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Abstract

A simple, rapid and reliable method for the simultaneous analysis of the fluoroquinolones ciprofloxacin, enrofloxacin,
sarafloxacin, and difloxacin in bovine serum has been developed. Upon injection of serum samples, an on-line protein
G-linked column was employed to automatically remove serum components that otherwise would interfere with analyses. A
high-performance immunoaffinity chromatography (HPIAC) column containing covalently bound anti-sarafloxacin anti-
bodies was then used to capture the fluoroquinolones while allowing the remainder of the serum components to elute to
waste. After binding to the HPIAC column, the fluoroquinolones were eluted directly onto a reversed-phase (RP) column for
final separation of the compounds prior to fluorescence detection at excitation and emission wavelengths of 280 and 444 nm,
respectively. Due to use of a clean-up column in tandem with a highly selective HPIAC column, the only off-line sample
preparation required was dilution (10-fold) in phosphate buffered saline (PBS) and passage of the samples through a 0.2-mm
filter to remove particulate matter prior to injection. No significant interferences from the sample matrix were observed,
indicating good selectivity with the HPIAC column. The method yielded high recoveries from fortified bovine serum that
were .95% for all four fluoroquinolones with good reproducibility (C.V. values ,7.0%). The on-line, automated method
described here provides a simple, sensitive and specific assay for multiresidue detection of fluoroquinolones in serum.
 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction related synthetic antibacterial agents. They are de-
rived from the quinolone nalidixic acid, and exert

The fluoroquinolones are a group of structurally their therapeutic effects by inhibiting DNA gyrase
within the bacterial cell [1]. The carboxylic acid at
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ples for the presence of fluoroquinolone residues.
Immunoassays are particularly suitable for use in
routine surveillance programs due to the simplicity,
sensitivity and selectivity of the assays. Although
useful for rapid screens, immunoassays in general
have not been used as analytical methods because
most antibodies, even those of monoclonal origin,
exhibit broad cross-reactivity against structurally
similar compounds within a class of compounds. The
consequence of cross-reactivity is that it is not
obvious whether the result obtained by immunoassay
is due to a small amount of high-affinity analytes, a
mixture of high- and low-affinity compounds, or a
large amount of low-affinity cross-reacting sub-
stances [8]. As a result, samples that test positive in

Fig. 1. Structures of the fluoroquinolones evaluated in this study. an immunoassay (initial screen) must undergo further
analysis using conventional HPLC methods that

for use in food animals. Subsequently, enrofloxacin require extensive sample clean-up procedures.
was approved for use in cattle, chickens and turkeys The ideal method of analysis would be one that
with regulatory residue tolerance levels set at 100 takes advantage of the strengths of both immuno-
(liver), 300 (muscle) and 300 (muscle) ng/ml, re- chemistry- and liquid chromatography-based analyti-
spectively. Prompted by concerns that the effective- cal methods. Such a method would require minimal
ness of this valuable class of antibiotics could be sample preparation, and would be capable of iden-
reduced if resistant pathogens developed in the tifying all of the compounds of interest. Methods
treated animal population and were transferred to the incorporating off-line immunoaffinity columns have
human population, regulatory agencies as well as the been used to prepare samples prior to injection into
manufacturer of the drug implemented a post-ap- an HPLC system, thus providing cleaner extracts and
proval monitoring program. The objective of the minimizing the level of interference introduced into
program is to determine whether use of this class of the system by co-extracted compounds present in
drugs in food and/or non-food animals presents a complex matrices [9].
risk to public health. To meet this objective, careful More recently, methods incorporating high-per-
surveillance of the development of resistant organ- formance immunoaffinity columns (HPIAC) linked
isms and of the presence of fluoroquinolone residues on-line with HPLC columns have been developed
in animals or animal products is required. In order to that take advantage of the minimal sample prepara-
carry out an effective residue detection program tion required by immunoassays and the compound
involving thousands of samples, a rapid detection separation capabilities of HPLC analyses. Such
method for the fluoroquinolones must be available. methods have been used to capture and quantify

