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To offer a multifunctional and applicable system of the high-value biotechnological phytohormone

gibberellic acid (GA), a nanohybrid system of GA using the inorganic Mg-Al layered double-

hydroxide material (LDH) was formulated. The ion-exchange technique of LDH was applied to

synthesize the GA-LDH hybrid. The hybrid structure of GA-LDH was confirmed by different

spectroscopic techniques. The nanohybrid size was described by SEM to be ∼0.1 μm. The

GA-LDH nanohybrid structure was the key parameter that controlled GA properties. The layered

molecular structure of LDH limited the interaction of GA molecules in two-dimensional directions.

Accordingly, GA molecules did not crystallize and were released in an amorphous form suitable for

dissolution. At various simulated soil solutions, the nanohybrids showed a sustained release process

following Higuchi kinetics. The biodegradation process of the intercalated GA showed an extended

period of soil preservation as well as a slow rate of degradation.
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INTRODUCTION

Growthanddevelopment of plants from stemelongation to the
ripening of fruit is controlled by internal chemical signals called
plant growth regulators. Gibberellins (GAs) are a group of
diterpenoid acids that function as plant growth regulators. They
influence a wide range of developmental processes in higher
plants. One GA is gibberellic acid (GA). GA is an important
biotechnological plant phytohormone with various applications
in agriculture, viticulture, gardens, and horticulture (1). The
effects of GA depend on its concentration as well as its applica-
tion method. Generally, GA is applied to commercial crops by
foliar spraying, and in some instances it is preferable to add it
directly to the soil (2). With respect to foliar spraying of GA, for
example, treatment ofCatharanthus roseus resulted in changes in
leaf morphology and an increase in stem elongation, leaf and
internode length, and plant height (3). Also, the spray of GA on
mustard (Brassica juncea L. Czern & Coss.) enhanced plant dry
mass, leaf area, carbon dioxide exchange rate, and plant growth
rate and significantly improved nitrogen-use efficiency through
redistribution of nitrogen to seeds (4).

However GA has low water solubility and rapidly decomposes
by soilmicro-organisms (5). Thus, soil-appliedGAstrongly depends
on both GA absorption and biodegradation rate. Additionally,
uncontrolled doses of GA can cause an herbicidic-like effect that in
some cases destroys the plant (6). Driven by the mentioned GA

applicationproblemsand its biological significance, there is aneed in
the art of advanced formulation systems to offer a safe preservation
ofGA biodegradation and tomaintain controlled release doses into
the applied soil.

Inorganic matrices, such as layered double hydroxides (LDHs),
are receiving much attention in the development of new and more
effective formulation systemsof bioactivematerials (7). LDHs con-
sist of layers of M2þ hydroxide with M3þ isomorphically substi-
tuted to give the layers a net positive charge. This charge is
balanced by interlayer hydrated anions that can be easily ex-
changed by beneficial organic anions (8, 9). These materials offer
many benefits across a wide range of industrial applications. In
pharmacy, drug-LDH nanocomposites were formulated to con-
trol the amount of drug released, drug solubility, and drug
dissolution rate (10-14). In addition, the intercalation of bioactive
compounds such as vitamins and nucleic acids (15, 16) into LDH
offered a safe preservation of the guest bioactivity without any
deterioration of the structural integrity. In agriculture, LDH
nanocomposite formulations controlled the herbicidal efficiency
of acid herbicides (17) and also minimized the losses of plant
pesticides (18). Thus, we envision that the strategy of using LDH
nanoformulation will hold promise as a versatile platform for GA
low solubility, preservation, and controlled release properties as
well as the GA biodegradation process.

We therefore undertook the synthesis and characterization of a
nanohybrid formulation system of GA using a Mg-Al LDH
inorganic matrix. Following the intercalation process, we subse-
quently studied the release properties of the nanohybrid at
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various simulated soil solutions, as well as the degradation beha-
vior in different soils to evaluate the effect of LDH on GA pro-
perties after the intercalation process.

