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A sensitive method was developed for the trace determination of six tetracyclines and ten of their
degradation products in influent, effluent, and river waters using liquid chromatography-electrospray
tandem mass spectrometry detection, combined with Oasis hydrophilic-lipophilic balance (HLB) car-
tridge extraction and Oasis mixed-mode strong anion exchange (MAX) cartridge cleanup. Tetracyclines
and their products were separated by liquid chromatography in 9.5 min, and the instrument detection
limits were generally between 0.03 and 0.1 pg/L except for minocycline (0.5 g/L). The chromatograms
were improved through the MAX cleanup and no apparent matrix effect was found. The recoveries of all
the target compounds except for 4-epianhydrochlortetracycline and anhydrochlortetracycline (34-52%)
were 75-120% for influent, 61-103% for effluent, and 64-113% for river waters. The method detection
limits (MDLs) of the analytes varied in the range of 0.8-17.5ng/L in all studied matrices. The method
was applied for the determination of tetracyclines and their products in a sewage treatment plant (STP)
and surface waters in Beijing, China. Oxytetracycline (3.8-72.5 ng/L), tetracycline (1.9-16.5 ng/L), and five
products including 4-epitetracycline, 4-epioxytetracycline, isochlortetracycline, anhydrotetracycline, and
4-epianhydrochlortetracycline (5.7-25.3 ng/L) were detected in wastewater, while only oxytetracycline
and tetracycline (2.2 and 2.1 ng/L) were detected in surface water samples.
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1. Introduction

Tetracyclines (TCs) are an important group of antibiotics. Since
the first member of the tetracycline family, chlortetracycline (CTC),
was isolated from Streptomyces aureofaciens in 1944 [1], several
TCs such as tetracycline (TC), oxytetracycline (OTC), and doxy-
cycline (DXC) have been applied for treatment of diseases in
veterinary animals and humans. TCs can enter the aquatic envi-
ronment via effluent discharge of sewage treatment plants (STPs),
agricultural runoff, or disposal of unused drugs [2]. Because of
the presence of TCs in the environment, there is potential for
resistance selection among pathogens [3], and TC resistance genes
have been detected in feedlot lagoons, STPs, river water, seawa-
ter, and groundwater [4-8]. In addition to the potential resistance
selection, TCs elicit ecotoxicity as exemplified by high growth inhi-
bition on the freshwater cyanobacteria Microcystis aeruginosa [9]
and significant phytotoxicity on the aquatic higher plant Lemna
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gibba [10]. Therefore, the occurrence of various tetracycline antibi-
otics in surface water and wastewater has drawn great attention
[11-19].

LC-MS/MS analysis combined with solid phase extraction (SPE)
is the most widely used method for the determination of TCs
in water samples. HLB is the most commonly used cartridge for
TCs due to the good recovery, but it often brings about matrix
interference (enhancement or suppression) induced by co-eluting
compounds as exemplified by the 24-49% signal suppression of
six tetracyclines in chlorinated drinking water [18] and signal
enhancement in surface waters [19]. Besides the HLB cartridge,
ion-exchange cartridges have also been used for extraction of TCs.
However, 80.4% signal suppression was observed for analyzing
doxycycline in surface water using the Oasis mixed-mode strong
cation exchange (MCX) cartridge [20], while large baseline drift and
additive interferences were present when analyzing eight tetra-
cyclines in effluent wastewater with the usage of the Oasis MAX
cartridge [21].

In addition, TCs are known to degrade abiotically depend-
ing on pH, redox and light conditions, and degradation products
can be formed via the epimerization, dehydration, and pro-
ton transfer pathways [22]. 4-Epi-TCs such as 4-epitetracycline
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(ETC) from TC, 4-epioxytetracycline (EOTC) from OTC, and 4-
epichlortetracycline (ECTC) from CTC can be formed in aqueous
conditions that are mildly acidic (pH 2-6), and can be reversed
back to their active form under specific alkaline conditions in
the presence of a complexing metal. Under strongly acidic condi-
tions (pH <2) anhydro-TCs such as anhydrotetracycline (ATC) and
anhydrochlortetracycline (ACTC) are formed. While most anhydro-
TCs are stable, anhydro-OTC is unstable and quickly forms a- and
[3-apo-OTC. CTC is particularly vulnerable to alkaline decompo-
sition and forms iso-CTC under alkaline conditions. The above
products can also epimerize and form epi-analogues [23]. Halling-
Serensen [24] reported that several of these degradation products
had potency at the same concentration level as their parent com-
pounds on both sludge and tetracycline-sensitive soil bacteria,
and ATC (ECsp=0.03 mg/L) was even more toxic than its parent,
TC (EC50=0.08 mg/L), on the growth inhibition of aerobic sludge
bacteria. However, to the best of our knowledge, only one paper
analyzed OTC and its related products, but that paper aimed at
the determination of OTC production wastewater and the receiv-
ing river samples where the concentrations were very high, and
therefore no concentration or extraction method was employed
[25].

