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Abstract

Gibberellic acid is a phytohormone that triggers the germination of seeds
in a state of dormancy. Through the quantification of this hormone, the
physiological condition of seeds of economic importance can be studded.
In this work we validated a High-Performance Liquid Chromatography
method to quantify gibberellic acid in germinated maize (Zea mays L.)
seeds. Chromatographic conditions included the use of a C-18 reversed-phase
column, acetonitrile-formic acid (1:9 %) as the mobile phase, flow of 0.5 mL
min−1, and detection at 195 nm. We evaluated our method for seven analytical
parameters. The method was linear for gibberellic acid concentrations from
1.0 mg·kg−1 to 50.0 mg·kg−1. The method’s limits were 0.3 mg·kg−1 and
1.0 mg·kg−1 for detection and quantification, respectively. The method was
highly precise; we obtained variable but low relative standard deviations
(2.62 % - 12.66 %) for the studied gibberellic acid concentrations. We assessed
accuracy through recovery percentages, ranging from 52.85 % - 63.68 %, for
three gibberellic acid concentrations. We conclude that our analytical method
can be used to measure gibberellic acid during the early stages of maize
germination. In addition, the method could be used for the analysis of other
types of plant matrices.

Keywords: High-Performance Liquid Chromatography; Dynamic
sonication-assisted solvent extraction (DSASE); phytohormones; gibberellic
acid; validation; concentration; quantification.

Introduction

Gibberellic acid (GA3) is a phytohormone that triggers plant growth 
and development. It also promotes dormant seed germination and stem
elongation [1]. GA3 occurs in three chemical forms: free, conjugated, and 
bound. The free form is physiologically active, whereas the conjugated one
is not. The bound form is either a reserve of gibberellic acid or a form of
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transport of this phytohormone in the plant [2]. GA3 quantification in seeds
helps evaluating physiological activity during germination and can be carried
out with new chromatographic methods.

Novel chromatographic methods require validation. which a series of
standardized experimental tests, which allow establishing the method’s
operating characteristics and limitations. If the method to be validated
is qualitative, it requires establishing its precision, sensitivity, and limit
of detection (LOD). Whereas the validation of a quantitative analytical
method requires determining its linearity, accuracy, recovery, uncertainty of
measurement, and limit of quantification (LOQ) [3].

GA3 has been quantified via high performance liquid chromatography
(HPLC) in Arabidopsis thaliana [4], Chinese cabbage (Brassica rapa) [5], rice
(Oryza sativa) [6], and fruits such as apples, oranges, peaches, pears, and
grapes [7]. Thus far, no attempts have been made to quantify GA3 in maize
(Zea mays L.).

The objective of this study was to validate a chromatographic method for
the quantification of GA3 in germinated maize seeds. This validation was
carried out in the laboratory of chromatography at Universidad de Caldas -
Colombia.

Materials and Methods

Chemical reagents

The compounds employed were: GA3 standard (St. Lois, MO, USA), Fisher
Scientific acetonitrile chromatographic grade (Pittsburgh, PA, USA), and
analytical grade formic acid (Scharlau, Spain). Water was purified in a
Millipore Direct-Q system (Bedford, MA, USA).

Maize seeds

Commercial type Maize seeds (Zea mays L.) variety ICA-V305, produced
by Semillas del Pacífico (Cartago, Colombia), were purchased. Seeds
without visible damage and with uniform morphology were preselected
and sequentially passed through sieves of mesh sizes 8.0 × 8.0 mm and
6.0 × 6.0 mm to narrow their size range. Seeds were separated into large,
medium, and small. A total of 100 medium-sized seeds with an average mass
of 0.3878 ± 0.0002 g and an average volume of 0.356 ± 0.0080 cm3 were
employed in this study.

