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The accumulation of antibiotics by plants is a currently concern associated to yield reduction
and transference of antibiotic residues along the food web. Maize is a staple food in many parts of
the world; it is also considered an important ingredient in animal nutrition. Considering the lack of
validated analytical methods for the analysis of ciprofloxacin (CIPRO) and enrofloxacin (ENRO)
in the shoot of Zea mays maize, we developed a reliable reversed-phase high-performance liquid
chromatography method with fluorescence detection (HPLC-FLD). This method was validated for
linearity, matrix effects, precision, accuracy, limits of quantification (LOQ) and detection (LOD),
and robustness. The analytical curves were linear with coefficient of determination (R?) of 0.9907
for CIPRO and 0.9962 for ENRO. The LOD values were 16.65 and 6.57 ug kg~! for CIPRO and
ENRO, respectively, whereas LOQ values were 50.44 pg kg=' (CIPRO) and 19.92 pg kg~' (ENRO).
HPLC-FLD also displayed good precision and accuracy. Therefore, the proposed method can
be considered a reliable and useful tool for the analysis of ciprofloxacin and enrofloxacin in the
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shoot of maize.
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Introduction

The use of antibiotics in farming is a common practice
to promote animal growth and prevent and treat diseases.!
Among antibiotic classes, fluoroquinolones, such as
enrofloxacin (ENRO), are often used in animal husbandry.
Once administered, ENRO is partially metabolized to
ciprofloxacin (CIPRO), its main metabolite. Since the
administered antibiotic is not completely assimilated by the
organisms, both ENRO and CIPRO are eliminated in animal
excrement. Bodies of water are the main sink of antibiotics,
and the used of antibiotic-contaminated water for crop
irrigation leads to plant exposure to these chemicals.”> In
addition, the use of animal excrement as plant fertilizer is
also a source of antibiotics for plants.?
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Concentrations of ENRO and CIPRO in soil and manure
vary from ug kg' to mg kg!, according to the species
and application area.*!' Plants are able to uptake and
accumulate antibiotics from their growth substrate® and the
presence of antibiotic residues in plants has been associated
with the spread of antibiotic resistance in microorganisms.!?

In addition to contribute to their insertion into
food web, the contamination of plants with antibiotic
residues from soil and water has detrimental effects on
plant physiology,'*!* with CIPRO and ENRO (which
can be metabolized by the plant to yield CIPRO) being
representative antibiotics.!* These residues accumulate in
plant tissues, inducing oxidative stress and increasing the
production of hydrogen peroxide, thereby interfering with
the plant’s photosynthesis system and compromising its
development.!!!?

Maize is an important cultivar worldwide owing to
its major contribution to both human and animal diets,
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and is therefore an important raw material for the food
industry.!>!7 As a result, the presence of contaminants
that compromise the development of maize is undesirable
because they result in reduced production and damage to
the crop. For example, in maize, CIPRO residues have a
significant inhibitory effect on the plant height, root length,
net photosynthesis rate, stomatal conductance, transpiration
rate, and dry weight of the stem, leaf, and grain.'® Moreover,
accumulation of ENRO and CIPRO by maize plants was
observed*! alerting to the insertion of these antibiotics in
human and animal diet.

The availability of techniques for quantifying antibiotic
residues, particularly fluoroquinolones, is important in the
study of maize development in which irrigation by water or
exposure to soil or fertilizers can lead to contamination by
such compounds.'>!” In addition, owing to the economic
importance of crops such as maize, the development of
validated methods for detecting these residues in their
matrices has received particular attention.?-?2

Method validation is a key element in the establishment
of reference methods and in the assessment of a laboratory’s
competence in producing reliable analytical data.” Hence,
the scope of the term “method validation” is broad,
especially if one considers the role of quality assurance/
quality control (QA/QC) validation of analytical methods
and laboratory procedures for chemical measurements.?