In this study, we developed a sensitive and specific method for
simultaneously analyzing sixteen tetracyclines and their selected
degradation products in wastewater using HLB cartridge extraction
and LC-MS/MS analysis, where a strong anion exchange MAX car-
tridge was used in the sample cleanup. This method was applied to
determine trace tetracyclines and their products in the influent and
effluent water samples from an STP and the surface water samples
from the receiving river of the STP.
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2. Experimental
2.1. Chemicals and reagents

Six target tetracyclines (purity, %), including tetracycline (TC,
95%), oxytetracycline (OTC, 95%), chlortetracycline (CTC, 80%),
doxycycline (DXC, 98%), minocycline (MINO, 93%), and methacy-
cline (MTC), as well as the internal standard demeclocycline (DMC,
98%), and ten products including ETC, ATC, EATC (97%), EOTC (97%),
a-apo-0TC, B-apo-0TC, ICTC (97%), ECTC (97%), ACTC, and EACTC
were analyzed in this study (Fig. 1). These seven chemicals were
obtained from Sigma-Aldrich (St. Louis, MO, USA), and the ten
degradation products were purchased from Acros Organics (Geel,
Belgium).

Methylene chloride (J.T. Baker, USA), methanol, and acetonitrile
from Fisher Chemicals (New Jersey, USA) were all of HPLC grade.
HPLC grade formic acid was purchased from Dima Technology TNC
(USA). Hydrochloric acid, formic acid, sodium hydroxide, ammonia
solution, and ethylenediamine tetraacetic acid disodium (Na, EDTA)
were all of analytical reagent grade and obtained from Sinopharm
Chemical Reagent Co., Ltd. (Beijing, China). Solid-phase extraction
cartridges, Oasis HLB (500 mg, 6 cm?3) and Oasis MAX (60 mg, 3 cm?3)
cartridges were purchased from Waters Corporation (Milford, MA,
USA). Distilled water was purified by a Milli-Q Synthesis water
purification system (Millipore, Bedford, MA, USA).

2.2. Sample preparation

Composite 24-h influent and secondary effluent samples were
collected during a 1-week period from the Gao Beidian STP (Bei-
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Fig. 1. Chemical structures of tetracyclines and their degradation products.
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jing, China) between April 29 and May 5, 2008. Grab river samples
were collected at May 5, 2008 from the Tonghui River in Beijing,
which receives the effluent from the Gao Beidian STP on the same
day. Gao Beidian STP mainly receives domestic waters at a rate of
791,500 m3/day, and serves 2,400,000 inhabitants. The hydraulic
retention time (HRT) and sludge retention time (SRT) of this STP
are 9 and 10-12h, respectively. The treatment include primary
and secondary treatment processes, and no additional disinfection
or filtration step is included. All samples were collected in 10-L
amber glass bottles, which had previously been washed with 0.5 g/L
Na,EDTA water solution, followed by methanol, and then rinsed
with ultrapure water and dried before use. All water samples were
filtered with a glass microfiber filter (GF/C 1.2 um, Whatman, Maid-
stone, UK) and then extracted by HLB cartridges on the same day
after they were collected.

2.3. Sample extraction and cleanup

After filtration, 150 mL influent, 300 mL effluent, and 900 mL
river water were added with 0.5 g/L Na,EDTA, and acidified to pH
3.0 with hydrochloric acid. Since TCs have high propensity to form
chelate complexes with metal ions [23], NaEDTA was used as the
chelating agent in order to decrease the tendency of TCs forming
chelate complexes with the matrix, which had been widely uti-
lized in the analysis of TCs in various water samples [11-19]. HLB
cartridges were preconditioned with 6 mL of methylene chloride,
6 mL of methanol and 6 mL of ultrapure water containing 0.5 g/L
Na,EDTA (adjusted to pH 3.0 with HCl). The samples were then
spiked with the internal standard demeclocycline (DMC) at 20 ng/L
and passed through the HLB cartridges at a flow rate of approxi-

Table 1

Optimized instrumental and SRM conditions of target tetracyclines and their products.

