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a  b  s  t  r  a  c  t

The  growth  regulator  gibberellic  acid (GA3) has  several  uses  in the  field,  improving  germination,  plant
development,  productivity,  and  the  quality  of food.  This  work  describes  the  development  of  a nanocarrier
system  for  GA3,  based  on the  poly(�-glutamic  acid)  (�-PGA)  and  chitosan  (CS)  polymers,  Nanoparticles
without  GA3 (nano-�PGA/CS-GA3)  showed  colloidal  characteristics,  with  an  average  size of 117  ± 9 nm,
PDI  of  0.43 ± 0.07, and  zeta  potential  of  −29  ± 0.5  mV.  The  encapsulated  nanoparticles  (nano-�PGA/CS-
GA3)  presented  an average  size  of 134 ± 9 nm,  PDI  of  0.35  ± 0.05,  zeta potential  of 27.9  ±  0.5  mV,  and  61%
encapsulation.  The  images  of nanoparticles  observed  by Transmission  and scanning  electron  microscopy
(TEM  and  SEM)  showed  a spherical  shape  of  the  nanoparticles.  The  system  showed  sustained  release,
with  58%  release  after  48  h. Evaluation  of thermal  properties  using  DSC  and  TGA  analyses  indicated  that
there  was  an interaction  between  the  CS  and  �-PGA  polymers.  In  tests  using  Phaseolus  vulgaris  seeds,
griculture
elease system

nano-�PGA/CS-GA3 showed  high  biological  activity,  enhancing  the rate  of germination  in  the  first  day
(50–70%)  when  compared  with  free  GA3 (10–16%).  Encapsulated  GA3 was  also  more  efficient  than  the
free  hormone  in  the  increase  of  leaf  area  and  the induction  of  root  development  (including  the  formation
of  lateral  roots).  These  effects  were  not  observed  when  seeds  were treated  with  nano-�PGA/CS  without
GA3. The  results  demonstrated  the  considerable  potential  of  nano-�PGA/CS-GA3 for  use  in agriculture.

©  2016  Elsevier  Ltd.  All  rights  reserved.
. Introduction

A number of recent studies have highlighted the potential of
anotechnology for applications in the agricultural sector that
ould help to improve food safety and quality, while increasing
he sustainability of agricultural practices (Fraceto et al., 2016).

uch uses include systems for the controlled release of fertilizers
DeRosa, Monreal, Schnitzer, Walsh, & Sultan, 2010) and agents
mployed to protect plants against pests (Campos, de Oliveira, &

∗ Corresponding author at: ICTS – UNESP, Avenida Três de Març o, 511, Alto da Boa
ista, CEP 18087-180, Sorocaba, São Paulo, Brazil.
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ttp://dx.doi.org/10.1016/j.carbpol.2016.11.073
144-8617/© 2016 Elsevier Ltd. All rights reserved.
Fraceto, 2014; Campos, de Oliveira, Fraceto, & Singh, 2014; Grillo,
Abhilash, & Fraceto, 2016). Nanoparticles can act directly (He, Liu,
Mustapha, & Lin, 2011; Mishra et al., 2014) or as carrier systems
for chemicals used in the field (Ihegwuagu et al., 2016), provid-
ing greater efficiency and improved environmental safety (Sekhon,
2014). For example, the use of nanocarriers for herbicides results
in more effective weed control, together with reduced toxic effects
towards nontarget organisms (de Oliveira et al., 2015; Oliveira et al.,
2015; Maruyama et al., 2016). de Oliveira et al. (2015) demon-
strated that solid lipid nanoparticles containing the herbicides
simazine and atrazine caused phytotoxic effects in target plants,
even after 10-fold dilution. Similar results have been observed for
atrazine-containing polymeric nanocapsules (Oliveira et al., 2015).

Maruyama et al. (2016) observed a reduction of around 100% in the
genotoxicity of the herbicides imazapic and imazapyr after their
encapsulation into chitosan nanoparticles. Nanocarriers have also

dx.doi.org/10.1016/j.carbpol.2016.11.073
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
http://crossmark.crossref.org/dialog/?doi=10.1016/j.carbpol.2016.11.073&domain=pdf
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een employed with other classes of pesticides, such as fungicides
Campos et al., 2015; Manikandan & Sathiyabama, 2016) and insec-
icides (Elek et al., 2010), improving their biological effectiveness
nd stability. The chemical agent is protected against degradation
aused by processes such as photolysis and hydrolysis, while at the
ame time its adverse effects in non-target organisms are reduced
Khot, Sankaran, Maja, Ehsani, & Schuster, 2012; Nair et al., 2010).

