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Abstract

Fluoroquinolones are broad-spectrum bactericidal agents applied for the treatment of human
and veterinary diseases. Their common use and their incorrect disposal foster environmental
contamination, namely on water resources, increasing the risk of antimicrobial resistance.
Hence, a method based on automatic solid-phase extraction coupled to liquid chromatography
and fluorimetric detection is proposed for determination of fluoroquinolones in
environmental waters. For the solid-phase extraction procedure, commercially available
molecularly imprinted polymer targeting fluoroquinolones was trapped inside a flow-through
extraction column, integrated in a programmable flow injection system using multisyringe
flow injection analysis, where all steps concerning sorbent conditioning, sample loading,
matrix removal, and analytes elution were performed under computer control. Eluate
resulting from the sample preparation was collected and transferred at-line to
chromatographic analysis using a reversed-phase monolithic column coupled to a fluorimetric
detector, and isocratic elution with methanol-phosphoric acid (pH 3.0; 5.0 mM) (17.5:82.5,
v/v) at a flow rate of 3.5 mL min™. Sample treatment and chromatographic analysis were
performed in tandem, with sample throughput limited by the sample treatment step.
Calibration curves based on fluorescence intensity vs. analyte mass were obtained in the
range of 10 to 1000 pg for norfloxacin, ciprofloxacin, and enrofloxacin with LOD values at
6-19 ng L™ for a sample volume of 100 mL, and RSD < 11% at 0.7 ug L. The method was

successfully applied to estuarine river water analysis.

Keywords: Programmable flow injection, Monolithic column; Molecularly imprinted

polymer; Fluoroquinolone; Environmental water; Multisyringe.
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Introduction

Antimicrobial agents have been widely used for the treatment of infection diseases. Their
residues are continuously discharged into the environment. This situation led to increasing
concern about harmful potential effects of antimicrobial residues such as increment of
antimicrobial resistance.' This serious public health threat has been an important research
target worldwide. Recently, the World Health Organization (WHO) designed a Global Action
Plan to fight against increasing of antimicrobial resistance, where several tasks were
proposed, including the improvement of strategies for antimicrobial residues monitoring and
establishment of standards for controlled use of antimicrobial compounds in agricultural
practice.’

Fluoroquinolones (FQs) are broad-spectrum bactericidal agents that act by inhibiting the
bacterial DNA replication. This antimicrobial class play a crucial role for the treatment of
human and veterinary bacterial diseases.” Their slow rates of degradation and their
persistence in the aquatic environment can increase the potential for formation of resistance
mechanisms and ecotoxicity."” * > Moreover, sewage water treatment plants are not able to
completely remove these compounds.é’ 7 Thus, determination of these compounds in water is
crucial for their environmental risk assessment.

Several strategies for the quantification of FQs in water have been developed. Currently, the
gold standard method comprises liquid chromatography coupled to tandem mass
spectrometry,”!' while LC coupled to fluorimetric detection is also fitted for purpose due to

the intrinsic FQs fluorescence.'*"

These techniques provide high sensitivity (low to
intermediate ng L level) and selectivity as main features. However, sample pretreatment is

frequently necessary in order to eliminate matrix interferences and to foster analyte

preconcentration to reach concentrations that can be found in environmental samples.
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Solid phase extraction (SPE) has been widely applied as sample pretreatment of
environmental water analysis,' particularly using automatic flow-based schemes.'” '® In this
context, different polymeric sorbents have been applied for determination of FQs in
environmental water samples, such as commercially available polymeric reversed phase
Strata®-X,"” ?° mixed mode OASIS® HLB 2!, OASIS® WCX for weak cation exchange,lo
and molecularly imprinted polymers.zz'24 Silica-based chemically bonded phases has also
been applied such as silica-supported graphitic carbon nitride® and graphene-derivatized
silica.® More recent approaches have also included the application of boron-enriched
divinylbenzene monolith,”” mixed hemimicelles based on magnetic Fe;0, nanoparticles
coated with sodium dodecyl sulfate,®® and ZnO-modified methacrylic acid-co-ethylene
dimethacrylate polymer monolith®® as sorbents. However, sample treatment can be time and
reagent consuming, which can limit the sample throughput.