Although a number of studies have been published
evaluating the presence and levels of CIPRO and ENRO
in plants, the majority of these studies were based on
non-validated methods, which compromises the reliability
of the results.!"!>131° Moreover, although some methods
exist for the analyses of CIPRO and ENRO residues, no
such validated method is available for their determination
in the shoot segments of maize.

Therefore, we herein report the validation of a high-
performance liquid chromatography method coupled to
fluorescence detection (HPLC-FLD) for the determination
of ENRO and CIPRO in maize crops, which could
ultimately be used for monitoring CIPRO and ENRO in
other cultivars.

Experimental
Chemicals and reagents

The ciprofloxacin standard (USP, 99.0%) and the
enrofloxacin standard (99.8%) were obtained from Sigma-
Aldrich, MO, USA. The following other reagents were also
employed: sodium hydroxide (Neon, Sao Paulo, Brazil),
dibasic sodium phosphate (Neon, Sdo Paulo, Brazil),
monobasic sodium phosphate (Cromoline-Quimica Fina,
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Sao Paulo, Brazil), phosphoric acid (Sigma-Aldrich, St.
Louis, USA), triethylamine (Merck, Darmstadt, Germany),
methanol (Merck, Darmstadt, Germany), acetonitrile
(Honeywell, USA), and chloroform (Chemical CRQ, Séo
Paulo, Brazil). All reagents used were of pro analysis (p.a.)
grade, except the solvents used in HPLC, which were
of high-performance liquid chromatography (HPLC) or
higher grade.

Standard solutions

The CIPRO and ENRO standards were initially diluted
in a mixture of 0.1 mol L' aqueous sodium hydroxide,
methanol, and water (40:40:20, v/v/v), and subsequent
dilutions were carried out using a mixture of 0.4%
triethylamine, methanol, and acetonitrile (80:12:8, v/v/v).
The final concentrations obtained were 30, 40, 50, 60, 70
and 100 pg kg!, and all solutions were stored in amber
flasks at —20 °C following their preparation.

Extraction procedure

The blank samples of Zea mays used for validation
were grown in the Universidade Federal do Parand (UFPR)
garden using soil that was free from quinolones. All
samples were collected 30 days after planting. The roots
were removed from the samples and the shoot were milled.
The ground cultivars (0.5 g) were weighed into 15 mL
polypropylene tubes and stored in a freezer at —20 °C until
required for analysis.

The extraction methodology employed herein was based
on a procedure described by Migliore et al.* with some
modifications. Each ground sample (0.5 g) was weighed into
a centrifugation tube equipped with a lid and homogenized.
Following the subsequent addition of the CIPRO and ENRO
standards, the mixtures were allowed to stand for 10 min at
25 °C prior to extraction with acetonitrile/acetic acid (99:1,
1.5 mL), and then vortexed for 1 min, and sonicated for
5 min. Then, the obtained extract was dried in a vacuum
concentrator. Subsequently, an aliquot (2 mL) of saline
phosphate buffer (0.2 or 0.5 mol L', pH 7) was added, and
the mixture was vortexed for 30 s. Chloroform (5 mL) was
then added, the mixture was stirred for 2.5 min, sonicated
for 5 min, centrifuged at 4,000 rpm for 5 min. Then, 3 mL of
the organic phase (chloroform) was collected and dried in a
vacuum concentrator. The obtained extract was resuspended
with a mixture (1 mL) of 0.4% trimethylamine solution
at pH 3.0, methanol, and acetonitrile (80:12:8, v/v/v),
vortexed for 30 s, sonicated for 5 min, and filtered through
a filter unit with nylon membrane (pore size 0.22 pm,
diameter of 13 mm).
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Chromatographic conditions

An HPLC system (Alliance Waters) equipped with
a controller (Waters 2695 separations module) and a
fluorescence detector (Waters 2475) was used for analysis.
The analyte was separated using a Supelco Analytical
Ascentis C18 column (250 x 4.6 mm, 5 pm) at 35 °C with
a flow rate of 1 mL min~' and a sample injection volume
of 20 pL. Excitation and emission wavelengths of 278
and 453 nm, respectively, were used. The mobile phase
consisted of a 0.4% triethylamine solution at pH 3.0 (mobile
phase A), methanol (mobile phase B), and acetonitrile
(mobile phase C), and the gradient elution program
followed is outlined in Table 1.