Although these systems have been developed for different
lasses of agrochemicals, there have been few studies involving
lant growth regulators. Plant growth regulators are a class of com-
ounds used in agriculture to improve the development of plants
r fruits, and include gibberellins, auxins, cytokinins, abscisic acid,
itric oxide, and ethylene, amongst others (Nambara, 2013). In
014, these compounds accounted for around 2.5% of the global
arket for agricultural inputs (Rademacher, 2015). Growth regu-

ators, whether from synthetic or natural origins, are employed in
arious ways to increase productivity and profitability (E1-Otmani,
oggins Jr., Agustí, & Lovatt, 2000). Microparticulate release sys-
ems have been used for brassinosteroid hormones (Quiñones,
arcía, Curiel, & Covas, 2010) and naphthalene acetic acid (Tao,
ang, Chen, Ren, & Hu, 2012), and chitosan nanoparticles have
een used for the controlled release of nitric oxide (Oliveira,
omes, Pelegrino, & Seabra, 2016). Studies have shown that car-
on nanotubes induce effects similar to those of plant hormones;
or example, Khodakovskaya et al. (2013) showed that the use of

ulti-walled carbon nanotubes could increase twice the flowers
nd fruits of tomato. Other types of nanoparticles can also alter
hysiological and biochemical processes in plants (McDaniel, Chen,
alogh, Yang, & Ghoshroy, 2013; Servin et al., 2012).

The gibberellic acid (GA3) plant hormone (Rodrigues, de
andenberghe, de Oliveira, & Soccol, 2012) is widely used to
timulate plant development, affecting seed germination, stem
longation, leaf area expansion, and maturation of plant sexual
rgans, as well as reducing the time to flowering, amongst other
unctions (Bose et al., 2013; Wani et al., 2014). The application
f GA3 delayed ripening and improved the weight and quality of
he fruit of the ‘Barhee’ date palm cultivar (Awad & Al-Qurashi,
012). In combination with phosphorous, this plant hormone was
hown to alter the metabolism and increase the seed yield of
rigonella foenum-graecum plants (Dar et al., 2015). The use of GA3
an also help to break seed dormancy (Miransari & Smith, 2014) and
roduce parthenocarpic fruits (Mesejo, Reig, & Martínez-Fuentes,
010). However, degradation of the compound in the field reduces

ts effectiveness, necessitating the use of suitable carrier systems
ble to increase its chemical stability as well as its biological effects
Liu et al., 2013a). A conjugated system with chitosan has been
escribed for the controlled release of GA3 (Liu et al., 2013a). Hafez,
erber, Minagawa, Mori, and Tanaka (2010) developed a nanohy-
rid system for GA3 using an inorganic magnesium-aluminum

ayered double-hydroxide material, which resulted in sustained
elease and slow degradation of the hormone. Despite these stud-
es, the development of biopolymer-based nanoparticles as carrier
ystems for GA3 has not yet been described.

Biopolymers such as alginate, cellulose, cyclodextrin, dextran,
ectin, and chitosan, amongst others, can be employed as car-
ier systems for agrochemicals (Campos, de Oliveira, Fraceto et al.,
014; Campos, de Oliveira, Fraceto, Singh et al., 2014). The �-PGA
olymer is produced by fermentation using bacteria of the genus
acillus (Ogunleye et al., 2015). This biopolymer is hydrophilic,
iodegradable, non-toxic and edible, and has many potential
pplications in the food, pharmaceutical, cosmetics, and waste
reatment industries, as well as in other areas (Bajaj & Singhal,

011; Chang, Zhong, Xu, Yao, & Chen, 2013). The �-PGA polymer

s anionic due to the presence of carboxylic groups that can inter-
ct electrostatically with cationic polymers (Sung, Sonaje, Liao, Hsu,

 Chuang, 2012).
lymers 157 (2017) 1862–1873 1863

Chitosan (CS) is a polysaccharide derived from the deacetylation
of chitin (Riteau & Sher, 2016). It is biodegradable and nontoxic, and
has various applications in the food, pharmaceutical, and cosmetics
industries, as well as in other areas (Zargar, Asghari, & Dashti, 2015).

No carrier systems using the �-PGA polymer with CS have been
reported for the delivery of agrochemicals. However, this system
offers properties different to those of other systems in terms of the
characteristics of the nanoparticles, release of the active agent, and
interaction with target plants. The present work therefore describes
the preparation and characterization of nanoparticles composed of
�-PGA and CS (nano-�PGA/CS), as a carrier system for the GA3 plant
growth regulator (nano-�PGA/CS-GA3). The profile and mechanism
of its release were examined as well as the biological activity using
Phaseolus vulgaris (bean) as a model that could be a new system
suitable for application in agriculture.

2. Materials and methods

2.1. Materials

The �-PGA polymer (290 kDa, polydispersity index 2.2) was pro-
duced by the Bacillus licheniformis strain at the Applied Chemistry
Research Center (Saltillo, Coahuila, Mexico). The CS polymer (MW:
27 kDa; degree of deacetylation: 75–85%) and cellulose membrane
(dialysis tubing with molecular exclusion pore size of 12000 Da)
were purchased from Sigma-Aldrich. Acetonitrile (HPLC grade) was
from J.T. Baker. Phaseolus vulgaris seeds were purchased locally in
the town of Saltillo (Coahuila, Mexico).