A number of analytical high-performance liquid compounds from a variety of sources including
chromatography (HPLC) methods have been pub- combinatorial libraries [10], rodent feed [8], equine
lished which describe the analysis of quinolones urine [11], bovine milk [12] and chicken liver [13].
[2–6]. Because these methods are labor intensive, Although the sample clean-up procedures for these
requiring extensive sample clean-up procedures, they methods are not as laborious as those required for
cannot be used for routine screening of numerous traditional HPLC methods, samples of the more
samples. We recently developed a monoclonal complex matrices (feed, milk and liver) needed more
antibody-based, enzyme-linked immunosorbent assay preparation than that required for immunoassay
(ELISA) capable of detecting fluoroquinolones in analyses. Either off-line sample clean-up procedures
chicken liver [7]. This assay circumvented the prob- (rodent feed) or frequent reversed-phase column
lem of laborious sample clean-up procedures and regeneration (milk and liver) were required to re-
provided a simple method to screen numerous sam- move contaminating matrix components.
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In this paper, we describe a method that incorpo- packing PEEK cartridges (2.1330 mm D3L) with
rates an on-line clean-up column in tandem with POROSE media (PE Biosystems; Framingham, MA)
HPIAC–reversed-phase (RP) chromatography to containing protein G covalently bound to its surface.
overcome the difficulties encountered with analyzing No further treatment of the clean-up column was
complex matrices. The clean-up column traps serum required. To make the HPIAC column, monoclonal
components that otherwise would bind to the HPIAC antibody Sara-95 (Mab Sara-95; [7]) was purified by
column and co-elute with the fluoroquinolones to the low-pressure protein G column chromatography,
RP column; thus, the clean-up column reduces dialyzed against PBS (150 mM NaCl, 100 mM
fouling of the RP column. The HPIAC column phosphate, pH 7.2), and brought to a final con-
effectively captures the fluoroquinolones, while the centration of 2 mg/ml in PBS. The antibody was
remainder of the serum matrix elutes to waste. The adsorbed to the protein G on the surface of the
fluoroquinolones then elute from the HPIAC to the POROSE XL media, and then covalently cross-
RP column for final separation prior to fluorescence linked in place according to the manufacturer’s
detection. This automated, on-line, multiresidue de- instructions. Both columns were stored in PBS/
tection method for the fluoroquinolones is simple to 0.02% sodium azide to prevent microbial contamina-
perform, applicable to routine analysis, and capable tion. An Inertsil phenyl column (5 mm, 15034.6
of resolving the fluoroquinolones in serum without mm; Alltech, Deerfield, IL) was used for final
interference from serum matrix components. separation of the fluoroquinolones prior to fluores-

cence detection.

2.4. HPLC system
2. Experimental

The chromatographic system used is an Integral
2.1. Analytical reference standards: Microanalytical Workstation from PE Biosystems
fluoroquinolones (Framingham, MA). The system is equipped with an

autosampler, two HPLC pumps, three 10-port
Sarafloxacin (885 mg/mg) and difloxacin (902 switching valves, two reagent syringe pumps, a

mg/mg) were gifts from Abbott Laboratories (North fluorescence detector and a variable wavelength UV
Chicago, IL). Enrofloxacin (999 mg/mg) and cipro- detector. The three columns (clean-up, HPIAC, and
floxacin (848 mg/mg) were gifts from Bayer (Kan- RP) were linked as shown in Fig. 2. Pump 1
sas City, MO). delivered the binding buffers (PBS or 0.1 M

NaH PO , pH 6.0) for the HPIAC column. Pump 22 4

delivered the elution buffer (2% [v/v] acetic acid,2.2. Solvents and reagents
acidified with HCl to obtain pH 2.2) for the HPIAC
column and the mobile phase (elution buffer /ace-For liquid chromatographic analyses, HPLC-grade
tonitrile, 85:15 [v /v]) for the RP column. Selectiveacetonitrile was purchased from EM Science (Gibbs-
capture of the fluoroquinolones on the HPIACtown, NJ). Glacial acetic acid and monobasic sodium
column was performed at room temperature, andphosphate were purchased from Sigma (St. Louis,
separation on the RP column was accomplished atMO). BupHE phosphate buffered saline packs were
408C using a Golden FoilE column heater (Alltech;purchased from Pierce (Rockford, IL). For cross-
Deerfield, IL). For fluorescence detection, the excita-linking the antibody to the immunoaffinity column,
tion and emission wavelengths were set at 280 anddimethyl pimelimidate, monoethanolamine, and tri-
444 nm, respectively.ethanolamine were purchased from Sigma.

