaseolus vulgaris L. cv. Carioca (Fabaceae) was  selected to
valuate the biological activities of the CS/TPP-GA3 and ALG/CS-GA3
anoparticles, in comparison with the activities of the free active
gent, the control (distilled water), and nanoparticles without GA3.
he seeds were treated for 1 h using 1 g of seeds and solutions of
A3 at concentrations that provided GA3:seed mass ratios of 0.05,
.037, 0.025, and 0.012%. For the ALG/CS-GA3 nanoparticles, the
ilutions employed CaCl2 solution (11 mM,  pH 4.9), while TPP (0.1%,

H 4.75) was used for the CS-TPP-GA3 nanoparticles. Distilled water
as used in the case of the free GA3. After the treatments, the seeds
ere sown in pots 9.3 cm high and with upper and lower diame-

ers of 12.5 and 9.3 cm,  respectively, filled with 600 g of California
: Biointerfaces 150 (2017) 141–152 143

substrate. The pots were kept in a greenhouse under natural con-
ditions of light and temperature. Each treatment was performed in
quadruplicate (n = 4). The plants were collected after 7 days and the
root and shoot length and leaf area were evaluated, as well as the
contents of chlorophyll ‘a’, chlorophyll ‘b’, and carotenoids.

2.5.1. Determination of chlorophyll ‘a’, chlorophyll ‘b’, and
carotenoids

For each treatment, a sample of leaf with area of 5 mm2 was
obtained using a paper punch and stored for 12 h in an Eppendorf
tube containing 2 mL  of DMSO, protected from exposure to light.
The measurements were made using a Varian Cary 50 UV–vis spec-
trophotometer operated at wavelengths of 665, 649, and 480 nm.
The contents of chlorophyll ‘a’, chlorophyll ‘b’, and carotenoids were
calculated using Eqs. (2)–(4), respectively.

Chla = 12.19xA665 − 3.45xA649 (2)

Chlb = 21.99xA649 − 5.32xA665 (3)

Carotenoids = 100xA480 − 2.14xChla − 70.16xChl − b

220
(4)

where Chl a is the content of chlorophyll ‘a’, Chl b is the con-
tent of chlorophyll ‘b’, and A (followed by the wavelength) is the
absorbance value obtained at each wavelength [31].

2.5.2. Data analysis
The results were calculated as means and standard deviations,

with pretreatment according to Eq. (5):

� = Mt − MC (5)

where Mt is the mean value obtained for the different treatments
(ALG/CS, CS/TPP, GA3, CS/TPP-GA3, and ALG/CS-GA3) and concen-
trations (0.05, 0.037, 0.025, and 0.012%), and MC is the mean for the
control. Statistical analysis of the effects of the different treatments
employed one-way analysis of variance (ANOVA) with the Tukey
post-hoc test, using a significance level of p < 0.05. These analyses
were performed with Graphpad Prism v. 5.01 software.

3. Results and discussion

3.1. Characterization of the ALG/CS and CS/TPP nanoparticles

NTA analyses were used to determine the sizes and concentra-
tions of the ALG/CS and CS/TPP nanoparticles, with and without
GA3. The concentrations were 1.52 × 1011 and 1.92 × 1011 particles
mL−1 (Fig. 1a and b), and 1.92 × 1012 and 3.54 × 1012 particles mL−1

(Fig. 1c and d), respectively. Nanoparticle concentrations are rarely
reported in the literature, but are important for determination of,
for example, the toxicity of nanoparticles based on the number of
particles, rather than on the concentration of the material used
(polymer, lipid, metal, etc.) [32]. Nanoparticle size was  determined
by both NTA and DLS, with average values of 450 ± 10 nm for ALG/CS
and 195 ± 1 nm for CS/TPP, with and without GA3 (Fig. 1). Both tech-
niques gave the same results for the average sizes of the ALG/CS
and CS/TPP nanoparticles with and without GA3, suggesting that
the addition of the hormone did not affect the nanoparticle struc-
ture. The DLS peaks that appeared above 1000 nm for the ALG/CS
nanoparticles with or without GA3 could be attributed to aggregate
formation.