2.2. Preparation of nano-�PGA/CS

The nanoparticles were prepared according to the ionic pre-
gelation method proposed by Sarmento et al. (2006), with
modifications. Firstly, a CaCl2 solution (25 mM)  was  added to 59 mL
of a solution of �-PGA (0.031%, pH 4.9) over a period of 60 min,
under stirring, using a peristaltic pump. A 12.5 mL  volume of CS
solution (0.07%, pH 4.5) was then added to the �-PGA/CaCl2 solu-
tion over a period of 90 min, using a peristaltic pump. Nanoparticles
were prepared with and without GA3, with the active agent being
added after addition of the CaCl2 solution and before addition of
the CS solution. The final concentration of GA3 in the nanoparticle
suspensions was  50 �g/mL.

2.3. Characterization

2.3.1. Nanoparticle characterization
Nanoparticle size and polydispersity index measurements were

performed using a NanoFlex instrument (Microtec, CIQA, Saltillo,
Mexico). The samples were analyzed in triplicate at 25 ◦C. The zeta
potentials of the nanoparticles were measured with a Zeta-Check
particle charge reader. The equipment was  previously calibrated
using an aluminum solution with zeta potential of +50 mV. The
samples were analyzed by triplicate at 25 ◦C. The pH analyses were
performed with a Corning Model 450 pH/ion meter that had been
previously calibrated using pH 4 and pH 7 buffer solutions. The
samples were analyzed by triplicate at 25 ◦C.

2.3.2. Transmission and scanning electron microscopy (TEM and
SEM)

Samples containing the nanoparticles were dialyzed prior to the
electron microscopy analyses. The solutions were placed into cel-
lulose membrane dialysis tubing for 1 h and then were draw out

to prepared several dillutions in water (1:4 v/v), previously to the
microscopy observation. Images were obtained using a JEOL Model
JSM-7401F microscope at magnifications between 22,000× and
35,000×. ImageJ v. 1.48 software was used to measure the size of
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he nanoparticles, with counting of 100 nanoparticles to construct
he histograms and obtain the average size and polydispersity index
alues.

.4. Encapsulation efficiency

The encapsulation efficiency values were determined indirectly
y adding 400 �L of the nanoparticle suspension to a Microcon
egenerated cellulose ultrafiltration device (Millipore) with exclu-
ion pore size of 30 kDa. The device was centrifuged at 200 × g for
0 min  and the filtrate was analyzed by high performance liquid
hromatography (Section 2.3.7). The encapsulation percentage was
alculated from the quantified amount that was not encapsulated,
onsidering a concentration of 50 �g/mL as 100%.

.4.1. Quantification of GA3 by high performance liquid
hromatography (HPLC)

Quantification of gibberellic acid was performed using an
gilent Technologies Series 1200 instrument equipped with a
uaternary pump, manual injector, refractive index detector, and
emperature-controlled column compartment. The mobile phase
flow rate of 0.7 mL/min) was a solution of acetonitrile and water
containing 0.1% H3PO4), in a ratio of 3:1 (v/v), and a Supelcosil
C18-DB column (3.3 × 4.6 cm;  3 �m)  was used as the stationary
hase. GA3 was detected at 210 nm with a G1365D (1260MWD
L) UV detector (Agilent Technologies). The equipment was pre-
iously calibrated using standard solutions of GA3 (purity >95%,
igma–Aldrich) at different concentrations. The linear correlation
oefficient (r) of the calibration curve was 0.9993 and the limits
f detection and quantification were 0.97 and 3.24 �g/mL, respec-
ively. ChemStation 2D HPLC software was used to record and
nalyze the chromatograms.

.5. In vitro release assays

The release assays were carried out using a system with two
ompartments (donor and acceptor) separated by a cellulose dial-
sis tubing membrane (Sigma) with molecular exclusion pore size
f 1200 Da. The assays were performed in triplicate for the carrier
nd the free GA3. The donor compartment was filled with 6 mL  of
olution containing GA3 and the acceptor compartment was filled
ith 25 mL  of CaCl2 solution (18 mM,  pH 4.3). These proportions

nd volumes ensured that the assays were performed under sink
onditions. After the start of each test, aliquots were periodically
ollected for quantification of GA3 by HPLC (Section 2.3.7).

.6. Differential scanning calorimetry (DSC)

The DSC analyses were performed using a Discovery thermal
nalyzer (TA Instruments/Waters). The nanoparticle samples were
entrifuged at 200 × g and then lyophilized. Aliquots (5 mg)  were
eighed into alumina crucibles and heated from 25 to 350 ◦C, at a

ate of 10 ◦C/min, under a flow of nitrogen (50 mL/min).