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum
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Preparation of the seeds

Maize seeds were placed in (100 × 15) mm Petri dishes with absorbent paper 
moistened with 12.0 ± 0.1 mL of distilled water, as germination matrix. All 
seeds were then kept in an Incucell 222 L incubator (Planegg, Germany) 
without light at a temperature of 30.0 ± 0.1 ◦C. Humidity was kept at 
59.00 ± 3.39 %. After 48 h, seeds were removed from the incubator and 
crushed in an electric mill until to a fine powder. The powder was stored in a
hermetic seal bag at -20 ◦C for subsequent extraction [8].

Extraction of gibberellic acid

GA3 was obtained from the seed powder by dynamic sonication-assisted 
solvent extraction (DSASE), according to the method described by Rivera et al.
[9]. Acetonitrile-formic acid 5.0 % (8:2) was used as a solvent. A 3.0 mL 
stainless steel extraction cell was filled with 0.8000 ± 0.0001 g of seed powder
and placed inside a Branson 5210 ultrasound bath (Hampton, NH, USA) with
water temperature control, T < 35.0 ◦C. The solvent flow was controlled 
through the cell at 0.4 mL·min−1 with a peristaltic pump. The extraction was
carried out during 25.0 min, obtaining 10.0 ± 0.1 mL of the extract.

Chromatographic conditions

GA3 was quantified via high-performance liquid chromatography (HPLC) 
with a Shimadzu HPLC device (Marlborough, MA, USA). The device 
is equipped with a prominence degasser DGU-205 (Marlborough, MA, 
USA), a Shimadzu prominence SPD-M20A diode array detector (DAD)
(Massachusetts, USA), a Shimadzu CTO-10AS VP oven (Marlborough, MA, 
USA), and a Shimadzu SIL-10AF auto sampler (Marlborough, MA, USA). 
The program used for the analysis of the data was the Shimadzu LC-Solution 
Software (Marlborough, MA, USA).

The HPLC procedure included the modifications proposed by
Bhalla et al. [10]. A Supelcosil LC-18-DB 5.0 µm (150 × 4.6 mm) particle 
size column was used. The mobile phase was acetonitrile with 0.01 %formic 
acid with a linear gradient detailed as follows: acetonitrile with 0.01 %(1:9 %) 
formic acid for 5.0 min, (7:3 %) for 40.0 min, and (1:9 %) for 10.0 min at a 
flow of 0.5 mL·min−1 in all cases. An aliquot of 10 µL of each solution 
containing gibberellic acid was injected into the chromatograph and detected 
at a wavelength of 195 nm. Prior to chromatographic analysis, all samples 
were filtered through QLS membranes with 0.2 µm pores.
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Calibration curve

A calibration curve was made with a standard of gibberellic acid at seven 
concentrations (1.0, 5.0, 10.0, 20.0, 30.0, 40.0, and 50.0) mg·kg−1. These 
solutions were prepared dissolving the standard in acetonitrile. To know 
the relationship between the chromatographic signal, in terms of area,
and the concentration of GA3, a simple linear regression was performed 
by the ordinary least squares method. The assumptions of normality, 
homoscedasticity, and independence were verified in order to validate the 
information provided by the parametric ANOVA of the regression. Four 
replicates were carried out for each pattern for a total of 28 data points.

Analytical parameters

To determine the power of the analytical method, the following parameters 
were determined: sensitivity, selectivity, linearity, precision, accuracy, and 
limits of detection and quantification. These variables were assessed following 
the guide for the validation of analytical methodologies and calibration 
equipment used for the analysis of illicit drugs in materials seized and
biological specimens [3] and the validation guide and determination of 
measurement uncertainty [11].

Recovery

The concentration of the analyte was established in germinated maize seeds 
to quantify the percentage of recovery of the method. To this aim, doping 
was performed on the fine seed powder to adjust the concentration of the 
analyte at low, medium, and high levels in percentages of 30.0 %, 50.0 % and 
70.0 %, respectively. A total of 0.8000 ± 0.0001 g of maize powder were
added to volumes of a standard GA3 at the concentrations shown in Table 1. 
The doped samples were subjected to ventilation to efficiently volatilize the
solvent. Subsequently, the extractions of GA3 by DSASE were carried out 
according to the proposed protocol.