mately 5 mL/min. After being rinsed with 10 mL of ultrapure water,
the HLB cartridges were dried under a flow of nitrogen and then
eluted with 6 mL of methanol. The eluates were collected in an
amber vial and dried under a gentle flow of nitrogen. Then they
were reconstituted to 0.3 mL with methanol. After the extracts
were diluted to 8 mL by ultrapure water (adjusted to pH 7.0 with
5% NH3-H,0), the solutions were then applied to the Oasis MAX
cartridges which had been conditioned with 1 mL of methanol,
1 mL of 5N NaOH, and 1 mL of ultrapure water. All cartridges were
rinsed with 1 mL of 5% NH3-H, O, followed by 1 mL of methanol. Elu-
tion was performed with 3 mL of acetonitrile/water containing 1%
formic acid (50/50, v/v) mixed reagents since the target compounds
could not be eluted in pure organic solvents such as 1% formic acid
in 95-100% acetonitrile. Finally the extracts were concentrated to
1.5mL under a stream of nitrogen and measured with LC-MS/MS
soon after they were prepared (within 5 h).

2.4. Liquid chromatography and mass spectrometry

Analyses were carried out using a Waters ACQUITY UPLC™ sys-
tem (Waters, Milford, MA, USA). Separation of tetracyclines and
their products was achieved with a Waters ACQUITY UPLC BEH
C18 column (1.7 wm; 2.1 mm x 100 mm). The injection volume was
10 pL (full loop). Acetonitrile (A) and ultrapure water containing
0.1% formic acid (v/v) (B) were used as mobile phases. The gradient
was as follows. The initial 10% A was increased linearly to 20% in
5min, a further 20% A was increased to 90% over 4min and kept
for 0.5 min, followed by an increase to 100% A and held for 1 min.
Finally the gradient was returned to the initial conditions of 10%
A and held for 2 min to allow for equilibration. The flow rate was

Function (min) Retention Time (min) Compound

Dwell time (s) Precursorion Cone Product ion Collision

voltage (V) energy (eV)
0-4.2 3.66 Minocycline (MINO) 03 458 31 352 30
441 19
4.46 4-Epitetracycline (ETC) 0.2 445 28 410 19
427 15
4.34 4-Epioxytetracycline (EOTC) 0.2 461 22 426 19
4.2-49
444 16
4.57 Oxytetracycline (OTC) 0.2 461 22 426 19
444 16
5.60 a-Apo-oxytetracycline (a-apo-OTC) 0.2 443 31 408 25
426 16
=il 529 Tetracycline (TC) 0.2 445 28 154 26
410 20
6.50 Demeclocycline (DMC) 0.15 465 34 430 25
448 19
6.26 Isochlortetracycline (ICTC) 0.15 479 34 462 15
6.1-7.2 197 40
6.81 4-Epichlortetracycline (ECTC) 0.15 479 34 444 22
462 15
8.32 4-Epianhydrotetracycline (EATC) 0.07 427 31 154 34
410 16
8.60 Anhydrotetracycline (ATC) 0.07 427 31 154 34
410 16
7.98 Methacycline (MTC) 0.07 443 28 201 31
426 16
8.47 3-Apo-oxytetracycline (3-apo-OTC) 0.07 443 31 408 25
426 16
=2l 8.13 Doxycycline (DXC) 0.07 445 28 154 34
428 16
8.71 4-Epianhydrochlortetracycline (EACTC) 0.07 461 28 154 28
444 16
9.08 Anhydrochlortetracycline (ACTC) 0.07 461 28 154 28
444 16
7.80 Chlortetracycline (CTC) 0.07 479 34 444 22

462 15
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0.2 mL/min. The column was maintained at 30°C and the sample
room temperature was 10°C.

Mass spectrometry was performed using a Waters Micromass
Quattro Premier XE (triple-quadrupole) detector equipped with an
electrospray ionization source (Micromass, Manchester, UK). The
mass analyzer was operated in positive ionization mode and the
optimized parameters were as follows: source temperature, 110 °C;
desolvation temperature, 400 °C; capillary voltage, 2.80kV; desol-
vation gas flow, 600 L/h; cone gas flow, 50 L/h; and multiplier, 650 V.
Quantitative analysis was performed in the selected reaction moni-
toring (SRM) mode, and time-segmented scanning in five functions
was used to get the maximum sensitivity of the ESI+ mode. MS/MS
parameters for the analytes including their precursor and product
ions, cone voltage, and collision energy were summarized in Table 1.