Using the column switching capabilities of the
Integral system, the fluoroquinolones were automat-

2.3. HPLC columns ically captured on the HPIAC column, eluted from
the HPIAC column to the RP column, and finally

The clean-up and HPIAC columns were made by separated on the RP column prior to fluorescence
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Fig. 2. Plumbing diagrams for the Integral Microanalytical Workstation. Direction of flow for (A) loading the samples or standards and for
reconditioning the clean-up and HPIAC columns, (B) eluting the fluoroquinolones from the HPIAC column to the second column, (C)
separating the fluoroquinolones on the RP column.

detection. The plumbing diagram for the system is buffer at 3 ml /min. Both columns were then
shown in Fig. 2. In the first step (Fig. 2A), both the reequilibrated with 3 ml PBS at 3 ml /min.
clean-up and the HPIAC columns were placed in-line Finally (Fig. 2C), the RP column alone was placed
and equilibrated with PBS at 3 ml /min. The fluoro- in-line and separation of the fluoroquinolones was
quinolones were then injected using the autosampler accomplished isocratically using the RP mobile
and a 100-ml sample loop. Both columns were phase with fluorescence detection.
washed with 10-column volumes (1 ml) of PBS at
0.5 ml /min, 10-column volumes of PBS at 2 ml /min 2.5. Standard curve solutions
and then 10-column volumes of 0.1 M NaH PO2 4

(pH 6) at 2 ml /min. Serum components that would Stock fluoroquinolone solutions were prepared by
have bound nonspecifically to sites on the HPIAC dissolving each fluoroquinolone in methanol at 1
column were retained on the clean-up column where- mg/ml. Intermediate standards were prepared by
as the fluoroquinolones passed through the clean-up diluting stock solutions in PBS to obtain concen-
column and bound specifically to Mab Sara-95 that trations of 1, 5, 10 and 100 mg/ml. The intermediate
was covalently bound to the HPIAC column. Serum standards were then used to make analytical stan-
components that did not bind to either column were dards at concentrations between 1 and 10 000 ng/ml.
flushed to waste.

In the second step (Fig. 2B), the HPIAC and RP 2.6. Fortified serum
columns were placed in-line and elution of the
fluoroquinolones from the HPIAC column to the RP The concentrations of fluoroquinolones in serum
column was accomplished using an isocratic elution can range between 1100 (30 min post-treatment) and
step with elution buffer at 0.5 ml /min for 2 min. The 180 ng/ml (12 h post-treatment). Therefore, samples
RP column was then placed off-line. (1 ml) of fluoroquinolone-free bovine serum were

In the third step (Fig. 2A), the clean-up and spiked with intermediate standards of sarafloxacin,
HPIAC columns were switched in-line and the difloxacin, enrofloxacin, and ciprofloxacin to obtain
contaminating serum components on the clean-up concentrations of 20, 50 or 100 ng/ml. These
column were flushed to waste using 2 ml elution concentrations represent 1 /53-, 1 /23-, and 13-
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tolerance levels specified for enrofloxacin analyses, even after washing with 20-column volumes of PBS
respectively. Because the tolerance level is based on and 0.1 M NaH PO (pH 6) at 2.0 ml /min.2 4

a metabolite of enrofloxacin, desethylciprofloxacin, An important aspect of the method is the reusabili-
for regulatory purposes, screening methods must be ty /durability of the HPIAC column that allows
able to detect the parent compound at 1 /43 toler- generation of consistent results for multiple samples
ance level (C. Deyrup, Food Safety and Inspection using a single column. No special treatment of the
Service, personal communication). The spiked sam- column was required to maintain column perform-
ples were diluted 10-fold in PBS and filtered through ance other than storage at 48C in PBS containing
a 0.2-mm filter directly into autosampler vials for 0.02% sodium azide. The column was operated at
HPLC analysis. room temperature and retained consistent analyte

binding capabilities even after being used for hun-
2.7. Percent recovery dreds of samples over a period of 6 months.