MATERIALS AND METHODS

Materials. Magnesium nitrate hexahydrate, aluminum nitrate nano-
hydrate, (purity = 99.5 and 98%, respectively; Wako Pure Chemical
Industries, Ltd.) and gibberellic acid (purity g 90%; ACROS Organics,
Ltd.) were used as received. All solutions were prepared using deionized
water (18.2 MΩ/cm, produced from Milli-Q Grandient ZMQG000kt).

Coprecipitation Technique of NO3-LDH. To a 200 mL three-
necked round flask containing 30mLof 1.0M sodiumnitrate solutionwas
added dropwise a 50 mL solution of 8.538 g (0.0333 M) of magnesium
nitrate hexahydrate and 6.249 g (0.01666 M) of aluminum nitrate
nanohydrate (metal ion molar ratio of Mg2þ/Al3þ = 2) with constant
magnetic stirring. During themetal ion addition, the pH of the suspension
was kept constant at 8.0 by adding appropriate amounts of 2.0 M NaOH
solution. The final volume of the preparation medium was augmented to
100 mL by deionized water. The resultant suspension was stirred at 70 �C
for 24 h under N2 flow. At the end of the reaction, the formed Mg-Al
LDH material was collected by filtration (0.45 μm Millipore membrane),
washed several times with deionized water, and finally freeze-dried.

Nanohybrid Synthesis of GA-LDH by Anion-Exchange Tech-

nique. In a 100 mL round flask was dissolved 2.0 g of GA in 100 mL of
deionized water by adjusting the solution pH to 8.0 using 2.0 M NaOH
solution. To theGA solutionwas added 1.0 g ofNO3-LDHwith constant
stirring. The reaction mixture was stirred at 40 �C for 7 days. After
the reaction, the obtained GA-LDH material was collected by filtration
(0.45 μmMillipore membrane) and washed several times by 0.1MNaOH
solution and subsequently deionized water until a negative test was
obtained for GA in the washing medium. A UV spectrophotometer
(U-3210, Hitachi, Japan) was used to check for the presence of GA in
the washing medium at 254 nm (5). Finally, the collected GA-LDH was
freeze-dried.

Determination ofGALoading.The amount ofGA loaded intoLDH
was calculated by using a UV quantitative method as follows. A known
amount of the nanohybrid was dissolved in 10 mL of 1.0 M HCl. The
obtained solution was diluted using a phosphate buffer of pH 7.4. TheGA
concentration was determined from the absorption peak at 254 nm. The
GA ratio was expressed by the percentage of GA weight intercalated in a
unit weight of nanohybrid. The UV method was also used to check the
integrity of GA after the intercalation process.

GA Release Measurements. The dissolution of GA and GA-LDH
nanohybrid was monitored in the following buffer mediums: buffer A as a
simulated acidic soil solution (a 100 mL solution mixture of the same
volumes of 0.25mMKCl, 1.0mMMgCl2, and 5.0mMCaCl2; a few drops
of 10.0 mM HCl solution was used to adjust the solution pH at 3.0) and
buffer B as a simulated normal soil solution (a 100 mL solutionmixture of
the same volumes of 0.25 mMKCl, 1.0 mMMgCl2, and 5.0 mMCaCl2; a
few drops of 10.0 mM NaOH solution was used to adjust the solution
pH at 7.0). The anionic buffer composition was defined on the basis of
literature data (19, 20). The release experiment was performed as follows:
In a round-bottom flask, a sample of 100 mg of GA or 250 mg of
GA-LDH nanohybrid was dispersed in 100 mL of buffer solution, which
was maintained at 25.0 ( 0.1 �C with constant agitation. At appropriate
time intervals, a 1.0 mL sample solution was withdrawn from the release
medium and filtered by using a 0.45 μmMillipore filter unit to remove the
insoluble particles. The filtrate was diluted and assayed for UV measure-
ment at 254.0 nm. The removed aliquot was immediately replenished by
the same volume of the used buffer, which was equilibrated at the same
reaction temperature (21). The dissolution experiment of each sample in
each buffer was performed in triplicates.

