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Abstract Precise and sensitive methods for the simulta-
neous determination of different classes of antibiotics,
including sulphonamides, fluoroquinolones, macrolides,
tetracyclines, and trimethoprim in surface water, sedi-
ments, and fish muscles were developed. In water samples,
drugs were extracted with solid-phase extraction (SPE) by
passing 1000 mL of water through hydrophilic lipophilic
balanced (HLB) SPE cartridges. Sediment samples were
solvent-extracted, followed by tandem SPE (strong anion
exchange (SAX) + HLB) clean-ups. Fish muscles were
extracted by a mixture of acetonitrile and citric buffer
(80:20, v/v) solution, and cleaned by SPE. Liquid
chromatography—tandem mass spectrometry (LC-MS/
MS) with multiple reaction monitoring (MRM) detection
was employed to quantify all compounds. The recoveries
for the antibiotics in the spiked water, sediment, and fish
samples were 60.2%—95.8%, 48.1%—105.3%, and 59.8%—
103.4%, respectively. The methods were applied to
samples taken from Dianchi Lake, China. It showed that
concentrations of the detected antibiotics ranged from
limits of quantification (LOQ) to 713.6 ng-L™' (ofloxacin)
in surface water and from less than LOQ to 344.8 ug-kg™
(sulphamethoxazole) in sediments. The number of detected
antibiotics and the overall antibiotic concentrations were
higher in the urban area than the rural area, indicating the
probable role of livestock and human activities as
important sources of antibiotic contamination. In fish
muscles, the concentration of norfloxacin was the highest
(up to 38.5 ug-kg™), but tetracyclines and macrolides were
relatively low. Results showed that the methods were rapid
and sensitive, and capable of determining several classes of
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antibiotics from each of the water, sediment, and fish
matrices in a single run.

Keywords antibiotics, liquid chromatography—tandem
mass spectrometry (LC-MS/MS), water, sediment, fish
muscle

1 Introduction

Antibiotics are commonly used in veterinary and human
medicine for the prevention and treatment of microbial
infections. In the natural environment antibiotics are not
readily biodegradable [1], resulting in the frequent
detection of these compounds in surface waters, ground-
water, wastewater effluent, landfill leachate, and soils
irrigated with reclaimed water [2,3]. Sulphonamides,
fluoroquinolones, macrolides, tetracyclines, and trimetho-
prim are several groups of typical antibacterial agents
widely employed in treating bacterial infections in live-
stock, poultry production, fish farming, and human health
[4]. These compounds are introduced into the environment
via biosolid application to agricultural farmlands, land
irrigation with reused wastewater, and the release of
wastewater effluent into receiving water bodies [5,6]. The
residues of these compounds in the environmental matrix
are of great concern to both scientific and regulatory
communities, because the presence of these drugs can
result in an increase of drug-resistant bacteria, cause
potential adverse side effects in humans, such as allergic
reactions in hypersensitive individuals, or can be potential
carcinogens [7].

Numerous methods have been developed for identifica-
tion and quantification of antibiotics in complex aqueous
media (e.g., wastewater) and in different solid matrices
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(e.g., sludge, sediment, soil, biota) at trace levels.
Extraction methods of these compounds from aqueous
samples include liquid-liquid extraction [8], solid-phase
extraction (SPE) [9], and solid-phase microextraction
(SPME) [10], among others. In the case of solid samples,
matrix solid-phase dispersion (MSPD) [11], ultrasonic
solvent extraction (USE) [6,12], microwave assisted
solvent extraction (MASE) [13], pressurized liquid
extraction (PLE) [14], and supercritical fluid extraction
(SFE) [15] are employed. Quantification of contaminants
in the extracts might be achieved by employing gas
chromatography—mass spectrometry (GC-MS), gas
chromatography—tandem mass spectrometry (GC-MS/
MS), liquid chromatography—mass spectrometry (LC-—
MS), or liquid chromatography—tandem mass spectro-
metry (LC-MS/MS) techniques [16,17]. In complex
environmental matrices, MS is the only generally applic-
able quantification technique for the simultaneous deter-
mination of a variety of organic compounds present at very
low concentrations.

However, although antibiotics are known to exist in the
environment, there is no telling, for environmental
monitoring, which antibiotic compound is actually present
and in what level each compound occurs. While numerous
literature reported the analysis of a certain class of
antibiotics in one medium, only a few investigated the
determination of multiple classes of antibiotics in the
environment [7,18,19]. Therefore, it necessitates the
development of methods capable of determining several
classes of antibiotics in environmental samples simulta-
neously. In this study, we tested effective analytical
protocols that simultaneously detected multiple classes of
antibiotics in environmental media, including water,
sediments, and fish tissues at environmentally relevant
levels. Specifically, seven sulphonamides (sulphamethi-
zole, sulphacetamide, sulphathiazole, sulphachloropyrida-
zine, sulphamethoxazole, sulphisoxazole, and
sulphadimethoxine), four fluoroquinolones (norfloxacin,
ofloxacin, ciprofloxacin, and enrofloxacin), two macro-
lides (roxithromycin and erythromycin), three tetracyclines
(oxytetracycline, tetracycline, and chlortetracycline), and
trimethoprim were selected as target chemicals. The
proposed protocols were applied to real environmental
samples taken from Dianchi Lake to evaluate the antibiotic
contamination status.