Statistical analysis of the data

Statistical analyses were performed using the Statgraphics Centurion XI 
software in demo mode. A calibration curve with an external standard
was made for the quantification of G A3 present in the test s amples. The 
assumptions of normality (Shapiro-Wilks), homoscedasticity (Bartlett), and 
independence (Durbin-Watson) were checked on this calibration curve (linear 
regression model) to ascertain the results generated in the curve.

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum
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Increase in analyte 
concentration (%)

Doping concentration 
(mg kg-1)

Doping volume 
(µL)

30.0 9.2 420

50.0 15.8 400

70.0 18.4 480

Table 1. Amounts of standard gibberellic acid used for doping.

Results and Discussion

We developed a HPLC-DAD method to quantify GA3 in maize seeds and 
undertook its validation, trough the construction of a calibration curve and 
assessed the method’s performance for a set of analytical parameters.

Calibration Curve

We performed  a  regression analysis to  find  the best linear  adjustment  of 
the GA3  standard  detection within a concentration range of (1.0 to 50.0) mg 
kg−1. All replicates of each GA3 concentration, and not their averages, 
were fed to the regression analysis. This was done in order to ensure that no 
relevant data were missing from the analysis of variance and subsequent 
validation parameters analyses. We took this approach accepting the caveat 
of possibly compromising the regression’s determination coefficient.

The assumptions of normality (p-value = 0.243), independence 
(p-value = 0.791), and homoscedasticity (p-value = 0.097) were verified 
Thus, residuals were normally distributed without autocorrelation, and the
chromatographic signal variances of the different concentration were equal.
Based on results we can safely determine GA3 concentrations in maize seeds 
within the assessed concentration range.

The analysis of variance revealed a significant relationship between the peak
area and G3 concentration at a significance level of 5.0 % (p-value < 0.001). 
The resulting linear model formula is A = 21.2131C + 0.0002, with parameter 
values presented in Table 2.
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Intercept
β0

(mUA·min)

Standard 
deviation 

of  β0

(mUA·min)

Slope 
β1

mUA·min
mg ⁄ kg

Standard 
deviation of  β1

mUA·min
mg ⁄ kg

Correlation 
coefficient 

R

Determination 
coefficient

R2

GA3 0.00022 8.1543 21.2131 0.3051 0.9975 0.9951

( ) ( )

2.75
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1.00
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0.50

0.25

0.00

In
te
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ity

 (m
U

A
)

10.0 11.0 12.0 13.0 14.0 15.0 16.0 17.0 18.0 19.0 20.0 21.0 22.0 23.0 min

Time (min)

Table 2. Regression analysis of gibberellic acid.

Limit of detection (LOD) and Limit of Quantification (LOQ)

The LOD of the method was determined experimentally injecting low
concentrations of the analyte. Fig. 1 shows the set of GA3 concentration with
an integrable chromatographic signal was. The lowest GA3 concentration
detected was 0.3 mg·kg−1 at a retention time (Rt) of 16.65 min, characteristic
of the studied analyte. Consequently, this value was considered as the LOD.

Figure 1. Chromatographic signal at seven low concentrations of gibberellic 
acid.
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The LOQ was calculated from the experimental LOD. The signal/noise
ratio (S/N) for the LOD is found at a S/N ≥ 3 proportion, and the S/N
relation for LOQ has to be greater than or equal to ten [12]. Therefore, when
relating both signals the resulting LOQ was equal to 10/3 LOD. Based on
this equation, a limit of quantification of 1.0 mg·kg−1 was obtained.