.7. Thermogravimetric analysis (TGA)

TGA analyses were performed using the Discovery thermal ana-

yzer. The nanoparticle samples were centrifuged at 200 × g and
hen lyophilized. All the samples were heated from 25 to 600 ◦C
nder a flow of nitrogen, and from 600 to 800 ◦C under a flow of
xygen (both at 50 mL/min), using a heating rate of 10 ◦C/min.
lymers 157 (2017) 1862–1873

2.8. Bioactivity assays

2.8.1. Germination assays
The Phaseolus vulgaris seeds were previously sterilized by plac-

ing in 10% hypochlorite solution for 10 min, followed by immersion
in sterilized distilled water for 5 min, repeating this procedure three
times. Subsequently, the seeds were treated by immersion for 1 h
in solutions of nano-�PGA/CS-GA3 or GA3 at concentrations equiv-
alent to 2.1, 0.7, 0.23, and 0.07 �g of GA3 per gram of seeds. The
same dilutions were used for nano-�PGA/CS without GA3, in order
to evaluate the effects of the nanoparticles alone. The control used
was deionized water, �-PGA (0.024%) and CS (0.011%), diluted in
the same concentrations found in the nanoparticles to evaluated
the effect of the nanoparticles components.

Under a laminar flow hood, 20 mL  of Hoagland solution con-
taining 1.5% agar, autoclaved at 121 ◦C for 15 min  (Uamato SE 510
autoclave), was  added to previously sterilized Petri plates, forming
a solid base. The seeds were transferred to the plates then incu-
bated in the dark using a chamber and kept at room temperature
for 5 days. The assays were performed in triplicate (n = 10).

The effects of nano-�PGA/CS, nano-�PGA-GA3, and GA3 were
assessed using the following variables: germination rate, root
development (length of the primary root), and number of lateral
roots. The percentage germination in the first two days of the exper-
iment was calculated using:

%Germination = N × 100/TS (1)

Where N is the number of germinated seeds and TS is the total
number of seeds used in the assay.

2.8.2. Plant development
To evaluate the effect of the nano-�PGA/CS-GA3 nanoparti-

cles on the germination of P. vulgaris, seeds were treated as was
described before (Section 2.8.1). The treated seeds were transferred
to pots (9.3 cm high, 12.5 and 9.3 cm upper and lower diameters,
respectively) filled with 600 g of California substrate and kept in a
greenhouse. At the end of 15 days shoot and root lengths, leaf area,
and shoot and root dry masses were evaluated. The leaves were
scanned and the area was calculated with ImageJ v. 1.48 software.
The dry mass was  determined by oven-drying the samples at 60 ◦C
for two  days. The assays were performed in triplicate (n = 10).

2.8.3. Statistical analysis
The data were expressed as means and standard deviations,

and were analyzed using one-way analysis of variance (ANOVA)
followed by Tukey’s test (at a significance level of 0.05). All the sta-
tistical procedures were performed using Graphpad Prism v. 5.01
software.

3. Results and discussion

3.1. Nanoparticle size, polydispersity index, and pH

The nano-�PGA/CS particles presented an average size distri-
bution of 117 ± 9 nm,  PDI of 0.43 ± 0.07, and zeta potential of
−29 ± 0.5 mV  (at pH 4.4 ± 0.01). In the case of nano-�PGA/CS-GA3,
the values were 134 ± 9 nm (average size distribution), 0.35 ± 0.05
(PDI), and −27.8 ± 0.5 mV (zeta potential, at pH 4.4 ± 0.01). The
efficiency of encapsulation of GA3 in the particles was  61%. The
size and polydispersity index values obtained for the particles
corroborated the results obtained in the TEM analyses (Fig. 1),

where the particles were observed to be spherical in shape, with
average sizes of 138 ± 28 nm (nano-�PGA/CS) and 165 ± 35 nm
(nano-�PGA/CS-GA3), and PDI values of 0.2 for both formulations.
In the SEM analyses (Fig. 2), nano-�PGA/CS showed an average
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ig. 1. Histograms and micrographs obtained by transmission electron microscopy
f  100 nanoparticles using ImageJ v. 1.48 software.

ize of 120 ± 26 nm and PDI of 0.2, while the corresponding values
or nano-�PGA/CS-GA3 were 127 ± 43 nm (average size) and 0.34
PDI). It can be seen from Fig. 2 that the particles were spherical
ith wrinkled surfaces.

The techniques employed to characterize the nanoparticles
emonstrated that the formulations presented homogeneous par-
icle distributions. Hong, Lee, and Lee (2016) developed a carrier
ystem for lutein, obtaining nanoparticles smaller than 400 nm
polydispersity in the range of 0.1–0.26) by varying the concen-
rations of �-PGA and CS, with higher concentrations of �-PGA
esulting in smaller particles. Liu et al. (2013b) obtained nanoparti-
les in the size range 240–610 nm for encapsulating lysozymes, by
arying the concentrations of the two polymers.