Both techniques analyze the size of nanoparticles using their
Brownian motion, although the NTA technique evaluates the size
distribution by counting individual nanoparticles, while DLS mea-

sures the size distribution of the bulk nanoparticles [33]. The
AFM images corroborated the sizes obtained using NTA and DLS
and revealed that both types of nanoparticles were spherical
(Figs. 2 and 3a). The use of NTA and DLS, together with AFM, helped
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Fig. 1. Particle size analysis using the dynamic light scattering (DLS) and nanoparticle tracking analysis (NTA) techniques. a) ALG/CS, b) ALG/CS-GA3, c) CS/TPP, and d)
CS/TPP-GA3. The samples were analyzed in triplicate, at 25 ◦C.

Fig. 2. Images obtained by atomic force microscopy (AFM) showing the spherical shape of the nanoparticles and the profile of size: a) ALG/CS and b) CS/TPP nanoparticles.
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ig. 3. Analysis of the stabilities of the ALG/CS and CS/TPP nanoparticles, with and
otential, and d) pH. The samples were analyzed in triplicate, at 25 ◦C.

o validate the characterization of the sizes of the ALG/CS and
S/TPP nanoparticles.

The DLS technique was used to determine the PDI values
Fig. 3b). The mean value for the nanoparticles was  0.3, which is
ypical for these types of particles [12,34]. Nonetheless, the litera-
ure reports different sizes of ALG/CS nanoparticles, using the same
echnique. For example, Azevedo et al. [26] obtained nanoparticles
ith sizes of 100–120 nm,  which were smaller than found here,

nd higher PDI of 0.4. Silva et al. [23] obtained particles in the
50–650 nm size range, with PDI values similar to those found in
he present work. Different sizes have also been reported for CS/TPP
anoparticles. Vimal et al. [34] measured particles between 30 and
0 nm,  while Rampino et al. [35] produced particles of similar size
o those obtained in this study, but with lower PDI values of around
.18-0.2.

The zeta potentials of the CS/TPP and ALG/CS nanoparticles
ere around 27 ± 3 mV  and −29.0 ± 0.5 mV,  respectively (Fig. 3c).

he charges were related to the components used to produce the
anoparticles: the negative zeta potential of the ALG/CS nanoparti-
les was due to the carboxyl groups of ALG, which are ionized at pH
.9 (COO−) [36]; the positive charge of CS/TPP was due to the amino
roups present in the CS polymer and exposed on the surfaces of
he nanoparticles [35].

Another parameter evaluated was the final pH (Fig. 3d) of the
ormulations. In both cases, the pH was around 4.9, without any
ignificant change over time, indicative of an absence of hydrolysis
f the systems in the medium used here [37].

The efficiencies of encapsulation of GA3 in the nanoparticles
ere 100% and 90% for ALG/CS and CS/TPP, respectively, demon-

trating strong interaction of the hormone with these carriers.
ntermolecular interactions involved the hydroxyl and carboxylic
cid moieties present in the hormone molecule, which participated

n hydrogen bonds and electrostatic linkages, respectively, with
roups present in the polymers.

The use of CaCl2 induces the formation of polymeric mesh, due
o the interaction of Ca2+ ions with the carboxylic acid groups of
ut GA 3, over a period of 60 days, considering the variables: a) size, b) PDI, c) zeta

the ALG. The same groups are present in GA3, so it can be inserted
into the polymeric mesh by means of the same type of chemical
interaction. Other studies have also reported the encapsulation of
active chemicals due to their interactions with Ca2+ ions of ALG/CS
nanoparticles [38,39].

For both CS/TPP and ALG/CS nanoparticles, the encapsulation
can occur due to interactions involving free amino groups [40].
Another factor is the interaction between the active molecule and
the surface of the nanoparticle [34]. For GA3, both interactions may
occur. Since the pka of this hormone is 4 and the pH of the for-
mulation was  4.9, GA3 was deprotonated and could interact with
positive charges.

The temporal stabilities of the nanoparticles are shown in
Fig. 3. The particle sizes and PDI values (Fig. 3a and b) showed
no changes during the period evaluated. Increased size or higher
PDI would be indicative of the occurrence of processes of
aggregation/agglomeration and subsequent precipitation of the
nanoparticles [37].