Sensitivity

Calibration sensitivity

The calibration sensitivity of the method (Cs) corresponded to the slope of the
calibration curve (β1) used for quantification (C s =β1) [11]. A hypothesis
test was performed to determine if there was a relationship between signal
variation and analyte concentration. The null hypothesis was rejected, that
is, the slope of the calibration line was different from zero with a significance
of 5 % (p-value < 0.001). Therefore, the magnitude of the signal varies as
analyte concentration changes.

The confidence intervals for the slope of the calibration line were also
determined. These revealed that for an increase in GA3 concentration of
1.0 mg·kg−1, the signal varied from 20.5834 mUA·min to 21.8427 mUA·min
in the range of the calibration curve with a confidence level of 95 %.

Analytical sensitivity

An analytical sensitivity of the method (γ ) of 0.7560 kg·mg−1 was determined.
This analytical parameter related calibration sensitivity and instrumental
noise (Sy ) as follows (γ = C s/Sy ) [13]. The obtained analytical sensitivity
value allowed comparisons between different methods of analysis. To facilitate
this comparison, we worked with the inverse of the analytical sensitivity (γ−1)
[13] with a value of 1.3228 mg·kg−1. This concentration is the minimum
amount analyte that can be detected with our method in 1.0 kg of sample.

Linearity

Compliance with linearity was measured through a test of lack of adjustment,
consisting of Fisher’s test (F test). The experimental value of the F test is given
by FExp = (Sy/x)

2/(Sy)
2 , where FExp corresponds to the expected F and refers

to the lack of fitting of the model, and Sy/x is the standard deviation due to the
lack of adjustment in the regression model [14]. The variables of the F test
were determined from the calibration curve. Because FExp (1.057) is smaller
than FTable (2.150), the null hypothesis could not be rejected (significance of
5 % and p-value = 0.3378). This is to say, there is no need for higher order

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum
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terms in the model and the relationship between analyte concertation (from
1.0 to 50.0 mg·kg−1) and its quantification value is solely linear.

Precision

The Precision of the method was determined as the relative standard deviation
(RSD) at low, medium, and high analyte concentrations by doping samples.
RSD values lower than 15 % and 20 % are acceptable at high and low analyte
concentrations, respectively. According to this information, our RSD values
lower than 15 % show that the quantitative method under test is precise. The
obtained RSD for the low, medium, and high analyte concentrations were
12.66 %, 2.62 %, and 12.40 %, respectively. The standard deviation of the
calibration curve was 28.8502 mUA·min.

Selectivity

The selectivity of the method was determined by studying the spectral purity
of the GA3 peak in the samples. For this purpose, the HPLC (LC-Solution)
program was used. We determined that the absorption spectra of the GA3
peak had a spectral purity of 99.18 %, concluding that there are no detectable
interferences that produce an overlap to the analyte peak [14]. In addition,
we compared the absorption spectra of the standard and the sample along
their peak maximum ascending and descending portions and corroborated
their identity.

Accuracy

The Method’s accuracy was determined based on the systematic error of
the calibration curve and on the recovery percentage at low, medium, and
high analyte concentrations. To evaluate the systematic error, a hypothesis
test was carried out to determine if the intercept (β0) of the calibration
curve was different from zero. An intercept different from zero implies that
the equipment provides a signal when the analyte’s concentration is equal to
0.0 mg·kg−1. The test result revealed that the intercept of the calibration curve
was equal to zero and, therefore, the method did not exhibit a systematic error
(5.0 % significance, p-value = 1.0000). In addition, the confidence intervals at
the intercept of the calibration were obtained. For an analyte concentration
of 0.0 mg·kg−1, the instrument’s signal varied from -16.8295 mUA·min to
16.8299 mUA·min with a confidence level of 95.0 %.

The recovery percentage at different analyte concentrations was obtained
from Equation 1, where S corresponds to the analyte concentration added
to the sample, C is the concentration of analyte in the sample, and CS is the
concentration of analyte after doping. The results obtained are presented in
Table 3.