2 Materials and methods
2.1 Chemicals

Sulphacetamide (SCT), sulphathiazole (STZ), trimetho-
prim (TMP), norfloxacin (NOR), ofloxacin (OFL), oxyte-
tracycline (OTC), ciprofloxacin (CIP), tetracycline (TC),
sulphamethizole (SMZ), chlortracycline (CTC), sulpha-
chloropyridazine (SCP), sulphamethoxazole (SMX), sul-

phisoxazole (SIA), sulphadimethoxine (SDX),
enrofloxacin (ENR), erythromycin (ERM), and roxithro-
mycin (ROM) were purchased from Sigma-Aldrich Co.
(Shanghai, China). Surrogate '*Cs-caffeine was obtained
from Cambridge Isotope Laboratories (USA). Acetonitrile
(ACN) and methanol (high performance liquid chromato-
graphy (HPLC) grade) were obtained from Fisher
Scientific (Houston, TX, USA). Ultra-pure water (18.3
MQ-cm™) used in this study was purified from a Milli-Q
system. Analytical grade formic acid, disodium ethylene-
diamine tetraacetate (Na,EDTA), acetone, and other
chemicals were all purchased from Beijing Chemical
Reagents Company (Beijing, China). Chemical Abstracts
Service (CAS) registry numbers, molecular weights, and
chemical structures of the compounds are shown in
Table 1.

The stock solutions of antibiotics were prepared by
dissolving each compound in methanol at a concentration of
100 mg-L™', with the exception of fluoroquinolone anti-
biotics, which were dissolved in methanol containing 0.1%
1 mol-L' formic acid. Solutions were stored at — 18°C.

2.2 Sample collection

Dianchi Lake (24°28' — 25°28' N, 102°30' — 103°00" E) is
located in the middle of the Yunnan-Guizhou Plateau in
south-west China. The entire basin has a total area of
approximately 2920 km?, including part of Kunming City
(the capital of Yunnan Province), and Songming, Cheng-
gong, Jinning, and Xishan Counties. The lake serves many
social and economic purposes, with 2.68 million residents
in the Dianchi Basin, and yearly burden of 216 x 10°m?® of
household wastewater and 47.6 x 10°m’ of industrial
wastewater. A total of 27 samples (water and sediments)
were collected in October 2010 (Fig. 1). All water samples
were collected 1 m below the surface with a water grab
sampler and stored in pre-cleaned brown glass bottles.
Surface sediment samples (0—5 cm) were collected with a
stainless steel grab sampler and placed in polypropylene
bags. Samples were transported to the laboratory on ice for
further treatment.

Thirteen fish samples from the lake were obtained from
the local market and analyzed for target compounds. All
tissue samples were homogenized and stored at —20°C
until analysis.

2.3 Sample treatment

2.3.1 Extraction of water samples

Lake water from Miyun Reservoir (drinking water source
for Beijing, China) was spiked with a mixture of antibiotics
at two levels of 10ng-L™" and 100ng-L™"'. One thousand
milliliters (1000 mL) of water samples were filtered
through glass microfiber filters (GF/B, Whatman), and
100 ng '*Cs-caffeine was added as a surrogate. The pH
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Table 1 CAS registry numbers, molecular weights, and chemical structures of selected antibiotics
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(Continued)

analyte (class) compound CAS number molecular weight structure

tetracyclines oxytetracycline 79-57-2 460.44

tetracycline 60-54-8 444 .44
chlortracycline 57-62-5 478.89
macrolides roxithromycin 80214-83-1 837.05
erythromycin 114-07-8 733.93
OH
OH
bacteriostatic antibiotic trimethoprim 738-70-5 290.32 NH,
N | O\
)\\ ~
H,N N O
O\
surrogate 13C;-caffeine 78072-66-9 197.18 0 B
H.c “CH,4
PN N
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Fig. 1 Sampling locations in Dianchi Lake, China

value was adjusted to 3 with concentrated sulfuric acid.
Na,EDTA (0.2 g) was added, and samples were loaded at a
flow rate of 10 mL-min' on Waters Oasis hydrophilic
lipophilic balanced (HLB) cartridges (500 mg, 6 mL),
which were pre-conditioned sequentially with 5mL of
methanol, 5mL of water, and 5mL of 10 mmol-L!
Na,EDTA (pH 3.0) solution. The cartridges were rinsed
with 5 mL of 5% methanol aqueous solution and 5 mL of
ultra-pure water, and dried over a vacuum. Antibiotics
were eluted with 10 mL of methanol, and the eluant was
concentrated under gentle nitrogen to near dryness. The
extract was brought to 1.0 mL with methanol and ready for
analysis.

2.3.2  Extraction of sediment samples

Sediment samples for extraction and recovery tests were
taken from Miyun Reservoir, freeze-dried, and passed
through a sieve with 0.5 mm openings. Aliquots of the
chemicals in methanol solution were mixed with 10 g of
sediment. To ensure the even distribution of chemicals in
the sediments, adequate acetone was added and the
sediments were stirred [17]. The solvents in the spiked
sediments were allowed to evaporate at room temperature
in a darkened fume hood for 12 h. The spiked sediments
were then thoroughly mixed with a certain amount of
untreated sediment to attain the desired concentration.
Sodium azide was added to inhibit microbial activities.

During the method development, different experimental
conditions were tested to optimize the extraction of the
target antibiotics from spiked sediments (100 pg-kg™),
including pH value of extraction buffer (3, 5, and 7) and
different volume ratios of extraction buffer and organic
solvent. A mixture of citric buffer (pH 5) and methanol
(1:1, v/v) was finally selected as the extraction solvent
mixture for the developed method.