Degradation Process of GA. To investigate the effect of LDH on the
degradation behavior of GA, two different cultivated soils varying in
texture and physicochemical properties were used. Soil A, located at the
Agricultural Research Institute, Ishii, Tokushima prefecture, Japan
(latitude 34� 030 N and longitude 134� 260 E), was a sandy soil; its texture
analysis yielded an average of 90% sand, 2% silt, and 8% clay. Soil B,
located at the University of Tokushima, Japan (latitude 34� 040 N and
longitude 134� 330 E) was a sandy clay loam soil with an average of 52%

sand, 13% silt, and 35% clay. The pH, EC, C/N, and organic matter ratio
were 5.05, 0.11 ds/m, 3.0%, and 0.8% for soil A, whereas they were 7.10,
0.41 ds/m, 12.4%, and 4.3% for soil B, respectively.

The degradation process was performed as follows: 100 mg of GA was
mixed throughout 500 g of soil A, which had a relative humidity of∼65%.
TheGA-soilmixturewas incubated aerobically in the dark at 25( 1.0 �C.
At different time intervals, a 50 g mixture was extracted twice by vigorous
shaking for 1.0 h, using each time 100 mL of 0.1 M phosphate buffer (pH
7.4). The two extractions were collected together, and then the amount of
the extracted GA was determined by a UV spectrophotometer at 254 nm.
By the same procedure the degradation of GA in soil B and the degrada-
tion of GA-LDH in soils A and B were investigated (in the case of
GA-LDH nanohybrid, 250 mg of GA-LDH was mixed with 500 g of
soil). The degradation process of each sample in each soil was performed in
triplicates.

Characterization. X-ray powder diffraction patterns were recorded
on a Rigaku X-ray diffractometer using CuKR radiation at λ=1.5405 Å.
The measurement was performed in the 2θ range 1.5-70� with a 2θ
scanning step of 0.02�, a scanning step time of 5 s, a filament intensity of
40 mA, and a voltage of 150 kV. Infrared spectra (KBr disk method) were
recorded on a Bio-Rad FTS 3000MX FT-IR spectrophotometer with a
TGSdetector in thewavenumber range of 4000-500 cm-1 by accumulating
16 scans at 4 cm-1 resolution. Thermogravimetric analysis (TGA) was
conducted with a Shimadzu thermogravimetric analyzer (TGA-50, TA-
60WS) using a platinum cell with a heating rate of 10 �C/min, under a N2

flow of 20 mL/min. The scanning electron micrographs (SEM) were
captured by aHitachi FE-SEMS-4700microscope. The soil organic matter
was measured by following the method described in the literature (22).

RESULTS AND DISCUSSION

X-ray Powder Diffraction. Figure 1 shows the XRD patterns of
LDH and the GA-LDH nanohybrid. Pattern A indicates the
formation of the NO3 form of LDH with sharp and symmetric
(00l) reflections. Using Bragg’s law (nλ = 2d sin θ), the basal
d-spacingwas calculated to be 8.8 Å, similar to previous data (23).
As a result of intercalation of GA, the basal d-spacing was
expanded to 18.5 Å (pattern B). The GA-LDH nanohybrid
interlayer distance was calculated by subtracting the inorganic
layer thickness (4.8 Å) (24) from the d003-spacing. The determined
value (13.7 Å) was larger than GA molecular widths (8.3 Å) and
lower than GA molecular length (14.0 Å). However, LDH
attaches its interlayer anions through an electrostatic interac-
tion (8). Thus, we speculated thatGAmoleculeswere stacked into

Figure 1. X-ray diffraction patterns of NO3-LDH (A) and GA-LDH (B).
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LDH as a monolayer of a staggered interdigitated arrangement
through the attachment of GA carboxyl groups with the LDH
positive layers, as schematically drawn in Figure 2.

Fourier Transform Infrared (FT-IR) Spectroscopy. FT-IR spec-
tra were measured to obtain further information about the
nanohybrid molecular structure. Figure 3A shows that the char-
acteristic peaks ofNO3-LDH, the asymmetric stretchingbandof
the interlayer nitrate (νNO3) and the hydroxyl group stretching
vibration band (νOH) of LDH layers, were observed at 1366 and
3450 cm-1, respectively (23). The lattice vibration modes (νM-O)
were detected at 770, 640, and 555 cm-1 (25). The FT-IR spectra
of GA (Figure 3B) showed complex features below 1500 cm-1,
which can be attributed to the bending and stretching of aromatic
rings, alcohols, and carbonyl bonds. The stretching vibration
band of COOH group was detected at 1742 cm-1. The weak
stretching vibrationmodesofGAalkyl groups (νC-H)weredetected
between 3050 and 2860 cm-1.As a result of intercalation ofGA into
LDH (Figure 3C), new peaks emerged such as symmetric and
asymmetric modes of COO- at 1560 and 1670 cm-1, respectively,
besides the characteristic peaks of GA and LDH. This information
indicated that GA molecules were combined with LDH layers
through electrostatic interactions.