Programmable flow injection analysis can be regarded as the fourth generation of flow
injection analysis systems, characterized by computer control of fluidics, allowing the
implementation of variable flow rates, stopped flow periods and reversal of flow direction.**
32 Multisyringe flow injection analysis (MSFIA) fosters flow injection analysis systems that
present as main features: robustness, high flexibility, compatibility with organic solvents,
high throughput and multichannel manifolds.* ** MSFIA allows the automation of sample
preparation and incorporation of in-line SPE procedures. Thus, sample treatment can be
performed with reduction of time and reagents’ consumption.® The aim of this work was the
development of a sample treatment strategy based on a MSFIA-SPE procedure combined
with  HPLC-FD for determination of norfloxacin (NOR), ciprofloxacin (CIP) and

enrofloxacin (ENR) in environmental water at ng per litre level with enhanced throughput.

Materials and methods
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Reagents and solutions

All reagents used were of analytical grade and water from arium water purification system
(resistivity > 18 MQ cm, Sartorius, Goettingen, Germany) was used to prepare aqueous
solutions. Norfloxacin (NOR), ciprofloxacin (CIP), and enrofloxacin (ENR) were purchased
from Sigma Aldrich (St. Louis, MO, USA). Individual stock standard solutions (1 g L'l) of
each FQ were stored at -20 °C and prepared by weighing the approximate mass of each solid
and dissolving it with an aqueous solution of 5.0 mM sulfuric acid. These solutions were
filtered and used to prepare an intermediate standard solution (0.1 g L™") by ten times dilution
with mobile phase. Working standard solutions used for calibration curves were prepared
daily by appropriate dilution of the intermediate standard solution with mobile phase or
appropriate solvent.

Chromatographic mobile phase was methanol-phosphoric acid (pH 3.0; 5.0 mM) (17.5:82.5,
v/v). For mobile phase preparation, firstly, an aqueous solution of phosphoric acid (pH 3.0;
500 mM) was prepared by diluting 16.7 mL of phosphoric acid 1.5 M in 50 mL of water and
by adjusting the pH to 3.0 using triethylamine (Sigma Aldrich). Then, this solution was
diluted 100x with water to provide the aqueous component of mobile phase, which was
further mixed to methanol up to the target proportion. Mobile phase was filtered through
HVHP filter 0.45 um from Millipore (Billerica, MA, USA) and degassed using ultrasound
radiation for 15 min prior to usage.

The carrier solution used in the automatic SPE protocol was water. The sorbent conditioning
solution, which was also used as the eluent, consisted of methanol-ammonium hydroxide
(98:2, v/v).

Solid-phase extraction phases were acquired from Waters (Milford, MA, USA), including

Oasis HLB (200 mg, 30 pum, cartridge of 6 mL volume), Oasis MCX (60 mg, 30 pm,
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cartridge of 3 mL volume), Oasis WCX (60 mg, 30 pum, cartridge of 3 mL volume).
SupelMIP SPE FQs (25 mg, 57 pm, and cartridge of 3 mL volume) from Supelco (Sigma

Aldrich) was also acquired.

Chromatographic instrumentation and analysis

Chromatographic analyses were conducted using a reversed-phase monolithic column
(Chromolith RP-18e, 100 mm x 4.6 mm i.d., Merck, Darmstadt, Germany), connected to a
Jasco (Easton, MD, USA) HPLC system (pump PU-2089, autosampler AS-2057 and LC-Net
II/ADC controller) coupled to a fluorimetric detector (Jasco FP-2020, Acxe = 280 nm, Aey =
450 nm). Standard and sample solutions were placed into 8 mm amber glass screw thread
vials with flat bottom, which present 1500 pL as usable volume, and nominal residual volume
<170 pL (2-SV(A), Thermo Scientific, Waltham, MA, USA). Separation was performed in
isocratic mode at a flow rate of 3.5 mL min™, at room temperature (23 °C). Data acquisition

and analysis were performed using ChromNAYV software (Jasco).

Batch solid-phase extraction procedure

For sorbent selection, 2 mL of standard solution containing 100 pg L™ of each FQ was
applied as sample surrogate through each cartridge after the conditioning step. For Oasis
sorbents, surrogate sample was prepared in phosphoric acid-triethylamine buffer (pH 3.0; 5.0
mM) while for Supel-MIP, sample solvent was phosphate buffer (pH 7.2; 1.0 mM).