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum
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Doping level Recovery (%) Standard 
deviation (%)

Low (30.0 %) 63.68 29.33

Medium (50.0 %) 56.49 4.23

High (70.0 %) 52.85 15.58

Table 3. Percentages of recovery for the employed doping levels.

% Recovery=
C S −C

S
∗ 100% (1)

A simple parametric ANOVA was carried out, on the assumption that there
were no significant differences between the three concentrations evaluated
with a significance of 5 %. The assumptions of normality, independence, and
homoscedasticity of the data were verified. The percentages of recovery
obtained were all greater than the lowest level of doping, and at an
intermediate doping level, the smallest standard deviation was obtained.
Furthermore, since that percentage of recovery at this doping level did not
differ significantly from those in the other two doping levels, doping at
medium concentration levels is recommended for this type of analysis.

The percentages of recovery of GA3 obtained by DSASE (52.00 % to 63.00 %)
were similar to those reported by Urbanova et al. [4] The authors performed
solid phase extractions with recovery percentages between 52.73 % and
74.14 %. This result is also similar to that reported by Wu et al. [6] (62.00 %) by
means of hollow fiber liquid-liquid-liquid microextraction. The percentages
of recovery obtained by the present work are acceptable given the presence
of extraction-interfering molecules in the matrix analyzed. Solid phase
extractions, prior to chromatography analyses, have thus become standard
procedure [15, 16]. A summary of our validation results is shown in Table 4.

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum
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A
na

ly
te

Calibration 
sensitivity (Cs)

(mUA·min         )

Analytical 
sensitivity 

(γ)
(kg·mg-1)

Inverse of  
analytical 
sensitivity 

(γ-1)
(mg·kg-1)

Linear 
Range 

(mg·kg-1)

GA3 21.2131 0.7560 1.3228 1.0 – 50.0

mg
kg/

Table 4. HPLC-DAD method validation parameters.

Sample analysis

The developed HPLC-DAD method was used for the quantification of GA3
in samples of maize seeds at three different times after sowing 0 h, 24 h, and
48 h, seeking to test the sensitivity of the analytical method.

The peaks in the chromatograms of the GA3 standard and a sample of
germinated seeds had a retention time of 16.680 min (Fig. 2). For the maize
sample, a peak spectral purity of 99.18 % was obtained, indicating that the
excipients of the matrix did not generate signals that interfered with the peak
of the analyte. Thus, the signal generated by the sample is pure.

We determined G3 concentrations in seeds with three different sowing times
using parametric ANOVA and Tukey’s multiple range tests. We observed
G3 concentration differences among the three sowing times (5 % significance
of; p-value < 0.0001). GA3 concentration was significantly higher in seeds
after 48 h of sowing (Table 5). Our method was thus sensitive to variations
in analyte concentration and is able to detect concentration differences
below 1.0 mg·kg−1. The uncertainty of the samples was calculated using
the following equation:

Sx = Sy/x/(m.n1/2) (2)

where Sy/x is the standard deviation due to the lack of fitting in the regression
model, m is the slope of the regression and n is the number of replicates of
the sample.

http://ciencias.javeriana.edu.co/investigacion/universitas-scientiarum
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Germination time
(h)

Concentration GA3 
(mg·kg-1)

Uncertainty 
(mg·kg-1)

0 1.3 0.2

24 2.2 0.2

48 3.7 0.2

In
te

ns
ity

 (m
U

A
)

0.1

7.5 10.0 12.5 15.0 17.5 20.0 22.5 min

Time (min)

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.0

Table 5. Concentration of gibberellic acid in maize seeds at three different 
germination times.

Figure 2. Standard chromatograms (blue) and maize seed samples (red) at 48 h 
after sowing.