StructureMorphology. Figure 4 displays the SEM images of the
synthesized materials. Image A shows a regular hexagonal
platelet structure characteristic for LDH particles. The regu-
larity of the LDH particles confirmed the good crystallinity
recorded by X-ray measurement. In the case of GA-LDH

(image B), such regular structure was demolished, and aggre-
gates composed of small particles (diameter ∼ 0.1 μm) were
observed. This aggregation process was probably due to the
hydrophobic interaction of the LDH surface-adsorbed GA
particles. Conclusively, the nanohybrid structure ofGA-LDH
was confirmed by SEM.

Thermal Stability of GA-LDH Nanohybrids. TGA and differ-
ential thermal analysis curves of LDH, GA, and GA-LDH
nanohybrids are shown in Figure 5. In the case of LDH
(Figure 5A), the weight loss was observed to proceed mainly in
three steps: 10% from 90 to 160 �C (the loss of the physically
adsorbedwatermolecules), 6% from170 to 250 �C (the loss of the
interlayer water molecules), and 31% from 250 to 570 �C (the
dehydroxylation process and the decomposition of the interlayer
anions) (26). After the intercalation of GA into LDH, the TGA
curve was significantly changed (Figure 5C). The amount of
interlayer water was decreased to be 4% (probably due to the
hydrophobic nature of the intercalated GA). The overall weight
loss was increased to 66%. The onset temperature of decomposi-
tion shifted to a higher value. Accordingly, the stability of GA
was promoted against the thermal decomposition after the nano-
hybrid formation.

Controlled Release and Dissolution of GA Nanohybrids. The
nanohybrid loading ratio of GA was estimated to be 40%. For a
good comparison of GA dissolution before and after the inter-
calation process, the loading ratio of GA was taken into con-
sideration during the release experiments.

Insets to panelsA and B of Figure 6 show the solubility of pure
GA in the studied buffer media A and B, respectively. The
determined solubility values after 24 h of dissolution were very
small (45 mg/L in buffer A and 104 mg/L in buffer B). The low
solubility of GA in both buffers A and B was related to the acidic

Figure 2. Systematic diagram of GA-LDH intercalation process.

Figure 3. Infrared spectra of LDH (A), GA (B), and GA-LDH (C).
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character and the high crystallinity of GA. Such dissolution data
indicated that GA cannot achieve its desired role as a plant
growth regulator in a long-term soil application.

After the nanohybrid formation of GA-LDH, the release
profile changed and showed a controlled release process of GA
with time in different buffer media (Figure 6). During the first
24 h, around 800 mg/L (80%) and 600 mg/L (60%) of the
intercalated GA were released in buffers A and B, respectively.
The release of GA from the nanohybrids continued after that in
a sustainedmanner until reaching near equilibrium after 6 days
with a 90% release in buffer A and an 80% release in buffer B.
The new GA-LDH nanohybrid structure was the key para-
meter that controlled the release properties of the intercalated
GA. The layered structure of LDH limited the interaction of
GA in two-dimensional directions. Accordingly, GA mole-
cules were prevented from crystallization and released in an
amorphous form suitable for dissolution. Moreover, the anion
exchange mechanism of LDH (27) modified the release profile
of GA. The phase boundary formed between the internal zone
(GA-LDH, large d-spacing) and the external zone (exchanged
LDH, small d-spacing) lowered the amount of GA released
with time.