Several factors among the microorganism strain, culture
onditions and polymer purification, all these factors could pro-
oke changes in molecular mass, polydispersity surface charge,
ydrophobicity, and biocompatibility of �-PGA polymer. The
ature of the active agent to be encapsulated also affects the char-
cteristics of the nanoparticles (Manocha & Margaritis, 2008). The
eta potentials of the nanoparticles prepared in this study were
egative and close to −30 mV,  indicative of good colloidal stability
f the system due to increased repulsion between the nanopar-
icles, hence avoiding phenomena such as aggregation (Hans &

owman, 2002; Schaffazick, Guterres, de Lucca Freitas, & Pohlmann,
003). The zeta potential of these nanoparticles was negative due
o the higher concentration of the �-PGA polymer, which resulted
): (a) nano-�PGA/CS; (b) nano-�PGA/CS-GA3. Histograms obtained from counting

in a greater presence of carboxylic groups on the surface (Liao et al.,
2014). The nanoparticles obtained in the present work showed
excellent colloidal characteristics, considering their size, polydis-
persity, and zeta potential, as well as good interaction with GA3.

3.2. Release kinetics assays

In vitro release assays were performed over a 5-day period. After
24 h, there was  72% release of free GA3, compared to 53% release
when the hormone was  encapsulated. After 48 h, release of free GA3
reached 98%, while 58% of the encapsulated form was released in
the same period (Fig. 3).

In agriculture practices, the use of system as the reported in
this study could be beneficial to reduce the degradation of active
agents due the processes involving microorganisms and hydrol-
ysis and photolysis reactions, as well as decrease losses due to
leaching and evaporation of the chemicals in the field (Campos,
de Oliveira, Fraceto et al., 2014; Campos, de Oliveira, Fraceto, Singh
et al., 2014). As a result, under encapsulated condition the active
ingredient could be more available to plants, which can help to
minimize the concentrations applied in the field (Nair et al., 2010).

In both cases, the concentration of the hormone decreased after

72 h, due to the degradation of GA3. However, the slopes of the
curves showed that the degradation rate was slower when the
encapsulated GA3 was  used, suggesting that encapsulation may
protect the hormone from degradation. It has been reported pre-
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Fig. 2. Histograms and micrographs obtained by scanning electron microscopy (SEM): (a) nano-�PGA/CS; (b) nano-�PGA/CS-GA3. Histograms obtained from counting of 100
nanoparticles using ImageJ v. 1.48 software.

Fig. 3. Comparison of the results of release assays using nano-�PGA/CS-GA3 and free GA3, during a period of 5 days (n = 3). Tests performed at 25 ◦C.
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Fig. 4. DSC thermograms: (a) �-PGA, (b) CS, (c) GA3, (d) physical mixture, (e) nano-
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PGA/CS, and (f) nano-�PGA/CS-GA3. Tests performed under a nitrogen atmosphere
flow rate of 50 mL/min), using a temperature interval of 25–350 ◦C and a heating
ate  of 10 ◦C/min.

iously that following application in the field, the stability and
ffectiveness of GA3 are negatively affected by factors including
eat, light, and pH changes (Liu et al., 2013a). The use of carrier
ystems can mitigate such effects and improve the efficiency of
ormone use.

.3. Differential scanning calorimetry (DSC)

The DSC results are shown in Fig. 4, where it can be seen that the
hermogram for the �-PGA polymer (Fig. 4a) presented endother-

ic  peaks at 74.1 and 240 ◦C.
In earlier work using low molecular weight �-PGA, Garcia et al.

2013) reported a peak near 73 ◦C as the phase transition point.
ubota et al. (1995) performed thermal analysis of �-PGA with
olecular mass between 105 and 106 Da, and observed a phase

ransition point at 220 ◦C. Elsewhere, no phase changes were
etected between 45 and 300 ◦C (Agresti, Tu, Ng, Yang, & Liang,
008). Manocha & Margaritis (2008b) suggested that the �-PGA
olymer could exhibit different thermal characteristics, depending
n the microorganism and the fermentation applied conditions,
hich can influence the molecular weight and consequently the
hysicochemical properties of the compound (such as viscosity).

The CS polymer (Fig. 4b) showed an endothermic peak at 74 ◦C
◦
nd an exothermic peak at 305 C, corresponding to the fusion and

egradation temperatures, respectively. These values are close to
hose found in the literature, with the endothermic peak being
elated to the loss of water associated with hydrophilic groups
lymers 157 (2017) 1862–1873 1867

and the exothermic peak being due to degradation by depolar-
ization and dehydration processes (Caddeo et al., 2016; Guinesi
& Cavalheiro, 2006; Sarmento, Ferreira, Veiga, & Ribeiro, 2006).
The thermogram for GA3 (Fig. 4c) showed an endothermic peak
at 231 ◦C, corresponding to its fusion point (Palmer, 1974).