For Oasis HLB, cartridges were conditioned with 5 mL of methanol, followed by 2 mL of
water. Washing was carried out with 5 mL of water. Finally, FQs were eluted with 3 x 1 mL
of methanol-phosphoric acid (pH 3.0; 5.0 mM) (98:2, v/v). Regarding Oasis MCX, sorbent
conditioning was performed with 1 mL of methanol and 1 mL of water. Washing of sorbent

was carried out with 2 mL of water. The elution was performed with 3 x 1 mL of methanol-
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ammonium hydroxide (98:2, v/v). Concerning Oasis WCX extraction, the sorbent was
conditioned with 1 mL of methanol and 1 mL of water. A volume of 2 mL of water was
applied as washing step. Elution was performed with 3 x 1 mL of methanol-formic acid
(98:2, v/v). MIP sorbent was conditioned with 1 mL of methanol and 2 mL of water. The
washing step was carried out with 2 x 3 mL of water. At last, FQs were eluted with 3 x 1 mL

of methanol-ammonium hydroxide (98:2, v/v).

MSFIA equipment and automatic extraction procedure

Water and eluent were propelled into the system by a multisyringe burette (Crison
Instruments, Allela, Spain), equipped with syringes of 10 mL and 5 mL placed in positions 2
and 3, respectively. Three-way commutation valves (NResearch, Caldwell, NJ, USA) were
connected to the head of each syringe and four extra commutation valves were connected into
the system, controlled through the burette with permutations classified in “on” or “off” lines.
A personal computer, running lab-made software written in QuickBasic 4.5 (Microsoft,
Redmond, WA, USA), controlled the number of steps, the position of all commutation
solenoid valves and direction of piston displacement.

Samples were loaded into the solid-phase column using a Minipuls 3 peristaltic pump
(Gilson, Villiers-le-Bel, France) equipped with polyvinylchloride pumping tubes. Flow
direction and rotation speed were also controlled through a dedicated software using a PCL-
818 interface card (Advantech, Taipei, Taiwan).

The different components of the flow-system were disposed as shown schematically in Fig, 1.
All connections were made with 0.8 mm i.d. polytetrafluorethylene tubing (Omnifit,
Cambridge, UK). A lab-made polyetheretherketone extraction column was used. This column

presented a tubular configuration with 24 mm of length and 3 mm of internal diameter,
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containing ca. 100 mg of sorbent. The sorbent was trapped inside the column by filter disks
from MoBiTec (Goettingen, Germany) with pore diameter of 35 pm.

The protocol sequence adopted for the automatic solid-phase extraction of FQs is described
in Table 1. The complete sequence included seven steps. Initially, 3500 pL of methanol-
ammonium hydroxide (98:2, v/v) were propelled through the sorbent bed, by switching valve
V3 on (step 1). After commutation of the suitable valves, including switching V2 on and V3
off, sorbent conditioning was performed with 2500 pL of water (step 2). Afterwards, with all
valves in “off” position, the peristaltic pump was activated and the selected sample volume
was sent through the extraction column at 4.0 mL min™ (step 3). After refilling the syringes
(step 4), the sorbent column was percolated with 2500 pL of water for sample matrix removal
by switching valve V2 on (step 5). Then, a volume of 1500 pL of methanol-ammonium
hydroxide (98:2, v/v) was used for elution of retained compounds (valve V2 switched off,
valve V3 switched on, step 6) and eluate was collected to an eppendorf tubing. Ultimately,
the syringes were refilled, with both valves V2 and V3 switched off, connecting syringes to
water and eluent reservoirs, respectively (step 7). Prior to chromatographic analysis, eluate

was diluted 5% with 500 mM phosphoric acid.

Sample collection

Water sample from the Douro River estuary was collected at low tide using 1 L acid-cleaned
polyethylene bottles. The sample was filtered through 1.2 um glass microfiber filters (VWR
International, Leuven, Belgium) followed by 0.22 pm Millipore GVWP filters, and analyzed

after pH adjustment at 7.2.