The "*C;-caffeine surrogate (100 ng) was added to 2 g of
sediment, and 30 mL of extraction buffer (pH= 5)
consisting of 15mL of methanol, 5mL of 0.1 mol-L™"
Na,EDTA, and 10 mL of citrate buffer was added. Each
sample was vortexed at 300 r-min ' for 20 min, ultrasonic
extracted for 15 min, and centrifuged at 4000 r-min ' for 5
min. The supernatant was decanted into a brown glass
bottle. The extraction was repeated two more times and the
supernatants were combined. Rotary evaporation was
applied to remove organic solvent from the supernatant,
and the residue was brought to 500 mL with ultra-pure
water. The strong anion exchange (SAX) cartridge (3 mL,
200 mg, Thermo, USA) and Waters Oasis HLB cartridge
were tandem connected to extract antibiotics from the
solution. The diluted extracted solution was passed
through the cartridges at a flow rate of 10 mL-min .
After the sample loading, the SAX cartridge was
discarded, and the HLB cartridge was washed with 5 mL
of deionized water, vacuum dried for 1.5 h, and eluted with
10 mL of methanol. The procedures were the same as that
for water sample treatment.

2.3.3 Extraction of fish samples

The extraction procedure of fish muscle samples used in
the present study was modified according to the method
described by Juan-Garcia et al. [20], where they used a
mixture of ACN and citric buffer (80:20, v/v) solution as
extractant. The extraction consisted of two steps: extrac-
tion of the antibiotics from the fish muscles by vortex
shaking and sonication, followed with enrichment and
clean-up of the extract by SPE. The crucial step in the
multi-residue antibiotic analysis is the extraction and
clean-up. The pH values of the buffers (citric buffer) and
extractant volumes were tested for the optimization of the
extraction method.

After being homogenized with a high-speed blender, fish
muscle samples (2.5g) were added into a 50-mL
polypropylene centrifuge tube. The 100 ng of '*C;-caffeine
surrogate was spiked into the tubes and the samples were
allowed to stand for 15 min in darkness. One milliliter of
Na,EDTA (0.1 mol-L™) solution and a certain amount of
extractant mixture (ACN +- citric buffer (80:20, v/v)) were
added into each centrifuge tube. Extraction was carried out
using a vortex mixer at 300r-min”' for 10min and
sonicated for 15min. After 5 min centrifugation at
4500 r-min' at 4°C, the supernatant was transferred to a
200 mL Florence flask. The extraction was performed two
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more times and supernatants were decanted to the same
flask. Prior to the SPE purification, organic solvent in the
supernatants was rotary evaporated, and the extract was
brought to 500 mL with ultra-pure water. The treatment
was the same as extraction for water samples.

2.4 LC-MS/MS analysis

The target antibiotics were analyzed by HPLC-MS/MS.
The HPLC separation was performed using an Agilent
1200 series (Palo Alto, CA, USA) equipped with an
Agilent Zorbax Eclipse XDB-C18 column (4.6 mm x 150
mm, 5 um). The column was maintained at 30°C during
the sample analysis. The mobile phase consisted of eluent
A (acetonitrile) and eluent B (0.1% formic acid in ultra-
pure water). The flow rate was kept at 0.3 mL-min™' and
the injection volume was 10 puL. The separation of
antibiotics was achieved with a gradient program as
follows: 0—8 min: 15% A; 8—16 min: 15%—50% A; 1624
min: 50%—60% A; 24-26 min: 15%—60% A; 26—28 min:
15% A. The system was re-equilibrated for 10 min
between runs.

Mass spectrometric analyses were performed in an
Agilent 6410 triple quadrupole mass spectrometer
equipped with an electrospray ionization (ESI) source
that operated in the positive ionization (PI) mode. The
nebulizer pressure was set to 40 psi and the flow rate of
drying gas was 3L-min'. The capillary and nozzle
voltages were 4000 and 0V, respectively. The flow rate
and temperature of the sheath gas were 8 L-min™ and
350°C, respectively. Sample acquisition was performed in
the multiple reaction monitoring (MRM) mode.

2.5 Quantification and method validation

The calibration curves for detection of the analytes were
obtained by performing a linear regression analysis on
spiked samples. Concentrations in the samples were
calculated by external standard method based on the
peak area of the monitored product ion. The linearity
obtained for all analytes was good in the investigated
ranges from all three matrices, with correlation coefficients
higher than 0.98.

Recoveries of the antibiotics were tested with the water,
sediment, and fish samples from Miyun Reservoir. Water
was spiked at two levels (10 and 100 ng-L™") and sediment
and fish were spiked at three levels (50, 100, and 200 pg
kg "). The "*Cs-caffeine was spiked to the samples as a
surrogate prior to extraction. Limit of detection (LOD) and
limit of quantification (LOQ) of the antibiotics were
calculated with signal/noise ratios (S/N) of 3 and 10,
respectively. The S/N ratios were obtained using the
software Masshunter (Agilent) by processing the results of
the recovery tests done at a concentration of 5 pg-kg™' for
sulphonamides and macrolides and 10 pg-kg™ for fluor-
oquinolones and tetracyclines.