The initial zeta potential values obtained for the ALG/CS and
CS/TPP nanoparticles were −28.2 ± 0.4 mV and +27.0 ± 3.0 mV,
respectively, with the values changing to −22.7 ± 0.9 mV  and
+5.7 ± 0.8 mV,  respectively, after 60 days (Fig. 3c). The initial value
for the ALG/CS-GA3 nanoparticles was −27.8 ± 0.9 mV, with a
value of −27.1 ± 0.5 mV obtained after 60 days. In the case of the
CS/TPP-GA3 nanoparticles, the values were 25 ± 1.0 mV  (initial) and
18.6 ± 0.5 mV  (after 60 days). The zeta potential is one of the most
important factors for the stability of nanoparticles; the higher the
value, the greater the repulsion among the nanoparticles, which
avoids aggregation/agglomeration [41].

The zeta potential depends on various factors; in the present
case, as the pH of the nanoparticles did not change (Fig. 3d), the
change in the zeta potential could have been due to rearrangements

among the formulation components, notably the polymer chains.
Meanwhile, an important point to stress is that the decrease was
smaller in the presence of GA3, indicating that the presence of this
molecule probably led to better stabilization of the charges and
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he groups responsible for intermolecular interactions among the
omponents of the nanoparticles.

.1.1. Release kinetics assays
The release kinetics tests showed that the nanoparticles of

LG/CS (pH 4.9) and CS/TPP (pH 4.7) modified the GA3 release
rofile (Fig. 4a). Both nanoparticle systems showed 30% release
fter 8 h, while 80% release of the free GA3 hormone occurred from
he donor compartment to the acceptor compartment in 10 h. This
ame degree of release was reached after 17 h in the case of the
LG/CS-GA3 nanoparticles, which therefore extended the release
y 7 h. The CS/TPP system showed 54% release after 10 h, with
o significant subsequent changes (Fig. 4a). The different release
imes can be explained by the nature of the chemical interactions
etween the active agent and the polymers, the hydrophilicity of
he nanoparticles, and closing of the polymeric network [42]. The
Ka values of the mannuronic and guluronic acid residues in the
LG polymer are 3.38 and 3.65, respectively [43], while the values
re 6.5 for CS [44] and 4 for GA3. The final pH of the nanoparticles
4.9) indicated that the GA3 was deprotonated, enabling electro-
tatic interactions between the active agent and the surfaces of
he CS/TPP nanoparticles (which presented a positive zeta poten-
ial). Stronger interactions that could maintain the active agent
rapped inside the nanoparticles include hydrogen bonds between
he amino groups of the CS polymer and the carboxylic acid group
f GA3.

The ALG/CS-GA3 nanoparticles showed greater release, due to
eaker interactions such as ionic bonds between the calcium ions
sed to produce the ALG gel with GA3. Such interactions have
een described for the encapsulation of other active principles
sing this type of nanoparticle [38,39]. Another contributing fac-
or could be the internal hydrophilicity of the nanoparticles, as
escribed by Aouada et al. [42] for the formation of hydrogels
ith the herbicide paraquat, where an increase of hydroxyl groups

esulted in higher water uptake, relaxation of the polymeric matrix,
nd greater release of the herbicide. There was a higher presence
f these groups in the ALG/CS-GA3 nanoparticles, compared to
S/TPP-GA3, which could have led to greater release, although 20%
f the active agent remained trapped in the nanoparticles, probably
ue to stronger interaction between the polymer and the hormone.
PLC analyses did not show alterations in retention time or addi-

ional peaks for GA3 during the kinetics assay, indicating that GA3
emained stable after the preparation of the nanoparticles.

The mechanism of release of the hormone was investigated by
pplying the Korsmeyer-Peppas mathematical model [45]. The fit-
ing for the ALG/CS-GA3 nanoparticles resulted in a release kinetic
onstant (k) of 0.038 min−1 and a release exponent (n) of 1.26
Fig. 4b, Table 1). The CS/TPP nanoparticles showed values of

 = 0.084 min−1 and n = 0.87 (Fig. 4c, Table 1), indicating that the
elease of GA3 from the CS/TPP-GA3 nanoparticles was faster, in
he initial phase, compared to the release from the ALG/CS-GA3
ystem. This corroborated the release kinetics data, where similar
nitial release profiles were obtained for the CS/TPP-GA3 system
nd the free hormone.