Results and discussion
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Selection of chromatographic conditions

The net charge of the target FQs in this study depends on pH as featured in Fig. S1-S3
(Electronic Supplementary Information). Up to pH 4, net charge is positive from protonation
of amine group in piperazine ring. For pH values above 10 (or 8 for ENR), net charge is
negative from proton loss in the carboxylic group attached to quinolone moiety. For pH
values between 6 and 8, NOR and CIP have similar behaviour, with neutral net charge from
protonation of amine group in piperazine ring and proton loss in the carboxylic group to
quinoline moiety. ENR has different features in this pH region, showing prevalence of neutral
net charge (ca. 65% of total species) at pH 6 from two species: one bearing positive charge at
a tertiary amine in the piperazine ring and a negative charge at the carboxylic group, while
the other species does not have any ionized group. This difference in behaviour from the
other two target FQs prompt the choice of a lower pH for the mobile phase, securing that all
FQs would be in a similar ionized form. Higher pH values (> 10) were not considered
because of column susceptibility. Hence, the aqueous component of mobile phase was set as
phosphoric acid-triethylamine (pH 3.0; 5 mM).

In order to achieve fast separation, a C18 monolithic column was chosen. Mobile phase
composition, using methanol as organic modifier, and flow rate were studied, as summarized
in Fig. S4 and SS5. Results revealed that methanol at 17.5% (v/v) provided the shortest run
time necessary to elute the target FQs without compromising peak separation. Considering
that monolithic columns do not present back-pressure problems when increasing mobile
phase flow rate, this parameter was evaluated up to 5.0 mL min™'. Chromatograms obtained
using a 10 mg L' FQs standard showed that 3.5 mL min™ was the highest flow rate that
allowed good separation of target FQs in a relatively short time (about 4 min), with NOR

retention time of 2.2 min, CIP retention time of 2.5 min and ENR retention time of 3.0 min.
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Under the above mentioned optimum working conditions, the sampling rate achieved was 7.5
h.

In order to establish a dynamic concentration range based on FQ mass, analysis of standards
ranging from 0.5 to 10 pg L™ were performed for 20, 50 and 100 pL injection volumes.
Fluorescence intensity vs. analyte mass calibration curves were obtained in the range of 10 to
1000 pg, providing y = (2669 + 14) x — 961 £ 4535 for NOR, y = (2162 + 12) x + 3555 +
4008 for CIP, and y = (3990 £ 29) x + 8271 £ 9200 for ENR, n =27, R > 0.9993. Therefore,
when results were plotted for each injection volume, direct proportionality was obtained, i.e.
slopes were 5 times higher for 100 pL injection volume, when compared to 20 pL injection
volume. Thus, injection volume selection can be tailored according to FQs expected level
between 100 ng L™ and 50 pg L™, with a dynamic mass range of 10-1000 pg.

Compared to previously reported methods using fluorimetric detection, this analytical range
surpasses the state-of-the-art, allowing a reduction of > ten’® to two'® times concerning the
lowest quantifiable mass. These features were attained due to the combination of monolithic

column to large sample injection volume (up to 100 uL).

Selection of sorbent for the SPE procedure

Once defined the conditions for the chromatographic determination, the next step was the
selection of sorbent. Four different SPE sorbents with different physico-chemical
characteristics were evaluated, comprising commercially available polymeric materials.
Molecularly imprinted polymer (Supel-MIP) and hydrophilic-lipophilic balance co-polymers,
bearing retention mechanisms based on reversed-phase (Oasis HLB) or based on both
reversed-phase and cation exchange (Oasis MCX and Oasis WCX) were tested under
conventional conditions as recommended by suppliers. Standards containing 100 ug L™ of

each FQ were acidified for retention in the hydrophilic-lipophilic balance co-polymers,


http://dx.doi.org/10.1039/c8ay00327k

providing analytes with positive charge. For MIP experiments, standard pH was adjusted to
7.2, originating the zwitteronic form of NOR and CIP (Fig. S1 and S2), while ENR was
mainly negatively charged, with a lower presence of its zwitteronic form.

Results concerning analyte recovery are depicted in Fig. 2. Extraction with the weak cation-
exchanger Oasis WCX did not provide analyte recovery. Better results were attained for the
MIP sorbent, providing values between 74.6 and 95.6% for target analytes. Better recoveries
with MIP sorbent can be related with their higher selectivity to an analyte or structurally
related molecules, which allows a better analytical performance when compared to other

sorbents.” ***" In this way, MIPs sorbent were selected for further experiments.