The thermogram for the physical mixture (Fig. 4d) presented
peaks characteristic of the components �-PGA, CS, and GA3, while
nano-�PGA/CS showed no phase transition in the temperature
range 25–350 ◦C (Fig. 4e). Changes in the thermograms indicate
interaction between the polymers (Emami, Boushehri, & Varshosaz,
2014). In the case of the �-PGA/CS-GA3 nanoparticles (Fig. 4f), there
was a shift in the hormone fusion peak from 235 ◦C to 215 ◦C. The
lower transition temperature could be related to different states of
GA3 within the nanoparticles (Gref et al., 1994; Jeong et al., 2005).
According to the fusion temperatures, there were no interactions
of the active agent with the polymers used to produce the nanopar-
ticles (Emami  et al., 2014).

3.4. Thermogravimetric analysis (TGA)

The thermogravimetric analyses (Fig. 5) revealed that in the first
step (40–240 ◦C), there was the loss of water from the samples.

The derivative thermogravimetry results indicated that degra-
dation of the polymers occurred at temperatures of 253 ◦C (�-PGA),
294 ◦C (CS), and 262 ◦C (GA3) (Han, Zhou, Yin, Yang, & Nie, 2010).
These degradation temperatures were close to those observed in
the DSC analyses. The �-PGA polymer (Fig. 5a) showed an ini-
tial mass loss of 6.5% related to the elimination of water, since
this polymer is highly hydrophilic due to its polyacid nature.
The depolymerization starts at around 200 ◦C, according to an
unzipping mechanism, generating pyroglutamic acid and methyl
pyroglutamate, followed by cyclodepolymerization of the poly-
mer  chain, with decomposition of the ionic complex by water
absorption (Portilla-Arias, García-Alvarez, Martínez de Ilarduya, &
Muñoz-Guerra, 2007). In the case of CS (Fig. 5b), there was  an
initial mass loss of 6.3%, due to the elimination of internal water
of the polymer, followed by a second phase associated with the
combustion of volatile components and subsequent pyrolysis reac-
tions occurring randomly in the glycosidic linkages (Georgieva,
Zvezdova, & Vlaev, 2012). The physical mixture (Fig. 5d) showed
two peaks at temperatures close to those found for the polymers
(at 241 and 295 ◦C), with suppression of the peak for GA3 because its
value was intermediate between the values for the polymer peaks.
The thermogravimetry results showed values of 230 ◦C for both
types of nanoparticle (Fig. 5e and 5f). These were lower, compared
to those of the neat polymers, reflecting decreases in the thermal
stabilities. This alteration of thermal stability, together with the
absence of peaks related to �-PGA and CS in the thermograms of the
nanoparticles, was  indicative of interaction between the polymers
(Tewary & Zhang, 2015). In thermal studies of chitosan nanoparti-
cles loaded with GA3, Liu et al. (2013a) found that the introduction
of substituent groups in the polymer resulted in reduced crys-
tallinity of CS and consequently lower stability of the nanoparticles,
compared to pure CS. Abruzzo et al. (2013) reported that inter-
action between alginate and CS polymers reduced the maximum
degradation temperature, due to a loss of structural organization
following the formation of ionic bonds. The structural conforma-
tions of the �-PGA and CS polymers are determined by hydrogen

bridges (Lu et al., 2011; Martins, Pereira, Fajardo, Rubira, & Muniz,
2011), and the breaking of these bridges during the formation of the
nanoparticles generates new ionic bonds that decrease the thermal
stability.



1868 A.E.S. Pereira et al. / Carbohydrate Polymers 157 (2017) 1862–1873

F -�PGA
a L/mi

3

3

o

t
r
i
T
n
e
t
G
v
t
s

g
o
N
a
t
(

ig. 5. TGA thermograms: (a) �-PGA, (b) CS, (c) GA3, (d) physical mixture, (e) nano
 flow of nitrogen (50 mL/min), and from 600 to 800 ◦C under a flow of oxygen (50 m

.5. Bioactivity assays

.5.1. Germination index and root development
Fig. 6 illustrates the development of the roots after germination

f the seeds treated with different GA3 concentrations.
For GA3 concentrations of 2.1, 0.7, 0.23, and 0.07 �g/g of seeds,

he treatments with nano-�PGA/CS-GA3 resulted in germination
ates of 50, 70, 65, and 23% on the first day, while the correspond-
ng values for GA3 were 13, 0, 16, and 0%, respectively (Fig. 7a).
hese results indicated that encapsulation of the hormone in the
anoparticles favored the germination of Phaseolus vulgaris. How-
ver, it should be noted that the effect on germination was lower at
he highest GA3 concentration. After 48 h (Fig. 7b), the encapsulated
A3 formulation continued to exert a greater effect on Phaseolus
ulgaris, compared to the other solutions tested. This was  due to
he presence of GA3 in the nanoparticles, since the nano-�PGA/CS
ystem (without GA3) showed no effect on germination.