Table 1. HPLC mobile phase elution gradient program

time / min Mobile Mobile Mobile
phase A/ % phase B/ % phase C/ %

0 80 12 8

5 80 12 8

8 78 13 9

12 76 14 10

18 5 95

21 5 95

25 80 12

Validation procedures

For method validation, the linearity, matrix effect,
precision, accuracy, limits of quantification (LOQ) and
detection (LOD), and robustness were evaluated.

The linearity of the method was evaluated by the
analysis of blank samples that were spiked with standard
solutions of CIPRO and ENRO at five concentrations
(30, 40, 50, 70, and 100 pg kg™") in triplicate. From the
obtained chromatograms, the peak absorption band areas
were integrated and calibration curves were created, which
allowed the determination coefficients (R?) and correlation
coefficients (r) to be obtained for the blank (i.e., without
antibiotics) and fortified samples. The matrix-matched
calibration curves obtained for CIPRO and ENRO were
analyzed for the normal distribution of residues according
to the Ryan-Joine test, while self-correlation was examined
using the Durbin-Watson test; the residue homogeneity was
determined by the Brown-Forsythe test, and the linearity
was obtained by analysis of variance (ANOVA).**%

The method selectivity was evaluated by analysis of the
chromatograms of the blank samples to verify the presence
of interferences that may elute at the same retention time
as the target analytes.
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The matrix effect was evaluated using two calibration
curves: one obtained using the fortified matrix extracts and
the other containing no matrix (i.e., standard solutions of
the analytes of interest) at five different concentrations
(30, 40, 50, 70, and 100 pg kg™"). After reconstitution
of the matrix extracts, the standard solution containing
the analytes of interest was added, and the mixture was
vortexed for 30 s. Then, the samples were injected and the
curves were analyzed in triplicate at each concentration
level, and the F-test and #-test at 95% significance were
used to evaluate the variance and means between the slopes
of the calibration curves.?-*23

The precision of the method was assessed in terms of
its repeatability and its within-laboratory reproducibility.
To evaluate the repeatability, blank samples were
spiked at concentrations of 30, 60, and 100 pg kg™' and
analyzed in triplicate under the same operating conditions
established for the method; the same instrumentation
setup was also used, and the same analyst carried out the
measurements.?*?*?5 Analysis of the within-laboratory
reproducibility employed the same protocol, although in
this case, the analyses were performed on different days and
by two different operators. The relative standard deviation
(RSD) was assessed considering the criteria established by
the Analytical Quality Assurance Manual.*

The accuracy of the method was evaluated by recovery
tests. Blank samples were spiked at three different
concentrations (30, 60, and 100 pg kg™") and were analyzed
in triplicate.’®?* The recovery was calculated using the
following equation:

Recovery (%) = (measured content/fortification level) x
100 (D

and the obtained values were assessed based on the
acceptance criteria established by the Analytical Quality
Assurance Manual >

To determine the LOD and LOQ, a method based on
analysis of the standard deviation of the response (c) and
the slope of the analytical curve (s) was used.? Thus, two
equations were used to calculate these parameters:

LOD = [(3.3 x 5)/s] (2
LOQ = [(10 x 5)/s] (3)*°

The robustness of the method was evaluated using
Youden’s J statistic”’ with small, pre-established changes
in the chromatographic conditions. The nominal values of
the method were represented by capital letters (A, B, and
C), while the corresponding lower-case letters (a, b, and
¢) denoted the alternative values (Table 2). Eight runs of
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blank samples, fortified at 60 pug kg~!, were carried out in
duplicate to determine the influence of each factor on the
final result. The standard deviation of the within-laboratory
reproducibility (s,.,,) was compared with the standard
deviation of the difference of factors (s,,), and when
Stactor > Srepro the method was considered to be not robust.