Development of automatic MSFIA-SPE system

The application of programmable flow present valuable features, such as low consumption of
sample and reagent, precise control of solutions’ volume and flow rate, and compatibility
with organic solvents when MSFIA systems are employed. Furthermore, a peristaltic pump
was included to the MSFIA basic manifold in order to handle large sample volumes (up to
100 mL) commonly required in environmental analysis. The sample loading and the elution
step were established in counter-current in order to avoid cumulative pressure into the
extraction column. Hence, the microcolumn was inserted between two commutation valves
(Fig. 1, V5-V7). The length of the tubing in the exit of the extraction column was shorter as
possible in order to avoid dilution due to dispersion of the extracted analytes. Valve V8§
(Figure 1) was introduced between valve V6 and the SPE column (V7-V5) to prevent the
contamination of the extraction column upon change of sample or standard solutions.

Flow rate of sample loading was evaluated, in order to minimize the time required for
pretreatment of large sample volumes. This study was carried out by loading 5 mL of

phosphate buffer (pH 7.2; 1 mM) containing 10 pug L™ of each FQ compound at flow rates in
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the range of 0.5-4 mL min". Elution was performed by loading 610 pL of methanol-
ammonium hydroxide (98:2, v/v). Similar recoveries were attained at any tested flow rate,
with mean values of 42.6 + 3.5% (NOR), 43.5 £+ 3.5% (CIP), and 39.6 = 4.0% (ENR). Hence,
the flow rate of 4 mL min" was selected to maximize throughput. A similar study was
performed to evaluate the elution flow rate (0.5 — 1.5 mL min™). Also, similar recoveries
were attained for all tested flow rates, with mean values of 35.6 + 0.8% (NOR), 37.2 = 0.9%
(CIP), and 31.5 + 1.1% (ENR). Therefore, the flow rate of 1.5 mL min" was adopted to
perform the elution step.

The eluent volume is also a critical aspect in flow-based SPE procedures as depicted in Fig.
3. The elution profile was evaluated for eluent volumes between 600 and 1750 pL. As
expected, the elution profile regarding the concentration of FQs in eluate increased with the
applied volume up to a value (1500 pL) where a dilution effect was observed for higher
eluent volumes. This means that applied elution conditions could not foster more analyte
desorption. This is corroborated when expressing the results as recovered mass, where a
stable value was reached for volumes equal or higher than 1500 pL.

Next, the effect of loading volume on analyte recovered mass was studied by passing the
same amount (50 ng of each FQ) through the SPE column using volumes between 5 and 100
mL. Similar recoveries were attained for 5 and 10 mL (ranging from 56.2 + 0.2% and 69.4 +
0.5%), while lower recovery values were obtained for 25 (41.1-66.0%), 50 (31.7-66.2%), and
100 mL (21.3-56.1%) of sample loading volume. As recoveries above 85% were not reached
and considering the non-equilibrium yet reproducible features of programmable-flow
systems, calibration under the same extraction conditions concerning sample volume, loading

and elution conditions is recommended for application to samples.

Analytical performance and application to sample
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The analytical performance of the MSFIA-SPE system was evaluated considering the limits
of detection (LOD) and quantification (LOQ), determination frequency, repeatability,
accuracy, and applicability to real samples.” Values of LOD and LOQ were established as 6
to 19 ng L' and 17-51 ng L', respectively, considering a sample loading volume of 100 mL
(detailed information for each compound is given in Table S1). As sample treatment and
HPLC analysis can be performed in tandem (one sample is run in HPLC while the following
sample is processed at MSFIA-SPE), the time taken for analyzing each sample was
conditioned by the slowest process. Hence, for the sample loading volume of 100 mL, the
determination frequency was 2 determinations per hour, established by 31.3 min required for
MSFIA-SPE procedure. Sample throughput can be increased up to 6.7 h™ if a lower sample
volume (10 mL, for instance) is applied. Sample volumes < 7.5 mL are not recommended as
no preconcentration will occur because the eluate is diluted 5 times after collection to avoid
band broadening effects in the chromatographic run. Repeatability was established using 0.7
ug L' standard, providing RSD values of 9.0, 11, and 3.7% for norfloxacin, ciprofloxacin,
and enrofloxacin, respectively (n = 4). These values are acceptable considering the
concentration level tested because, according to the Horwitz function, there is a tendency for
an invariant RSD of about 20-25% for concentrations below 10 ppb (ug per litre).*”” Accuracy
was evaluated through back-calculated concentrations ranging from 300 ng L™ to 1.50 pg L™,
using sample volume of 10 mL. Values were within the interval 94.5-113.2% for the target
concentrations, demonstrating the method accuracy.