It has been observed that the use of GA3 in plants can improve
ermination but may  inhibit development of the plant, depending
n the concentration applied (Leite, Rosolem, & Rodrigues, 2003).

anoparticle characteristics including size, polydispersity index,
nd zeta potential can determine the interactions of these nanoma-
erials with plants, hence influencing the physiological responses
Abraham et al., 2013; Schwab et al., 2015).
/CS, and (f) nano-�PGA/CS-GA3. The samples were heated from 25 to 600 ◦C under
n). The heating rate was  10 ◦C/min.

The use of nanoparticles can provide better targeting of active
agents towards the undesired organisms, increasing their effective-
ness (Nair et al., 2010). GA3 is used in seed treatments in order
to induce germination, acting on three processes: i) water uptake
(where GA3 acts as a negative regulator of repressor proteins in seed
germination); ii) activation of metabolic processes; and iii) radicle
emergence (Rajjou et al., 2012).

Use of the nano-�PGA/CS-GA3 formulation at a GA3 concentra-
tion of 0.7 �g/g of seeds resulted in larger primary roots, compared
to the control (Fig. 7c). The control showed roots with average
length of 4.12 ± 0.4 cm,  while the use of free GA3 and nano-
�PGA/CS-GA3, at concentrations of 0.7 �g/g of seeds, resulted in
average root lengths of 2.79 ± 0.6 cm and 5.57 ± 0.52 cm,  respec-
tively. These results demonstrate that, at this concentration, the use
of the nano-�PGA/CS-GA3 formulation resulted in better develop-
ment than both the control and the seeds treated with free GA3. As
pointed out previously, GA3 improves germination in plants, but
may  inhibit the development of the plant, depending on the con-
centration applied (Leite et al., 2003). The application rate varies
according to the plant, and prior studies are often required in order

to adjust the applied concentration and obtain the best results in
the field (Pavlista, Santra, Schild, & Hergert, 2012). The use of nano-
�PGA/CS-GA3 in different dosages led to good germination rates
and root development. Analogous effects have been observed for
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.7  �g/g of seeds, which produced the best results. The assays were performed in tr

rug delivery systems, where the use of these systems can reduce
ide effects of such as toxicity (De Jong & Borm, 2008). This is due
o the improved targeting achieved with the encapsulated active
gent, together with the maintenance of optimal concentration lev-
ls due to sustained release, so that the biological effect is more
ronounced.

Considering lateral root formation (Fig. 7d), treatment with CS
educed the number of roots, relative to the control. In agriculture,
S has been used for disease control, due to its fungicidal activity,
s well to improve plant defense mechanisms, germination, prod-
ct quality, and productivity (Kurita, 2006; Zeng et al., 2012). CS
an also be used for biofilm formation and the creation of barriers
Badawy & Rabea, 2011). As the seeds were treated using CS solu-

ions, film formation and consequently reduced water uptake and
as exchange could have retarded the development of the plant.
he control showed an average of 2.6 ± 0.5 lateral roots, with no
tatistically significant difference compared to the use of free GA3.
nano-�PGA/CS, and nano-�PGA/CS-GA3), highlighting the treatments with GA3 at
te (n = 10) in a chamber at 25 ◦C in the dark.

Use of the nano-�PGA/CS-GA3 formulation at concentrations of 2.1,
0.7, and 0.23 �g/g of seeds resulted in average numbers of lateral
roots in the range 4.2–5.2.

At a concentration of 0.7 �g/g, use of nano-�PGA/CS-GA3
resulted in 5.4 ± 0.9 lateral roots, compared to 3.1 ± 0.9 for GA3,
representing a gain of 74.1%. As observed for germination, the prop-
erties of the nano-�PGA/CS-GA3 formulation resulted in increased
biological effectiveness of the plant hormone, with effects from
germination to the early development of the roots.

In agriculture, greater formation of lateral roots is desirable
because it increases the uptake of water and nutrients from the
soil, which can help to reduce fertilizer use in the field (Lynch &
Brown, 2012). The literature describes different techniques using

the �-PGA polymer to prepare nanoparticles as carrier systems for
biomedical applications, taking advantage of the rapid uptake of the
nanoparticles by animal cells (Manocha & Margaritis, 2008; Peng
et al., 2009, 2011; Uto et al., 2007). According to Liao et al. (2014),
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-PGA nanoparticles can easily enter cells, due to the presence of
pecific receptors in the cell membrane that mediate its entry. This
dvantage differentiates these nanoparticles from other systems.
owever, in the case of agricultural applications, further studies
re required to determine whether the particles can exert the same
ffects in plant cells.