According to the mathematical model, n < 0.45 indicates that
he system releases the active agent by diffusion, following
ick’s law; n > 0.89 indicates release by relaxation of the poly-
eric wall or erosion of the particle; and 0.45 < n < 0.89 indicates

elease by anomalous transport, with both of the aforemen-
ioned mechanisms occurring simultaneously [45]. The CS/TPP-GA3
anoparticles therefore exhibited release by anomalous transport,
hile release from the ALG/CS-GA3 system was due to relaxation or

egradation of the polymeric matrix. The results of the mathemat-

cal treatment were in agreement with the release kinetics, where
he CS/TPP nanoparticles showed faster release of GA3, although
he fact that 54% remained retained in the polymer indicated that
: Biointerfaces 150 (2017) 141–152

there was  strong chemical interaction of GA3 with a component of
the CS/TPP nanoparticles.

Using an ALG/CS nanoparticle system as a carrier for the herbi-
cide paraquat, Silva et al. [23] found nearly 100% release within
8 h, with the system presenting anomalous transport (n = 0.83)
and a release kinetics constant (k) of 0.012 min−1. For release of
paraquat from CS/TPP nanoparticles, Grillo et al. [12] showed that
the release occurred by anomalous transport (n = 0.60), with faster
release kinetics (k = 1.99 min−1) than for the release of the same
herbicide from ALG/CS nanoparticles; these values were similar to
those found in the present work for CS/TPP nanoparticles loaded
with GA3.

Microparticulate and nanoparticulate systems are able to pro-
vide extended release profiles, compared to the use of free active
agents, and as a result can maintain biological action for longer,
increasing the effectiveness of the agent [46]. Another aspect of
these systems is their potentially greater activity, because encap-
sulation increases the physical and chemical stability of the agent,
protecting it from external factors that could cause degradation,
such as photolysis or sorption [47,48]. The active agent therefore
becomes more bioavailable and effective towards target organisms,
enabling the use of lower applied concentrations to achieve the
same effect, consequently helping to reduce contamination of the
environment [8]. This is important, since agricultural chemicals can
contaminate food, soil, and hydric resources [49]. In the case of
GA3, the use of nanocarriers provides protection against degrada-
tion caused by environmental factors such as light and temperature
[21].

3.1.2. Release kinetics at different pH and temperature
The delivery systems were evaluated in terms of the effects

of increased temperature and pH on the characteristics of the
nanoparticles, the kinetics, and the release mechanism. Table 1
presents the characteristics of the nanoparticles at the end of the
release tests under the different conditions of pH and temperature,
together with the values of the release constant (k) and coefficient
(n) obtained using the Korsmeyer-Peppas mathematical model.

With the rise of temperature, the ALG/CS-GA3 nanoparticles
showed increases in size as well as PDI, while these parameters
remained unchanged for the CS/TPP nanoparticles. No changes
in zeta potential were observed for either type of nanoparticle
(Table 1).

After 8 h, the ALG/CS-GA3 and CS/TPP-GA3 nanoparticles
showed releases of 81.8 ± 0.43% and 72.0 ± 6.0%, respectively, when
the assays were carried out at 30 ◦C (Fig. 5a). The release values were
higher than obtained at room temperature. The release constant
(k) values increased, while there were no changes in the release
mechanisms, maintaining values of n > 0.85.

It has been found previously that a higher temperature alters
the viscosity and hydrophilicity of polymers such as ALG and CS,
which can be used to improve control of the release of an active
agent [26,50]. This was not observed here for the carrier systems
containing GA3. It was reported by Liu et al. [51] that the release of
GA3 from the CS polymer was higher when the temperature was
increased, due to loss of interaction between GA3 and the amine
group of CS.

At ambient temperature, the ALG/CS-GA3 nanoparticles showed
a reduced size at pH 5.9. At pH around 5.3, greater electrostatic
interaction of the polymers produces nanoparticles that are more
compact [52]. The PDI values were not affected, while the zeta
potential shifted from −31.6 ± 1.31 mV  to −24.6 ± 1.81 mV.  The
increase of pH caused deprotonation of the carboxylic acid groups,

consequently increasing the interaction with calcium ions present
in these particles, making the zeta potential more positive [51].