Table 2. Parameters evaluated for determining the method robustness

Factor 1 2 3 4 5 6 7 8
Aora A A A A a a a
Borb B b B b B b B b

Corc C C c c C C ¢ c

A: phosphate buffer solution 0.5 mol L'; a: phosphate buffer solution
0.2 mol L'!; B: column temperature 35 °C; b: column temperature 28 °C;
C: vortex shaking time 2.5 min; c: vortex shaking time 1 min.

Results and Discussion

The quantification of residues in plants is somewhat
complex, and so the development of a suitable extraction
procedure is necessary to remove the analytes from the
interiors of the plant cells without significant contamination
by other components or interferants. For the method
reported here, control of the extraction pH using a buffer
was found to be essential, with a pH of 7 being optimal.
At pH values below 6 or above 8, both CIPRO and ENRO
exhibited a greater affinity for polar solvents? thereby
compromising the chloroform extraction procedure.

It was found that for the analyses of both antibiotics,
our method showed linearity in the concentration range of
30 to 100 ug kg~!, with R? values of 0.9907 for CIPRO and
0.9962 for ENRO (Table 3). It should also be noted that the
latter exhibited an angular coefficient seven times greater
than that of CIPRO, indicating that ENRO emits a greater
signal than CIPRO in the matrix medium. The values
obtained are within the range recommended by Agéncia
Nacional de Vigilancia Sanitdaria (ANVISA) (> 0.99).%
In addition, in the linearity study, it was found that both
quinolones followed the normal distribution of the residues,
irrespective of the residue, and both were homoscedastic,
with no deviation in linearity.

As mentioned previously, the selectivity was determined
using the chromatograms obtained for the blank matrix,

Table 3. Linearity data of the method used for the determination of
ciprofloxacin (CIPRO) and enrofloxacin (ENRO) in maize (analyte
concentration range: 30-100 pg kg™')

Analyte Equation R? r
CIPRO y=0.0104x - 0.0264 0.9907 0.9953
ENRO y=0.0755x - 0.4064 0.9962 0.9980

R2: coefficient of determination; r: correlation coefficient.
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the solvent standards, and the matrix pattern, as shown in
Figure 1. It can be seen that around the retention times of the
two antibiotics, i.e., between 10 and 15 min, no absorption
bands corresponding to other substances were observed.
This confirms that the employed extraction procedure was
efficient and that the analytic method had been successfully
optimized.
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Figure 1. Chromatograms of (a) the maize free of the ciprofloxacin and

enrofloxacin (blank samples), and (b) the maize samples spiked with
ciprofloxacin and enrofloxacin at analyte concentrations of 100 pg kg='.

During evaluation of the matrix effects, significant
differences were found between the slopes of the calibration
curves obtained for CIPRO and ENRO for both the standards
in solution and the matrix-containing samples (Figure 2).
As can be seen in the figure, over all concentration points
for both residues, the matrix curve differs from the solvent
curve both in terms of the absorption value and in its slope,
although the effects were more pronounced in the case of
CIPRO. The F-test and ¢-test were then performed to evaluate
the variance and means between the slopes of the calibration
curves, and it was found that a significant matrix effect
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Table 4. Recoveries (REC) and relative standard deviations (RSDs) obtained during the validation experiments at concentrations of 30, 60, and 100 ug kg™!