3 Results and discussion

3.1 HPLC-MS/MS analysis

ESl is an excellent and mild ionization method and suitable
for ionizing polar and non-polar compounds [21]. ESI-MS
conditions in this work were optimized by direct infusion
of a standard solution of 1mg-L™' of each target
compound. Retention time and MRM transitions were
determined for each compound with direct infusion of pure
reference standards into the MS/MS compartment. Table 2
shows the optimal conditions for the identification and
quantification of target analytes. Chromatographic condi-
tions were optimized to provide an overall optimum peak
shape and resolution. Thus, the mobile phase composition
was investigated to maximize the method sensitivity and
resolution, obtaining the best results when acetonitrile was
used as an organic modifier and an aqueous solution of
0.1% formic acid was employed. Low pH buffer by formic
acid was reported to enhance protonation and help in
eluting the analytes completely without tailing, which
assisted in proper quantification of analyte peaks [22]. For
mass spectrometric analysis, operating conditions such as
collision energy, fragmentor voltage, precursor ion, and
product ion for each antibiotic were determined with the
Agilent software, Optimizer. MS acquisition was per-
formed in the MRM mode, with the ESI operating in the
positive mode. Figure 2 shows a total ion chromatogram
(TIC) of the antibiotic standards from sediment extraction,
indicating that the optimized chromatographic conditions
gave good outcomes for the separation and resolution of
target compounds. Extracted ion chromatograms of MRM
for the antibiotics are shown in Fig. 3, from which it can be
seen that the peak shapes for each compound were very
good.

3.2 Extraction and method validation

During the extraction of antibiotics from real environ-
mental matrices, the interference of heavy metal ions has to
be avoided, because antibiotics are prone to chelating to
metal ions, making the extraction difficult. In this study,
Na,EDTA, an excellent chelating agent, was added into the
extractant to diminish the interference of heavy metals.
The addition of Na,EDTA was reported to enhance the
recovery of TCs by 20% [4].

3.2.1 Water samples

Spiking experiments are generally used to determine the
recovery rates and extraction yields for the developed
analytical methods. Our experiments for water extraction
were conducted under pH 3 at two spiking concentrations
(10 and 100 ng-L™"). Lake water from Miyun Reservoir
was used, in which no antibiotics were detected.
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Table 2 Optimal LC-MS/MS parameters for multiple reaction monitoring (MRM) acquisition conditions of each antibiotic for the MS detector

compound retention time /min fragmentor voltage MRM transitions /(m/z) collision energy /eV
sulphacetamide 9.90 90 215 — 156" 5
90 215 — 108" 18
13C5-caffeine® 10.32 120 198 — 1207 15
sulphathiazole 10.79 110 256 — 156” 10
110 256 — 108 20
trimethoprim 12.08 110 291 — 230% 25
110 291 —261% 25
norfloxacin 13.31 90 320 — 302% 18
90 320 — 276 18
ofloxacin 13.65 110 362 — 318Y 15
110 362 — 261" 25
oxytetracycline 13.97 120 461 — 426" 15
120 461 — 444® 10
ciprofloxacin 14.95 110 332 —314Y 20
110 332 - 231" 35
tetracycline 16.67 120 445 — 4107 15
120 445 — 427 10
enrofloxacin 16.85 130 360 — 3169 15
130 360 — 342% 15
sulphamethizole 17.19 100 271 — 1569 12
100 271 — 929 25
chlortetracycline 18.60 130 479 — 444 18
130 479 — 462° 13
sulphachloropyridazine 19.53 100 285 — 156Y 10
100 285 — 92 25
erythromycin 19.99 90 734.5 — 1589 35
90 734.5 — 576 15
sulphamethoxazole 20.31 100 254 — 156" 10
100 254 — 92 25
sulphisoxazole 20.79 100 268 — 156” 8
100 268 — 92 25
roxithromycin 21.61 130 837.5 — 679" 15
130 837.5 — 158" 35
sulphadimethoxine 21.76 100 311 — 156Y 18
100 311 —92® 35

Notes: a) product ion used for quantification; b) product ion used for identification; ¢) surrogate standard

Many studies have investigated the optimal pH values
for antibiotic extraction using the solid-phase extraction
procedure, and almost all literature reported that acidic
conditions gave better recoveries for antibiotics. Some
antibiotics have amphoteric properties: for instance,
fluoroquinolone has carboxylic acid (pKa 5) and one or
more amine functional groups (pKa 8-9), and sulphona-
mides show either characteristics of weak alkalinity due to
anilinic nitrogen, or characteristics of weak acids due to the
N-H bond of the sulphonamidic group [4]. Besides, some
antibiotics are prone to hydrolysis under neutral or basic
conditions. For example, the hydrolysis rate for oxyte-
tracycline increases with increasing pH value [19]. Under
acidic conditions, these chemicals are in their undisso-

ciated forms. Thus, pH at 3 was chosen as the extraction
condition. Results in Table 3 show that recoveries of all
analytes from the lake water at two spiking levels (10 and
100 ng- L") were within acceptable ranges from 61%—89%
and 60%—95%, respectively, with standard deviation for
each triplicate within 10%. The recovery of surrogate from
water was between 79.9%-96.4%. LOD and LOQ were
from 0.56 to 6.52ng-L™"' and 1.18 to 18.52ng-L7",
respectively.