For the CS/TPP-GA3 nanoparticles, the pH change resulted in
increased size and PDI. The closer the pH of the solution to the pKa



A.E.S. Pereira et al. / Colloids and Surfaces B: Biointerfaces 150 (2017) 141–152 147

Fig. 4. a) Release profiles of free GA3 and GA3 encapsulated in the ALG/CS and CS/TPP nanoparticles (n = 3, 25 ◦C); b) fitting using the Korsmeyer–Peppas mathematical model
applied to the release of GA3 from the ALG/CS nanoparticles; c) fitting using the Korsmeyer–Peppas mathematical model applied to the release of GA3 from the CS/TPP
nanoparticles.

Table 1
Nanoparticles characterization at different pH and temperature, considering particle size, PDI, zeta potential, and the values obtained from the Korsmeyer-Peppas mathe-
matical model for the kinetic constant (k) and release exponent (n).

pH Temperature (◦C) Size (nm) PDI Zeta potential (mV) k (min−1) n

ALG/CS-
GA3

4.9 25 471.8 ± 3.8 0.26 ± 0.01 −31.6 ± 1.31 0.038 1.26
4.9  30 545.3 ± 23.6 0.36 ± 0.08 −35.2 ± 10.0 0.3894 3.56
5.9  25 392.2 ± 7.7 0.28 ± 0.03 −27.3 ± 0.32 0.239 0.31

0.3
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CS/TPP-
GA3

4.7 25 194 ± 4.2 

4.7  30 188.1 ± 2.78 

5.7  25 429.6 ± 1.63 

f the CS polymer, the greater the tendency for precipitation of the
olymer, leading to increased particle size or aggregation [53].

For both types of nanoparticles, the increase of pH accelerated
he release of GA3. After 8 h, the ALG/CS-GA3 nanoparticles showed
7.4% release, while at pH 5.7, 78% release was obtained for the
S/TPP-GA3 nanoparticles, which was close to the value obtained

or free GA3.
Release systems based on polyelectrolytic polymers are sen-

itive to pH changes, which can increase the release [54,55].
ccording to Mukhopadhyay et al. [55], alkaline media provide
reater interaction of the solvent with the positive charge of CS,
ncreasing penetration of the solvent into the nanoparticles and

esulting in the release being governed by diffusion.

For both types of nanoparticles, the release constant values (k)
ncreased with increasing pH, while the release exponent values for
LG/CS-GA3 and CS/TPP-GA3 decreased (n < 0.45), reflecting a shift
1 ± 0.02 17.8 ± 0.94 0.084 0.87
3 ± 0.002 16.0 ± 1.05 0.264 4.0
4 ± 0.01 19.8 ± 0.41 0.254 0.28

in the release mechanism from relaxation of the polymer matrix
(or polymer degradation) to diffusion. The increase in pH led to
increased release of GA3 and a change in the release mechanism.

Both carrier systems were sensitive to changes in temperature
and pH. These features are of interest for agricultural applications.
As an example, the use of these formulations for seed treatment can
enable modulation of the release of GA3 from the nanoparticles in
the field, due to the effects of factors such as temperature and pH.

3.2. Differential scanning calorimetry (DSC)

It can be seen that ALG, CS, TPP, and GA3 presented phase

transition/fusion peaks at 109, 101, 177, and 239 ◦C, respectively
(Fig. 6). The endothermic peaks for the polymers were due to the
loss of hydrophilic groups following decomposition of the polymers
[22,56]. The ALG/CS nanoparticles, with and without GA3, showed
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Fig. 5. Release profiles of GA3 encapsulated in a) the ALG/CS (pH 4.9) and CS/TPP (pH 4.7) at temperature of 30 ◦C, and b) ALG/CS (pH 4.9) and CS/TPP nanoparticles (pH 5.7)
at  temperature of 25 ◦C.

Fig. 6. Thermograms obtained by differential scanning calorimetry (DSC) for ALG, CS, TPP, GA3, the physical mixture (MF), and ALG/CS and CS/TPP nanoparticles with and
without GA3. The samples were analyzed under a flow of nitrogen (50 mL  min−1), with heating at 10 ◦C min−1 in the temperature range 20–350 ◦C.
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Fig. 7. Biological activities of the ALG/CS-GA3 and CS/TPP-GA3 nanoparticles towards Phaseolus vulgaris: a) shoot development (cm); b) root development (cm); c) leaf area
d f 0.012
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evelopment (cm2); d) images of the leaves for the treatment at a concentration o
otal  content of carotenoids (mg  mm−2). Statistical analysis using one-way ANOVA
he  control, b indicates significant difference relative to the nanoparticles without G