Conclusion

We have validated an HPLC-DAD method for the determination of gibberellic
acid in maize seeds during their early stages of germination. The set of tested
validation parameters indicates that our method exhibits low systematic
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Validación del método de Cromatografía Líquida de Alta 
Eficiencia para la cuantificación de ácido giberélico en 
semillas germinadas de maíz

Resumen: El ácido giberélico es una fitohormona que detona la 
germinación de semillas en estado de dormancia. A través de la 
cuantificación de esta hormona, se puede estudiar la condición fisiológica 
de las semillas de importancia económica. En este trabajo, se validó el 
método de Cromatografía Líquida de Alta Eficiencia para cuantificar 
el ácido giberélico en semillas germinadas de maíz (Zea mays L.). Las 
condiciones cromatográficas incluyeron el uso de una columna de fase 
inversa C-18, acetonitrilo-ácido fórmico (1:9 %) como fase móvil, flujo 
de 0.5 mL min-1 y detección a 195 nm. Se evaluó este método para siete 
parámetros analíticos. El método fue linear para las concentraciones 
de ácido giberélico entre 1.0 mg·kg-1 y 50.0 mg·kg-1. Los límites del 
método fueron 0.3 mg·kg-1 y 1.0 mg·kg-1 para detección y cuantificación, 
respectivamente. El método fue altamente preciso; se obtuvieron 
desviaciones estándar variables, pero relativamente bajas (2.62 % - 
12.66 %) para las concentraciones de ácido giberélico estudiadas. Se 
determinó la exactitud a través de porcentajes de recuperación, cuyo 
rango estuvo entre 52.85 % y 63.68 % para las tres concentraciones de 
ácido giberélico. Se concluye que este método analítico puede usarse para 
medir ácido giberélico durante los primeros estadios de la germinación 
del maíz. Además, el método podría usarse para el análisis de otros tipos 
de matrices de plantas.

Palabras clave: Cromatografía Líquida de Alta Eficiencia; Extracción 
Dinámica con Solvente Asistida por Sonicación (DSASE); fitohormonas; 
ácido giberélico; validación; concentración; cuantificación.
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Validação de um método por Cromatografia Líquida de 
Alta Eficiência para a quantificação de ácido giberélico 
em sementes germinadas de milho

Resumo: O ácido giberélico é um fitohormônio que dispara a 
germinação de sementes em estado de dormência. Por meio da 
quantificação deste hormônio, se pode estudar a condição fisiológica 
das sementes de importância econômica. Neste trabalho validou-se um 
método por Cromatografia Líquida de Alta Eficiência para quantificar 
o á ido giberélico em sementes germinadas de milho (Zea mays L.).
As condições cromatográficas incluíram o uso de uma coluna de fase
reversa C-18, acetonitrila-ácido fórmico (1:9 %) como fase móvel,
fluxo de 0.5 mL.min-1 e detecção a 195 nm. O método foi avaliado em
sete parâmetros analíticos. O método foi linear para as concentrações
de ácido giberélico entre 1.0 mg.kg-1 e 50 mg.kg-1. Os limites do
método foram 0.3 mg.kg-1 e 1.0 mg.kg-1 para detecção e quantificação,
respectivamente. O método foi altamente preciso; obtiveram-se
desvios-padrões variáveis, mas relativamente baixos (2.62 % - 12.66 %)
para as concentrações de ácido giberélico estudadas. Determinou-se
a exatidão através de porcentagem de recuperação, variando entre
52.85 % e 63.68 % para as três concentrações de ácido giberélico.
Conclui-se que este método analítico pode ser usado para a determinação
de ácido giberélico durante os primeiros estágios da germinação do
milho. Adicionalmente, o método poderia usar-se para a análises de
outros tipos de matrizes de plantas.

Palavras-chave: Cromatografia Líquida de Alta Eficiencia; Extração 
dinâmica com solvente acelerada por sonicação (DSASE); fitohormônios; 
ácido giberélico; validação; concentração; quantificação.
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