3.2.2 Sediment samples

In this work, the combination of the SAX and HLB solid-
phase extraction cartridges was employed as both clean-up
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Fig. 2 Total ion chromatogram (TIC) of the antibiotic extract of a spiked sediment (100 pg- kg{1 each) from Miyun Reservoir (1: SCT, 2:
13C,-caffeine, 3: STZ, 4: TMP, 5: NOR, 6: OFL, 7: OTC, 8: CIP, 9: TC, 10: ENR, 11: SMZ, 12: CTC, 13: SCP, 14: ERM, 15: SMX, 16:
SIA, 17: ROM, 18: SDX)

256> 156 . sulfathiazole
215> 156 .\ sulfacetamide
198 > 140 ¥y, 13C-caffeine
461 > 426 N\ oxytetracycline
362>318 B ofloxacin
332 >314 /\ ciprofloxacin
320 =302 e, (T norfloxacin
291 =230 N\ trimethoprim
445 >410 A___tetracycline
360>316 N enrofloxacin
271> 156 A\_sulfamethizole
7345 > 158 erythromycin i R
479 > 444 chlortracycline =,
285> 156 sulfachloropyridazine ___/\__
254> 156 sulfamethoxazole I\
837.5>679 roxithromyein —_—
311> 156 sulfadimethoxine v
268>156 J sulfisoxagole LA

5 10 15 20

retention time/min

Fig. 3 Extracted ion chromatograms (XIC) of the multiple reaction monitoring (MRM) chromatograms of the antibiotics (100 pug-kg ™'
each in sediment)
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Table 3 Extraction recoveries (n = 3) for the selected antibiotics at different spiking concentrations in water from Miyun Reservoir (ng-L™")

spike concentration LODY LOQ"
compound linearity (+%)°
10ng-L! 100ng-L! /(ng-L" /(ng-L™"
sulphacetamide 88+0.8 63+4.1 0.36 0.92 0.9984
sulphathiazole 67+2.0 89+2.7 1.04 3.34 0.9959
trimethoprim 82+4.2 89+3.9 3.05 10.10 0.9955
norfloxacin 83+2.9 91+£3.5 0.56 1.18 0.9988
ofloxacin 7243.1 94+4.3 3.11 10.20 0.9982
oxytetracycline 89+3.7 86+4.8 4.17 12.66 0.9959
ciprofloxacin 724+4.8 93423 3.10 10.64 0.9980
tetracycline 82+3.1 84+4.3 2.52 9.52 0.9987
enrofloxacin 82423 95+4.7 2.60 8.70 0.9969
sulphamethizole 65+8.7 60+9.3 0.81 2.70 0.9955
chlortetracycline 68+9.2 71+£8.3 4.15 12.63 0.9991
sulphachloropyridazine 81+£3.5 71£2.9 1.02 5.12 0.9973
erythromycin 77+1.9 7943.1 4.28 12.44 0.9923
sulphamethoxazole 61+7.7 66+8.2 1.20 4.10 0.9976
sulphisoxazole 67+6.3 68+5.8 0.86 2.93 0.9928
roxithromycin 83+2.4 85+2.2 3.52 11.14 0.9932
sulphadimethoxine 75+1.9 78+2.4 0.62 2.08 0.9970

Notes: a) limit of detection; b) limit of quantification; c) calibration curves (5-200 pg-L " for each compound)

and pre-concentration for sediment extracts. The SAX
cartridge reduces matrix interferences by adsorbing
anionic humic materials from the sediment extracts,
avoiding contamination, and blocking and overloading
the HLB sorbent [18]. Studies have shown a mixture of
citric buffer and methanol to be efficient for the extraction
of antibiotics from biota and sediment samples [3,14].
Effects of different pHs of the buffer solution were
examined for optimizing the extraction buffer of anti-
biotics; results are summarized in Fig. 4(a). In general, the
solution at pH 5 gave better recoveries and lower standard
deviations, as some antibiotics were prone to hydrolysis
under neutral or basic conditions [19]. The TC recovery
ratio showed the highest variation depending on the
compound, and the measured SAs showed little variation
under three different pH values. Acetonitrile and Mcll-
vaine buffer solution were also tested in previous studies,
however, the use of acetonitrile and Mcllvaine buffer was
not sufficient to efficiently extract fluoroquinolones [3,19].
The citric buffer solution was determined in this study.
Meanwhile, at a buffer pH of 5, the antibiotics were overall
neutral or cations and therefore not retained on the SAX
cartridge, while the polymer-based HLB cartridge simul-
taneously retained neutral polar and non-polar compounds,
including the studied antibiotics.

Different ratios of citric buffer (pH 5) to methanol were
also tested for sediment extraction (Fig. 4(b)). Using a
mixed solution of methanol and citric buffer (50:50, v/v,
solvent C), the recoveries of the antibiotics from the spiked

sediment were above 60% for most analytes. In general,
the measured recovery ratio of TCs (17.9%—78.6%) and
FQs (7.9%—74.8%) showed higher variability than SAs
(28.7%—106.9%) and MCs (20.7%—83.8%) under the five
different conditions. These results showed a better
performance of mixed citric acid and methanol (solvents
C, D, and E in Fig. 4) in the extraction of antibiotics than
citric acid buffer (solvent A in Fig. 4) or organic solvent
methanol (solvent B) only. Use of citric buffer (solvent B)
enhanced recoveries for TCs rather than methanol (solvent
A), indicating that citric acid was strong enough to desorb
the antibiotics from the sediment particles, as they tended
to complexate with divalent metal ions (e.g., Mg>* and
Ca*") and to adsorb strongly onto sediment [19]. As shown
in Fig. 4(b), solvents A, B, D, and E had some low
recoveries for FQ or TC antibiotics (below 30%). Solvent
C was suitable to simultaneously extract four classes of
antibiotics from the sediment. Since all analytes were
recovered with an acceptable recovery at pH 5 and mixed
solution of methanol and citric buffer, the optimized pH of
the citric solution was determined to be pH 5 and mixed
solution ratio of 50:50 (v/v).