n endothermic peak at 325 ◦C, which was higher than reported
reviously for ALG/CS nanoparticles. Fattahpour et al. [57] found
hat ALG/CS nanoparticles presented a new endothermic peak at
02.8 ◦C, with no appearance of the endothermic peaks of the ALG
nd CS polymers. Silva et al. [23] found that ALG/CS nanoparticles
sed as carriers for paraquat presented an endothermic peak at
0 ◦C, which was slightly higher compared to the physical mixture
f the pure polymers, which showed peaks for ALG at 62 ◦C and CS at
8 ◦C. Emami  et al. [58] reported an endothermic peak for ALG/CS
anoparticles at 210.45 ◦C, different to the peaks associated with
he polymers, which was attributed to polyelectrolytic complex-
tion between the polymers. These findings revealed that strong
nteraction in the ALG/CS nanoparticles prepared in this study acted
o raise the fusion point, compared to the values for the individual
olymers.

The CS/TPP nanoparticles showed broad endothermic peaks at
round 199 and 207 ◦C in the absence and presence of GA3, respec-
ively, which were close to the value for the CS polymer (206 ◦C).
he lower temperature for the CS/TPP nanoparticles without GA3
as consistent with earlier findings [59], where the lower temper-

ture endothermic peak of CS/TPP (compared to the polymer) was
ttributed to the loss of crystallinity of CS, which was  converted
o its amorphous form. Loading with GA3 caused no change in the
alues, compared to the pure polymer, suggesting that the GA3 was
ispersed in the polymeric matrix of the nanoparticles.
.3. Biological activity

The results (Fig. 7) showed that the treatments with free GA3 or
he nanoparticles loaded with GA3 promoted shoot development in
%; e) chlorophyll ‘a’ content (mg  mm−2); f) chlorophyll ‘b’ content (mg mm−2); g)
Tukey’s post-hoc test (p < 0.05), where a indicates significant difference relative to
nd c indicates significant difference relative to free GA3.

all cases (without any statistical differences among them), with an
average 8.2 cm increase in length, compared to the control (Fig. 7a).
The findings indicated that the carrier system possessed biological
activity similar to that of the free hormone. A notable feature was
that the effect obtained using the ALG/CS nanoparticles alone, with-
out any hormone, was similar to the effect in the presence of the
hormone (this was not observed in the case of the CS/TPP nanoparti-
cles). The composition of the ALG/CS nanoparticles included CaCl2,
which has previously been studied for the alleviation of plant stress
in dry [60] or saline [61] environments. According to Wang et al.
[62], exogenous application of CaCl2 to soybean plants at a concen-
tration of 6 mM resulted in increased quality and size of the plant,
as well as increased endogenous levels of the hormones gibberellic
acid and indole-acetic acid. In the case of the ALG/CS nanoparticles,
the CaCl2 concentration of 50 mM could have caused initial plant
growth similar to that obtained in the treatments with GA3. Qureshi
et al. [63] found that the use of exogenous GA3 increased the num-
ber of leaves and the leaf area, and in combination with CaCl2
resulted in greater plant mass. The fact that the ALG/CS nanopar-
ticles contained CaCl2 in their structure could have led to similar
effects.

In the case of root development, only the free hormone (at a
concentration of 0.025%) and the CS/TPP-GA3 nanoparticles (at con-
centrations of 0.012 and 0.025%) caused different growth rates,
relative to the control, with increases in root length of 4, 5.5, and
5.5 cm, respectively (Fig. 7b). The development of the roots is crit-

ical for the plant, since they are responsible for the uptake of
nutrients and water from the soil [64], and in agricultural crops
a more extensive root network enables faster absorption of fertil-
izers, improving plant quality [65].
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In the case of leaf area (Fig. 7c), the free hormone at a concen-
ration of 0.05% increased growth, relative to the control, while use
f the ALG/CS-GA3 nanoparticles at concentrations of 0.012 and
.025% led to greater leaf area, compared to use of the free hormone
r the CS/TPP-GA3 nanoparticles (Fig. 7d). At these two dilutions,
se of the ALG/CS-GA3 carrier system led to an average leaf area that
as 78% higher than the control, and the effectiveness of ALG/CS-
A3 was 82% higher than that of the free hormone. A larger leaf area

esults in increased capture of sunlight and increases photosynthe-
is, so more energy is available for plant growth [66]. In the present
ase using Phaseolus vulgaris, the CS/TPP-GA3 system exerted an
ffect on root development, while the ALG/CS-GA3 nanoparticles
cted to increase leaf area.