Percent recovery values were determined by com- 3.2. Calibration curves
paring the observed concentrations in fortified serum
with the calibration standards in PBS. The calibration curves were linear for the cali-

bration range of 1–1000 ng/ml used to calculate the
2.8. Incurred enrofloxacin residues in serum percent recoveries from serum. A representative

chromatogram obtained with the calibration standard
One angus-cross bull calf was given a single dose containing 10 ng/ml of each fluoroquinolone is

of enrofloxacin (5 mg/kg) according to the manufac- shown in Fig. 3. Antigen saturation studies to
turer’s instructions. Serum samples were obtained at investigate the maximum binding capacity of the
1, 4, 8, 12, and 24 h post-treatment. A final sample immunoaffinity column demonstrated that the col-
was obtained at 1 week post-treatment. These sam- umn could bind a total of 6500 ng of fluoro-
ples were prepared for HPLC analysis as previously quinolones before its capacity was exceeded. If all
described for the spiked samples. four fluoroquinolones were present in a standard at

high levels (10 000 ng/ml), the two fluoroquinolones
(sarafloxacin and difloxacin) exhibiting the highest

3. Results and discussion

3.1. HPIAC–RP method characteristics

The HPIAC–RP method of detecting fluoro-
quinolones was evaluated for ciprofloxacin, enroflox-
acin, sarafloxacin and difloxacin in bovine serum
samples. The time needed for each sample prepara-
tion was less than 1 min due to the on-line clean-up
and HPIAC columns. Therefore, the number of
samples that can be processed in 24 h is not limited
by the time required for sample preparation but by
the 20-min analysis time required by the method.
Approximately 72 samples can be analyzed in a 24-h
period. The rigid, porous support used for the
HPIAC column allowed the use of slow flow-rates
for fluoroquinolone binding and fast flow-rates for

Fig. 3. Representative HPIAC–RP–fluorescence chromatogram
column washing/ reequilibration, thus minimizing the obtained with the calibration standard containing 10 ng/ml of
time required for each analysis. All four fluoro- each fluoroquinolone. 1, ciprofloxacin; 2, enrofloxacin; 3, saraflox-
quinolones exhibited good binding to Mab Sara-95 acin; 4, difloxacin.
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relative affinities for the antibody preferentially asterisk (*) represents fluoroquinolones that were
bound to the HPIAC column. The relative affinities unable to bind because the amount injected exceeded
of sarafloxacin and difloxacin for Mab Sara-95 are the capacity of the column.
approximately 15-fold greater than those of cipro-
floxacin and enrofloxacin as determined previously 3.3. Analysis of spiked bovine serum
by competitive binding studies using an ELISA
format [7]. Representative chromatograms in Fig. 4 Bovine serum samples spiked with four fluoro-
demonstrate the different chromatographic profiles quinolones were analyzed using the on-line HPIAC–
obtained when standards containing 1000 or 10 000 RP–fluorescence method described herein. Fig. 5
ng/ml of each fluoroquinolone were analyzed by shows the chromatograms obtained for a serum blank
HPIAC–RP–fluorescence. The peak marked with an (A) and a serum sample fortified with 50 ng/ml of

Fig. 5. Representative chromatograms of (A) a blank serum
Fig. 4. Representative chromatograms obtained with calibration sample and (B) a serum sample fortified with 50 ng/ml of each
standards containing (A) 1000 ng/ml or (B) 10 000 ng/ml of each fluoroquinolone. Due to the 10-fold serum dilution, the final
fluoroquinolone. 1, ciprofloxacin; 2, enrofloxacin; 3, sarafloxacin; injected concentration was 5 ng/ml for each fluoroquinolone. 1,
4, difloxacin. ciprofloxacin; 2, enrofloxacin; 3, sarafloxacin; 4, difloxacin.
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each fluoroquinolone (B). As can be observed, most inter-assay C.V. of 4.9% (3 days with 12 observations
of the serum matrix components elute immediately per day; n536) were observed. The variability at
after injection of the samples through the clean-up each fortification level is demonstrated by C.V. values
and HPIAC columns (Fig. 5A and B, peaks desig- presented in Table 1.
nated with asterisks). After washing both columns The limit of quantification (LOQ), which is lim-
with 20-column volumes of PBS and 10-column ited by the lowest concentration point used to
volumes of 0.1 M NaH PO (pH 6.0), the response generate the standard curve for each of the fluoro-2 4