Sediments with three spiking levels (50, 100, and
200 pg-kg™") of antibiotics were tested for the recovery
rates and extraction yields. As shown in Table 4, recoveries
from three spiking levels ranged between 55.9%—104.2%,
48.1%-90.9%, and 67.1%—105.3%, respectively. It is
notable that except for tetracycline, all other analytes had
recoveries above 65%. Tetracycline had the lowest
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recovery rates under employed extraction conditions at all
three spiking levels. This lowest recovery should be
ascribed to the strong adsorption of tetracycline to
sediment particles [16,23]. Jacobsen et al. [18] used a 1:1
(v/v) mixture of methanol and 0.2 mol-L™ citric acid
buffer as the extractant to extract tetracyclines from soils,
and obtained a recovery rate between 50%—70%, which is
consistent with our results. To simultaneously determine
several groups of antibiotics, including a wide range of
different physico-chemical properties, the method has to be
a compromise to accommodate different properties. Even
for tetracycline, the recovery rates from 48.1%—67.1%
were acceptable for its quantification from sediments with

the developed method. Values obtained for LODs and
LOQs for the antibiotics were in the range from 0.1 to 4.9
pg-kg' and 0.2 to 12.6 ug-kg™', respectively, as shown in
Table 4. The recovery of surrogate from sediment samples
was between 66.8%—85.9%.

3.2.3 Fish tissues

The optimization of the method was carried out by
analyzing antibiotic-free fish edible muscles spiked with
the chemicals. The effect of extractant pH was evaluated
by extracting the antibiotics from fish samples at 100 pg
kg™ spiking level with mixed solution of ACN and citric
buffer at three different pH values (3, 5, and 7). As
illustrated in Fig. 5, the highest recoveries were obtained at
pH 5; note that recovery decreased when extraction pH
increased to 7 or decreased to 3. Romero-Gonzélez et al.
[21] tested two different pH solutions (pH 4 and 6) for the
optimization of extraction procedures for several veter-
inary antibiotics (quinolones, tetracyclines, sulphona-
mides, and trimethoprim), and found that the solution at
pH 4 had a better performance than the solution at pH 6. To
simultaneously extract several groups of antibiotics with
different properties from fish tissues, a recovery range of
71.4%-103.4% by extractant at pH 5 in this study was
good for the chemical quantification.

The volume of the extractant solution of ACN and citric
buffer (5, 10, and 25 mL) was studied. The results in Fig. 5
indicated that extraction of fish samples by 5 or 10 mL of
extractant only obtained recovery rates as low as 40%—
70% for most selected antibiotics, while more than 80% of
target chemicals could be extracted by 25 mL of extractant
from spiked fish tissues. For 2.5 g of fish muscle sample in
this work, at least 25 mL of extractant was necessary to
give a satisfactory recovery rates for all selected antibiotics
in a single run.

Antibiotic-free fish samples were spiked at three levels,
i.e., 50, 100, and 200 ug-kg™. Their recovery rates are
summarized in Table 4. From fish samples spiked at 50,
100, and 200 pg-kg™ of target antibiotics, the recoveries
were in the range of 59.8%—89.5%, 71.4%—103.4%, and
71.8%—-101.5%, respectively. The precision was also
satisfactory with standard deviation lower than 17%.
LOD and LOQ ranged between 0.2 and 4.3 ug-kg™ and
0.9-14.6 ng-kg™', respectively. The recovery of surrogate
from fish samples was between 61.3%—88.4%.

3.3 Occurrence of antibiotics in Dianchi Lake

Antibiotic levels in the surface water and sediments in
Dianchi Lake are shown in Fig. 6. Of the 17 target
antibiotics, 13 were detected in water and 8 were detected
in sediment samples. It is notable that the total concentra-
tion of antibiotics in the northern lake (S1-S8) was higher
than in the south part of the lake (Fig. 6). For each class of
antibiotics, their highest total concentrations were mainly
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Table 4 Recovery results obtained for the selected antibiotics with the optimized extraction method in spiked sediment and fish

compound sediment fish
amount recovery LOD LOQ amount recovery LOD LOQ
/ngkg ) 1% Mngke)  Mngke)  Augkg ) 1% Mngkg ) Angkeh

sulphacetamide 50 97.6+13.7 1.4 4.6 50 89.5+7.8 1.2 4.0
100 90.9+16.6 100 86.7+13.7
200 105.3+7.3 200 91.1£5.6

sulphathiazole 50 79.8+£17.2 3.4 11.2 50 80.24+6.9 43 14.6
100 72.6+6.9 100 90.9+7.4
200 73.2+12.6 200 90.7+3.6

trimethoprim 50 83.8+8.4 0.2 1.1 50 77.5+£7.4 0.8 2.4
100 82.9£10.6 100 88.9+7.9
200 87.0+10.4 200 90.4+£11.5

norfloxacin 50 69.1+10.8 3.8 11.9 50 67.9+13.6 4.1 12.5
100 65.8+4.7 100 82.94+6.3
200 68.0£6.6 200 79.3+£8.2