Analyte REC/ % RSD repeat / % RSD repro/ %

30 pg kg 60 pg kg 100 pg kg! 30 ug kg 60 pg kg 100 pg kg! 30 pg kg 60 ugkg' 100 pg kg!
CIPRO 90.78 105.05 86.49 5.24 11.83 6.46 11.73 9.04 4.32
ENRO 123.1 110.24 108.28 3.75 3.73 4.64 9.35 8.06 3.82

CIPRO: ciprofloxacin; ENRO: enrofloxacin; REC: recovery; RSD repeat: relative standard deviation obtained under repeatability conditions;
RSD repro: relative standard deviation obtained under within-laboratory reproducibility conditions.

existed,?* confirming the visual observations. When working
with complex matrices that contain low concentrations of
the analytes of interest, evaluation of the matrix effect is of
great importance to avoid erroneous results.?¢?
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Figure 2. Matrix effects in the determination of ciprofloxacin and
enrofloxacin in maize.

The precision of the method was then evaluated using
a series of measurements carried out on multiple aliquots
of the same homogeneous sample under predetermined
conditions, and the RSDs? of the measurements were then
calculated, as outlined in Table 4. Based on the obtained
results, this method was confirmed to be accurate, since
the Analytical Quality Assurance Manual** recommends
that a method is determined to be accurate when the RSD
is £20%.

The accuracy of a method is defined as the agreement
between the real value of the analyte in the sample and
that estimated by the analytical process;***° the values
obtained for this method varied between 86.49 and 123.1%
(Table 4). According to RDC No. 166, which is used to
establish accuracy with a uniform content, the variation in
recovery should range between 70 and 130%, and therefore,
our method was accurate within the analytical parameters
defined above for concentrations of 30, 60, and 100 pg kg™'.

The LOD is the smallest amount of an analyte that can
be detected in a sample and is not necessarily quantifiable
as an exact value. In contrast, the LOQ is the smallest
amount of an analyte that can be quantified with precision
and accuracy in a given sample.* The LOD and LOQ were
determined for our method, and the results are presented
in Table 5. As can be seen, the LOD and LOQ for CIPRO
were approximately three times higher than those of ENRO.

Table 5. Limits of detection (LOD) and limits of quantification (LOQ)

Analyte LOD/ (ug kg') LOQ/ (ugkg")
CIPRO 16.65 50.44
ENRO 6.57 19.92

CIPRO: ciprofloxacin; ENRO: enrofloxacin.

Previous studies have reported high concentrations of
CIPRO and ENRO in soil and manure. CIPRO and ENRO
were found at concentrations between 0.65-2.13 mg kg!
and 0.39-30 mg kg™! in poultry litter, respectively, whereas
17.36-26.65 pg kg™' of ENRO were found in soil.” The
presence of ENRO and CIPRO in maize cultivated in soil
irrigated with enrofloxacin-contaminated water (10 ug L")
was reported by Marques et al.> CIPRO and ENRO were
found in the leaves at concentrations of approximately 18
and 75 pg kg™!, respectively,? demonstrating the adequacy
of the method for the detection and quantification of these
antibiotics in maize.

Finally, analysis of the method robustness for
CIPRO and ENRO showed that this method did not
demonstrate robustness upon variation in the phosphate
buffer concentration, the column temperature, or the
vortex/agitation time, since the standard deviation of the
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difference of factors (s;,.,,) Was higher than the standard
deviation of the within-laboratory reproducibility (S,.,).
Therefore, these factors must be strictly controlled during
the analysis.

Conclusions

Owing to the lack of validated analytical methods for
the analyses of CIPRO and ENRO in the shoot of Zea mays
maize, we developed and validated a reversed-phase
HPLC-FLD method for this purpose. Using this validated
method rendered it is possible to detect and investigate
the residues of ciprofloxacin and enrofloxacin present in
the maize samples, and low concentrations of the studied
analytes could be detected and quantified. It should also
be noted that all validation parameters were in accordance
with the requirements of Brazilian law. This method is
beneficial since it is rapid, uses a simple sample preparation
procedure without the need for dilution, and is low cost.
Overall, the developed analytical method can be considered
a reliable and useful tool for the analysis of ciprofloxacin
and enrofloxacin in the shoot of maize.
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