GA Release Kinetics and Mechanism. To study the release
kinetics of GA-LDH nanohybrid, the release data were inves-
tigated at various kinetic models: zero order as a cumulative
amount of GA released versus time, first order (eq 1) as ln cumu-
lative percentage of drug remaining versus time, and Higuchi’s
model (eq 2) (28, 29), which describes the release from an

insoluble matrix as a cumulative percentage of drug released
versus square root of time.

lnðCi -CtÞ ¼ ln Ci - kt ð1Þ
where Ct is the amount (mg) of GA released at time t, Ci is the
amount (mg) of GA intercalated into LDH, and k is the first-
order rate constant.

Qt ¼ kt0:5 ð2Þ
whereQt is the amount (mg) of GA released at time t and k is the
release rate constant of the Higuchi model.

The zero-order kinetics did not match at all the experimental
release data. The first-ordermodel did not fit well thewhole range
of the release data; only the release of the first 12 h was in some
agreement with the first-order kinetics (Figure 7A). The plot of
Qt against t

0.5 (Figure 7B, Higuchi kinetics) was in good agree-
ment with the experimental release data of GA-LDH, and it
supported the understanding of the GA-LDH release mechan-
ism. As seen from Figure 7B, the plot showed a variation of
gradient with high linearity (R2) at different release times. This
means that the release of GA from the LDH matrix occurred in
more than one step. The first instantaneous release step seemed to
be the physically adsorbed GA on the external surface of LDH.

Figure 4. SEM images of LDH (A) and GA-LDH (B).

Figure 5. Thermogravimetric analysis and differential curves of LDH (A),
GA (B), and GA-LDH (C).
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The second steeper release region was caused by the anion-
exchange process of the intercalated GA, because the release of
LDH interlayer particles is a rate-controlling step depending on
the exchange of the medium’s anions. The third region of the plot
corresponded to the equilibrium stage of the release process. This
region showed a slow rate of GA exchange. The regression of the
exchange rate was due to the phase boundary formed into LDH
during the anion-exchange process (27).

Figure 8 confirms the anion-exchange process of GA. The
XRD pattern of GA-LDH residue of the dissolution medium B
(Figure 8A) showed a regression in the characteristic peaks of
GA-LDH and a progression of the exchanging anion peaks.

Degradation Process of GA. Figure 9 shows the biodegradation
behavior of GA as a function of soil incubation time. Before the
intercalation process, GA started to degrade after 1 day of
incubation in soil B and after 2 days in soil A. The degradation
process was fast in both soils, because GA completely disap-
peared from soil B after 6 days and from soil A after 10 days. The
rapid degradation of GA in soil B compared to soil A was
probably due to the texture of the soils, as the high percentage
of organic matter in soil B supports a good environment for the
activity of micro-organisms (30).

Figure 6. Release profile of GA-LDH and pure GA (inset) in buffer A (A)
and in buffer B (B).

Figure 7. Release kinetics of GA-LDH nanohybrid of first-order
model (A) and Higuchi model (B) in buffer A (9) and in buffer
B (2).

Figure 8. X-ray diffraction patterns of the residue of the releasing medium
B (A) and GA-LDH before release (B).

Figure 9. GA degradation dependence of incubation time in soil A
(dashed line) and soil B (solid line) before intercalation (0) and after
intercalation (9).
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After the intercalation process, a significant protective role of
LDHagainst the biodegradationofGAwas observed.During the
first 5 days of nanohybrid soil incubation, there was no noticeable
change in the degradation of GA in both soils A and B. Gradual
degradations of 15 and 25% ofGA in soils A and B, respectively,
were noted during the next 5 days. The gradual degradation
continued over 20 days of incubation in soil B and over 28 days in
soil A. Accordingly, LDH nanohybrid formulation offered a
sustained biodegradation process by safe preservation of GA
against soil micro-organisms.

Specifically, this work introduced a new nanohybrid system of
an important biotechnological plant growth phytohormone (GA).
The strategy of using LDH nanoformulation offered a multifunc-
tional platform for GA low solubility, preservation, biodegrada-
tion, and controlled release properties. Long-term soil application
of the high-value GA was supported by an extended period of
preservation into LDH and a slow rate of degradation.

ABBREVIATIONS USED

GA, gibberellic acid; LDH, layered double hydroxide; EC,
electrical conductivity; C/N, carbon/nitrogen ratio.
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