ofloxacin 50 69.4+5.8 0.6 1.9 50 82.9£7.0 1.8 5.1
100 70.5+5.4 100 91.8+4.5
200 73.7£6.9 200 88.9+6.6

oxytetracycline 50 86.3+7.1 0.9 3.0 50 83.34+4.0 1.1 42
100 83.0+4.8 100 86.3+11.8
200 87.5+£11.2 200 90.3£10.2

ciprofloxacin 50 73.3+14.3 0.9 3.0 50 75.4+16.3 0.8 2.7
100 75.8£13.1 100 87+t12.4
200 77.1+9.5 200 86.2+12.9

tetracycline 50 55.9+8.3 1.9 6.2 50 59.8+15.5 33 10.2
100 48.1+10.6 100 86.5+8.1
200 67.1+9.8 200 80.2+11.2

enrofloxacin 50 65.5+1.1 4.9 12.6 50 64.2+17.8 34 11.1
100 77.6+6.3 100 74.84+15.7
200 69.4+1.7 200 77.3+£12.5

sulphamethizole 50 65.8£5.1 0.3 1.1 50 75.4+4.1 0.2 0.9
100 77.2+8.3 100 83.8+7.4
200 76.7£9.1 200 101.5+6.9

chlortetracycline 50 79.3+16.8 0.4 1.3 50 81.247.5 1.0 32
100 83.2+19.4 100 83.8+12.9
200 85.5£19.9 200 94.6+£14.3

sulphachloropyridazine 50 75.8+4.9 0.2 0.6 50 65.3+5.5 0.3 2.1
100 80.0£7.5 100 71.44+5.1
200 79.7+6.0 200 77.3+£9.2

erythromycin 50 70.3+7.1 0.3 1.1 50 88.64+3.8 0.5 1.5
100 74.7+£11.7 100 103.4+£2.4
200 75.8+11.5 200 91.2+2.6

sulphamethoxazole 50 104.2+5.2 0.1 0.4 50 68.5+£12.0 0.8 2.4
100 88.1+11.9 100 72.2+16.8
200 97.6+8.6 200 71.8+11.7

sulphisoxazole 50 69.9+11.3 0.1 0.2 50 65.4+12.8 0.6 1.9
100 76.4+5.8 100 88.6+11.2
200 74.5+£12 200 93.4+14.5

roxithromycin 50 70.1+2.2 0.1 0.5 50 79.1£16.3 0.3 1.7
100 73.54+4.1 100 85.64+10.9
200 81.84+6.1 200 82.4+15.2

sulphadimethoxine 50 79.1+4.1 0.1 0.4 50 70.5+16.2 0.2 1.2
100 84.2+1.7 100 83.8+9.4

200 91.7£3.3 200 90.2+6.2
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Fig. 5 Recoveries of antibiotics from fish tissues under different
conditions: (a) pH effects and (b) extractant volumes

observed at sampling sites located within the suburban area
(S1-S12), e.g., S8 for NOR, OFL, and ROM in water (Fig.
6(a)), and S1 and S3 for OTC, TC, and ROM in sediments
(Fig. 6(b)). The north part of the lake, which is surrounded
by Kunming City, receives direct discharge of effluents
from municipal sewage treatment plants and river flows
containing pharmaceutical wastewater, which may be the
reason for its relatively high levels of antibiotics in this
area [24].

In water samples, high levels of sulphonamide,
fluoroquinolone, and macrolide antibiotic contamination
were detected in the suburban area. In addition, OFL
showed the highest concentration among the antibiotics at
most of the sampling locations (not detectable to 713.6 ng
-L™), which was similar to the value reported in the Yellow
River in China, with concentrations ranging from n.d. to
264 ng-L ' [25], and relatively lower than those reported in
Bohai Bay (n.d. to 5100ng-L™") and Victoria Harbour
(8.1-1140 ng-L™), Hong Kong, China [26,27]. SMX was
detectable in 13 sampling sites, with concentrations

ranging from 17.6 to 499.2 ng-L™', which were slightly
higher than those found in the Seine River in France with
concentrations from 40 to 140 ng-L™" [28], Elbe River in
Germany with concentrations from 30 to 70 ng-L™', and
Haihe River and its tributaries in China (n.d. to 171 ng-L™")
[26,29]. Levels of ROM in water varied from 0.9 to 314.2
ng-L™', which was similar to levels in the Seine River in
France with n.d. to 305 ng-L™" [28], relatively lower than
those reported in Bohai Bay of China, with concentrations
ranging from 10 to 630 ng- L' [26], and much higher than
those in the Elbe River in Germany (n.d. to 40 ng-L™") and
Victoria Harbour, Hong Kong, China (5.5-47ng-L™)
[27,29]. Among the detected antibiotics, much lower levels
of tetracyclines were found in Dianchi Lake, probably due
to their strong binding capacity to particulate matter and
interaction with cations [30,31].