essentially returns to background levels. The clean- quinolones, is 1 ng/ml. Antigen dilution studies were
up column was taken off-line and elution buffer was used to determine the lower limit of detection
applied to elute the bound fluoroquinolones from the (LOD). Based on a signal-to-noise ratio of 5:1, the
HPIAC column to the RP column. The two closely LOD values were 0.32, 0.18, 0.47, and 0.28 ng/ml
associated peaks marked with ‘‘FQ’’ in Fig. 5B (32, 18, 47, and 28 pg per 100-ml injection) for
represent the four fluoroquinolones eluting from the ciprofloxacin, enrofloxacin, sarafloxacin, and diflox-
HPIAC column. The RP column was then placed acin, respectively. Because the serum is diluted 10-
off-line so that the sample components adhering to fold prior to injection, the corresponding LOD values
the clean-up column could be removed. The peaks in serum are 3.2, 1.8, 4.7, and 2.8 ng/ml (320, 180,
marked with arrows (Fig. 5A and B) represent 470, and 280 pg per 100-ml injection). Greater
elution of these components from the clean-up sensitivity for fluoroquinolones in serum can be
column to waste. Removal of these interfering matrix achieved by simply increasing the volume of the
components prevented the undesirable increase in the sample loop or by applying multiple injections of the
RP column back pressure that was observed when a same sample prior to elution of the captured fluoro-
clean-up column was not used, thus maintaining RP quinolones from the HPIAC column to the RP
column performance without the need for numerous column. Therefore, due to the ability of the HPIAC
column washes. column to concentrate analytes prior to elution, the

The percent recovery values for the four fluoro- method has a broad dynamic range that is not limited
quinolones at three different fortification levels in with regard to sample size.
bovine serum are presented in Table 1. Recovery
calculations were based upon fluoroquinolone stan- 3.4. Analysis of incurred enrofloxacin residues in
dard curves that were generated for each day’s bovine serum
experiment. The average recovery values for cipro-
floxacin, enrofloxacin, sarafloxacin, and difloxacin The applicability of this method for detecting
were 99.2, 102.3, 97.8, and 101.4%, respectively. A residues in the serum of fluoroquinolone-treated
mean intraassay coefficient of variation (C.V.) of animals was demonstrated using enrofloxacin. Sam-
3.0% (12 observations per day; n512) and a mean ples containing the highest, lowest, and undetectable

Table 1
Average recovery of fluoroquinolones from fortified serum samples

aFQ Recovery, percentage at indicated fortification level

20 ng/g 50 ng/g 100 ng/g

Mean SD C.V. Mean SD C.V. Mean SD C.V.

CIPRO 100.3 2.6 2.6 97.0 0.3 0.4 100.3 3.5 3.4
ENRO 100.6 2.4 2.4 105.2 4.7 4.4 101.3 2.3 2.3
SARA 95.0 5.5 5.8 100.6 5.0 5.0 97.9 1.0 1.0
DI 100.8 6.6 6.5 102.6 5.5 5.3 100.7 1.9 1.9

a Each mean is the average of three separate experiments. For each experiment, triplicate samples were analyzed for each fluoroquinolone
at each fortification level.
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levels of enrofloxacin were analyzed. Fig. 6 shows
the HPIAC–RP–fluorescence chromatograms re-
sulting from analysis of these serum samples col-
lected at (A) 4 h (796 ng/ml enrofloxacin), (B) 24 h
(52 ng/ml enrofloxacin) and (C) 1 week (below the
limit of detection) post-treatment. The chromato-
grams demonstrate that the peaks for enrofloxacin
and its metabolite ciprofloxacin do not interfere with
each other and that the method is sufficiently sensi-
tive to detect concentrations of these fluoro-
quinolones likely to be encountered in the field.

4. Conclusions

This method demonstrates simultaneous determi-
nation of four fluoroquinolones in fortified bovine
serum using an automated column switching system
for on-line sample clean-up and HPIAC extraction
coupled to RP column chromatography. All four
fluoroquinolones could be detected and quantified at
low nanograms per milliliter (ppb) levels. Use of an
on-line clean-up column in tandem with a fluoro-
quinolone-specific immunoaffinity column reduced
the number of sample preparation steps and the
amount of organic solvent required for each analysis.
Thus, this method takes advantage of the strengths of
both immunochemistry- and LC-based separation
strategies and has the potential to decrease the
amount of time and labor involved in screening
serum samples for these antibiotics.
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