Douro River sample was analyzed by the proposed MSFIA-SPE-HPLC method. Values of 42
+ 3, <LOQ (26), and 64 = 1 ng L' were found for norfloxacin, ciprofloxacin, and
enrofloxacin, respectively. The proposed method showed to be suitable for reaching low ng

L™ values required for environmental analysis.
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Compared to previously reported method, comprising flow-based and online sample
treatment, the proposed method presents advantageous features, namely the higher sample
throughput. In fact, the method comprising online preconcentration of 15 mL of sample
required 10 min for this operation, and the chromatographic run took 18 min.** When these
operations were performed in tandem,* it still required more than half an hour for analyzing
one sample. In the proposed method, samples can be prepared and analyzed in tandem using
an at-line approach.!”” This means that eluates are collected and immediately transferred to
HPLC autosampler. Online hyphenation could have been implemented as described before
for other analytes'” '® but, as HPLC analysis was performed in 4 min and MSFIA-SPE would
take between 9 and 31 min, tandem operation would mean a waste of chromatographic eluent
and unnecessary occupation of HPLC equipment. Hence, samples were extracted during the
day and run in HPLC overnight to avoid wasteful operation. Using this approach, sample

throughput is enhanced to 54 sample/day, considering an 8 hours working day.

Conclusions

A novel automatic flow-based procedure that combines sample pre-treatment with reversed-
phase HPLC analysis for the determination of fluoroquinolones (NOR, CIP and ENR) in
water has been successfully developed. Automation of sample treatment allows the strict
control of solid-phase extraction parameters, namely flow rates applied in each step of this
procedure using programmable flow through multisyringe flow injection analysis.
Application of the proposed method to river estuarine water was performed successfully. The
achieved LOD values and the enhanced throughput procedure allows the fast analysis of
fluoroquinolones using a fit for purpose method, tailored for environmental analysis requiring

a large number of sampling points.
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Figure captions

Figure 1 MSFIA-SPE manifold for automatic extraction of fluoroquinolones prior to HPLC
analysis. MS, multisyringe; Si, syringe; Vi, commutation valves; SPE, microcolumn
containing MIP sorbent; PP, peristaltic pump; W, waste; S2, 10 mL syringe; S3, 5 mL
syringe; S, sample or standard solution. Eluent is methanol-ammonium hydroxide (98:2, v/v).
In the solenoid valves, the position “on” is depicted by a solid line while the position “off” is

depicted by a dotted line. Valves V1 and V4 were not used (represented in light grey).

Figure 2 Extraction efficiencies using different SPE sorbents, placed in conventional
cartridges. NOR, white bar; CIP, black bar; and ENR, grey bar. Results for Oasis WCX are

not presented as any analyte was recovered.

Figure 3 Elution profile regarding FQs concentration in eluate and recovered FQs mass using
different volumes of eluent (methanol-ammonium hydroxide (98:2, v/v)). NOR, white bar;

CIP, black bar; and ENR, grey bar. Loaded sample: 5 mL of phosphate buffer (pH 7.2; 1

mM) containing 10 pg L™ of each fluoroquinolone.
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Table 1 Protocol sequence for the automatic solid-phase extraction of fluoroquinolones from water.

Position of the commutation valves’

Volume /

Step Description 1 2 3 4 5 6 7 Time/s uL’

1 Sorbent bed is washed with methanol-ammonia (98:2, v/v) - F N - N - N 70 7000

2 Water is sent through the column for sorbent conditioning - N F - F F F 50 2500

s Sl oed o s promeion ol e s X

4 Syringes are refilled - F F - - - - 55 5500

5 Water is sent through the column for matrix removal - N F - F F F 50 2500

¢ Mo 082 e e NN w0 e

7 Syringes are refilled - F F - - - - 95 9500

® The peristaltic pump is activated (4 mL min™) during the time required to propel the selected sample volume.

®N and F position corresponds to “on” and “off”, respectively.

¢ The referred values of volumes are based on syringe 2 (10 mL).

4Variable volume up to 100 mL.
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