The occurrence of antibiotics in Dianchi sediments was
different from their occurrence in surface water samples.
Overall, fluoroquinolones were detected in the sediments
of Dianchi Lake with high concentrations and detection
frequencies, and tetracyclines were also found in some
sites with high concentrations, however, sulfonamides
were often less detected and at low concentrations. The
antibiotic levels in the sediments are illustrated in Fig. 6(b).
Three (NOR, CIP, and OFL) out of four target fluoroqui-
nolones were detected, and the concentrations ranged from
n.d. to 55.2ng g for NOR, from n.d. to 75.8 ng-g" for
CIP, and from n.d. to 108.9ng-g"' for OFL. The OFL
concentrations in sediment were comparable to those in the
Hai River (mean level of 10.3 ng-g™' dry weight (dw),
ranging from n.d. to 653 ng-g ' dw) and the Liao River
(mean level of 3.56 ng-g~! dw, ranging from n.d. to 50.5 ng
-g”' dw) in China [32], but much lower than the Pearl
River with the mean concentration of 156 (n.d. to 1560)
ng-g' dw [19]. As for NOR, its sediment concentrations
were comparable to those in the Yellow River and Liao
River, with mean concentrations of 8.34 (n.d. to 141) and
3.32 (n.d. to 176) ng-g' dw, respectively [32], but much
lower than the Pearl River with the mean concentration of
88 (n.d. to 1120) ng-g' dw [19]. All three TCs were
detected in the sediments. The concentrations ranged from
n.d. to 64.8 ng-g ! for OTC, from n.d. to 50.2ng-g' for
TC, and from n.d. to 92.1 ng-g ' for CTC. Compared with
the concentrations of TCs in other places of the world, the
TC levels in the sediments of Dianchi Lake were much
lower. For instance, TC, OTC, and CTC were found in the
sediment in Jiulongjiang River in south China, with the
highest concentrations up to 713, 10 363, and 14 666 ng
-g ', respectively [33]. In Pearl River sediments, TC and
OTC were found at concentrations of 81 and 232 ng-g™',
respectively [19]. In the sediments of Cache La Poudre
River (northern Colorado, USA), the highest concentra-
tions of TC and OTC were 102 and 56 ng-g ', respectively
[34]. Results from previous studies and the present study
suggested that sediment was an important sink for
tetracycline and fluoroquinolone antibiotics in the aquatic
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Fig. 6 Spatial distribution of antibiotics detected in different sites in (a) surface water and (b) sediment from Dianchi Lake

environment due to their strong adsorption onto particles
and sediments.

Table 5 shows the antibiotic concentrations in the fish
muscle samples from Dianchi Lake. It can be seen that
every class of antibiotics was detected in fish muscles, with
individual antibiotic levels from n.d. to 38.5 ug-kg™'. SMX
and NOR were the two drugs with the highest detection
frequencies of 30.7%, and the highest concentration of
38.5ug-kg' was for NOR found in one fish muscle
sample. Out of 13 fish, ROM and ERM were only detected
in one sample, and TC and OTC were individually

detected in the muscles of two fish. In addition to their
low detection frequencies, their levels in fish were also
low. However, although the amounts of these antibiotic
compounds in Dianchi Lake were several magnitudes
lower compared to those amounts applied in medicine,
their chronic effects to the environment caused by low
environmental concentrations should not be overlooked.

4 Conclusions

Potential ecological and human health risks associated
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Table 5 Antibiotic concentrations in fish muscles from Dianchi Lake (ug-kg ')

sample sulfonamides fluoroquinolones tetracyclines macrolides
SMX SDX STZ NOR OFL CIP TC OTC ROM ERM

1 0.9 0.4 - 2.8 - - - - — _

2 _a) _ _ - - 3.9 - 2.8 0.4 -

3 1.2 — 6.1 — 1.9 - - - _ _

4 - - - 38.5 - - - - - -

5 - - - - - - 3.7 _ _ _

6 - - - — - 2.5 - — _ _

7 3.4 5.3 - - — - - _ _ _

8 — — - 11.2 2.4 - - - - -

9 - - 2.7 - - - - - - 0.7

10 - - - — — — - 1.5 — —

11 - - - - - - 42 - - -

12 23 - 32 - 4.5 - - - _ _

13 — - - 5.7 - 1.7 - - - -

Notes: a) below LOD

with the presence of human and veterinary antibiotics in
environmental matrices necessitate the development of
rapid, sensitive, and direct analytical methods to support
the research on their occurrence and environmental
behavior. In this work, a strategy was developed and
validated to rapidly and simultaneously determine several
classes of antibiotics from water, sediment, and fish
samples. The methods involved SPE extraction from
water samples, ultrasonic-assisted solvent extraction from
sediment followed by SAX-HLB clean-up, and solvent
extraction followed with SPE clean-up from fish muscles.
The methods were able to detect seven sulphonamides
(sulphamethizole, sulphacetamide, sulphathiazole, sulpha-
chloropyridazine, sulphamethoxazole, sulphisoxazole, and
sulphadimethoxine), four fluoroquinolones (norfloxacin,
ofloxacin, ciprofloxacin, and enrofloxacin), two macro-
lides (roxithromycin and erythromycin), three tetracyclines
(oxytetracycline, tetracycline, and chlortetracycline), and
trimethoprim from environmental matrices in a single run.
Recoveries, LOD, and LOQ for extraction procedures were
satisfactory, and the methods were employed to extract
antibiotics from water, sediment, and fish samples
collected from Dianchi Lake. Results showed that 13 and
8 out of the 17 target antibiotics were detected in water and
sediment samples from Dianchi Lake, respectively, with
antibiotic concentrations up to mg-kg' levels. In fish
muscles, individual antibiotic compounds were also
detected, with the highest level up to 38.5 ug-kg'. The
successful application of the proposed method to real
environmental samples allows for sufficient detection
limits and quantification of antibiotics for the screening
of environmental samples.
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