The nanoparticle systems presented different effects on the pig-
ent contents. An important finding was that the ALG/CS-GA3

anoparticles at a concentration of 0.012% acted to increase the
evels of chlorophyll ‘a’, relative to the control, while the CS/TPP-
A3 nanoparticles at a concentration of 0.05% increased the levels
f chlorophyll ‘b’, relative to the control, the free hormone, and
he CS/TPP-GA3 nanoparticles (Fig. 7e and f). At a concentration of
.012%, the ALG/CS-GA3 nanoparticles acted to increase the content
f carotenoids, while the other treatments showed no differences,
elative to the control (Fig. 7g). The effects observed for Phaseolus
ulgaris, using GA3 at levels equivalent to those applied in agricul-
ure, revealed the alteration of biochemical processes in the plants,
ith accelerated plant development and increased levels of chloro-
hylls and carotenoids [67,68]. For all the parameters evaluated,
he ALG/CS nanocarrier system showed better performance, com-
ared to the free hormone or the CS/TPP system, with the lowest
oncentration (0.012%) being most suitable.

The carrier systems used in this study presented different
hysical characteristics (size and zeta potential) and release mech-
nisms, resulting in different morphological and biochemical
ffects in Phaseolus vulgaris, although both systems have poten-
ial for use in agriculture. The different release mechanisms had an
mportant influence on their effects, with the faster release from the
LG/CS-GA3 nanoparticles system probably resulting in a greater
hort-term effect. In the CS/TPP-GA3 system, stronger interactions
aused extended retention of the hormone, with slower release,
hich could lead to greater effects after periods longer than used

n this study.
Only a few nanocarrier systems for use with plant growth regu-

ators have been described in the literature, and most studies have
nly concerned system characterization. In contrast to previous
nvestigations, the present work evaluates the physical-chemical
haracteristics of two different carrier systems and also identifies
he system that provided the best biological efficacy.

Nanocarrier systems provide more efficient delivery of active
gents in agricultural field applications, compared to conventional
roducts [14,69]. There have been few studies of carriers for plant
ormones [19,70,71], but these systems have broad potential for
se in the field, offering improved chemical stability and bioavail-
bility. In the present case, the nanoparticle systems evaluated
ere shown to be able to provide effective delivery of the GA3 plant
ormone to crops.

. Conclusions

This work describes nanoparticle systems composed of ALG/CS
r CS/TPP as carriers for the GA3 plant hormone. Both systems pro-
ided highly efficient encapsulation of GA3. The hormone release

rofiles were different for the two systems, with the initial release
eing slower from the ALG/CS nanoparticles than from the CS/TPP
anoparticles, because the latter interacted more strongly with
A3. The release of GA3 was altered following changes of temper-

[
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ature and pH. DSC analyses confirmed interaction of the hormone
with the carrier systems. In biological activity assays using Phaseo-
lus vulgaris, the ALG/CS-GA3 nanoparticles showed stronger effects,
in terms of leaf development and the level of carotenoids, com-
pared to the free hormone or the CS/TPP-GA3 nanoparticles. The
ALG/CS and CS/TPP nanoparticles showed different physical char-
acteristics (size and zeta potential), resulting in different biological
effects. Further studies of these two systems should be under-
taken at different stages of development of Phaseolus vulgaris and
other plant species, and toxicity assays should be performed. Given
the wide range of functions of GA3 during the different stages of
plant development, future studies may  indicate diverse applica-
tions of CS/TPP-GA3 and ALG/CS-GA3 NPs in agriculture, such as in
increased plant fertility [72], the formation of parthenocarpic fruits
[73], and promotion of the germination of seeds that present phys-
iological dormancy [74]. In particular, the use of nanoparticulate
systems for this hormone could ensure greater biological activ-
ity and efficiency in the field, resulting in higher quality, increased
production, and greater economic value of agricultural products.
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