.5.2. Plant development
The long-term effects on plant development of seed treatment

ith the formulations were evaluated 15 days after sowing (Fig. 8).
The treatments with GA3 or nano-�PGA/CS-GA3 at 2.1 and

.7 �g/g of seeds caused increases of 15–45% in shoot length, com-
ared to the control (Fig. 8a). However, only encapsulated GA3 led
o an increased shoot length at a dosage of 0.21 �g/g of seeds, with

 value of 18.0 ± 0.68 cm,  compared to a length of 14.9 ± 0.43 cm for
he control. Root length was not affected by any treatment (Fig. 8a).
ano-�PGA/CS-GA3 at 0.7 and 0.23 �g/g of seeds enhanced the leaf
rea of the plants by 39 and 47%, respectively, whereas none of the

ested concentrations of free GA3 affected leaf area, compared to
he control (Fig. 8b).

Shoot dry mass did not significantly differ between the control
nd the treatments. Differently, for root dry mass, the treatment
 and (d) number of lateral roots. Tests performed in triplicate (n = 10) in a chamber
n. Statistical analysis employed one-way ANOVA with Tukey’s post-test (p < 0.05).
o-�PGA/CS; (c): significant difference relative to free GA3.

with nano-�PGA/CS-GA3 led to higher values than the control for all
the concentrations tested (increases of 29, 21, 25, and 41% for con-
centrations of 2.1, 0.7, 0.23, and 0.07 �g/g of seeds, respectively).
At 0.23 and 0.07 �g/g of seeds, nano-�PGA/CS-GA3 was more effec-
tive than free GA3 in enhancing root dry mass. The observed effects
on root dry mass were not caused by greater length of the primary
root, but were probably due to increased formation of lateral roots,
as observed in the germination assay.

The analysis of plant development under greenhouse conditions
demonstrated that nano-�PGA/CS-GA3 was more efficient than free
GA3 in stimulating plant growth, similar to the effects observed in
the germination assay. The encapsulated GA3 was able to modulate
plant development for longer periods, even 15 days after treatment
of the seeds with the formulations.

These growth-promoting effects were related to GA3, rather
than any other nanoparticle constituent, since the treatments with
�PGA, CS, and nano-�PGA/CS did not affect any of the growth
parameters of the P. vulgaris plants (Fig. 8). Therefore, the greater

efficacy of nano-�PGA/CS-GA3 could be explained by the con-
trolled release of GA3 from the nanoparticles, as well as slower
degradation of the encapsulated hormone, compared to free GA3
(Fig. 3). Other studies have reported the effective use of nanocar-
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Fig. 8. Evaluation of the effects of �PGA, CS, GA3, nano-�PGA/CS, and nano-�PGA/CS-GA3 on (a) shoot and root lengths (cm), (b) leaf area (mm2), and (c) shoot and root dry
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asses of Phaseolus vulgaris plants. Tests performed in triplicate (n = 10) in a green
nd  standard deviations. Statistical analysis employed one-way ANOVA with Tuke
ifference relative to nano-�PGA/CS; (c): significant difference relative to free GA3.

iers for increasing the bioactivity of different agrichemicals. For
xample, atrazine-containing polymeric nanocapsules showed a
0-fold higher post-emergence herbicidal activity towards mus-
ard plants, compared to free atrazine (Oliveira et al., 2015). In a
ecent study, Oliveira, Gomes, Pelegrino, & Seabra (2016) demon-
trated that nitric oxide-releasing CS nanoparticles were more
ffective than the free nitric oxide donor in protecting maize plants
nder salt stress. This enhanced bioactivity of nitric oxide was  also
elated to the sustained release of the plant growth regulator by the
anoparticles (Oliveira, Gomes, Pelegrino, & Seabra, 2016). The use
f nanocarriers for plant growth regulators can therefore enable
he use of lower dosages of these molecules, reducing both costs
nd the risk of phytotoxicity.

. Conclusions

A high performance carrier system based on �-PGA and CS
olymers is described for use with the GA3 plant hormone. The
anoparticles presented ideal characteristics in terms of size, poly-
ispersity, zeta potential, and encapsulation efficiency. In addition,
he system provided sustained release, prolonging the release of
he active agent as well as protecting it against degradation pro-
esses. In biological activity assays, the system was shown to be
ore effective, compared to the free hormone, accelerating ger-
ination within 24 h after treatment and increasing leaf area and

oot development (including the formation of lateral roots). This
s the first study concerning the use of nano-�PGA/CS as a carrier
ystem for use in agriculture. The results obtained for the encap-
ulation of GA3 demonstrated the considerable potential of this
ystem for use in the field. Additional studies are in progress in
rder to obtain a better understanding of the mechanisms of action
f these formulations.
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