2.5. Quantitation

Identification was accomplished by comparing the retention
time (within 2%) and the signal ratio (within 20%) of two selected
product ions with the standard. Because there was residue of formic
acid from the final eluted solutions, the effects of formic acid con-
tent in the injection solutions on the LC-MS/MS signal intensities
of target antibiotics were investigated. Demeclocycline was used as
the internal standard in this study to compensate for both the vari-
ations in the SPE process and the instrument response. Linearity
and twelve-point calibration curves were constructed for the stan-
dard solutions between 0.05 and 200 wg/L by calculating the ratios
between the peak area of target tetracycline and the peak area of
demeclocycline. Recoveries of target compounds were analyzed by
spiking standard solution and the internal standard to the influ-
ent, effluent, and river water samples (n=3). Instrument detection
limits (IDLs) were estimated using a signal-to-noise approach of
the standard dilutions reaching a ratio of three. The method detec-
tion limits (MDLs) and method quantitation limits (MQLs) were
based on the peak-to-peak noise of the baseline near the analyte
peak obtained by analyzing field samples and on a minimal value
of signal-to-noise of 3 and 10, respectively. For those noncontami-
nated samples, the analytes were spiked at concentrations ranging
from 20 to 200 ng/L using a mixture of standard solution. The sta-
bility of TCs under acidic conditions was evaluated. TCs standard
solutions at 5 pg/L were prepared in 3 mL of the MAX elution and
dried to 1.5 mL under a flow of nitrogen. The concentration varia-
tion was estimated with time from 0 to 5h which were generally
cover the sample storage time (n=6). Inter-sample variations dur-
ing the solvent reduction process were also calculated the same
time (n=6).

280
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Fig. 2. Effects of formic acid content (%) in injection solution on signal intensities.

3. Results and discussion
3.1. Liquid chromatography

The mobile phase composition was studied to achieve the
optimum conditions of LC separation and ESI sensitivity. In this
study, acetonitrile/water containing 0.1% formic acid was used as
the mobile phase, since this composition produced a 1.2-2.8-fold
increase in the signal intensity, as compared to the methanol/water
containing 0.1% formic acid for all target chemicals. Due to the
presence of formic acid residue in the prepared samples for injec-
tion, the effects of formic acid in the injection solutions on the
instrument sensitivity were examined (Fig. 2). Especially, the rel-
ative intensity (ratio of peak areas between solutions with and
without formic acid) of MINO at 0.2% formic acid in solution was
187%, and reached 262% at 2% formic acid. The enhancements of
intensity for CTC, ECTC, OTC, EOTC, ETC, DXC, MTC, (3-apo-OTC,
and DMC were also observed in the range of 110-169%. As for TC,
ICTC, ATC, EATC, and a-apo-OTC, the signal intensities were not
significantly influenced by the formic acid in the injection solu-
tions. However, for EACTC and ACTC, the presence of formic acid
decreased their responses on the ESI+ mode. This phenomenon,
which was attributed to the formic acid content, was also found in
the sample matrix. Thus, in order to ensure the accuracy, calibration
standard solutions should be prepared with the same elution solu-
tion of MAX cartridge and be processed with the same procedure
as that of sample extracts.

Separation and sensitivity are the principal issues for analyzing
epimers of TCs as exemplified by the separation of epimers of TC,
OTC, and CTC in groundwater, surface water, and chlorinated drink-
ing water using LC-MS or LC-MS/MS [18,19]. UPLC using the 1.7 pum
particle-packed column can provide significant improvements in
resolution. The typical peak width of target chemicals was less than
0.15 min, which leads to narrow and sharp profiles. The usage of two
different gradients ensured the retention time difference between
epimers of no less than 0.23 min, and all analytes were totally sep-
arated within 9.5 min. It should be noted that the analytical peak
width and analysis time for typical tetracyclines when using the
conventional HPLC column, the XTerra MS C18 (3.5 wm) column,
were 1 and 30 min, respectively [22,26]. Thus, the UPLCBEH C18 col-
umn (1.7 wm) can reduce the analysis time, amount of solvent, and
achieve better chromatographic resolution and peak sensitivity.

Table 2
Signal suppression (%) of tetracyclines and their products in influent samples with
and without cleanup (n=3).

Compound Signal suppression (%)

Without cleanup With cleanup
MINO 89 + 15.0 (+)6+12.6
ETC 29 + 3.0 5+4.8
EOTC 36 +9.6 (+)3+£5.0
OTC 29 +5.2 13+23
a-Apo-0TC 51 +8.8 (+)19+6.7
TC 29 +0.2 (+)4+4.8
DMC 43 +73 (+)20+2.3
ICTC 25+ 3.7 (+)24+5.4
ECTC 27 + 11.0 (+)16+3.9
EATC 49 + 3.8 7+81
ATC 80 + 7.3 24+54
MTC 61 + 11.1 (+)1£11
B-Apo-OTC 55+ 3.0 14+83
DXC 39 + 12.9 5+5.6
EACTC 65 + 9.6 4+14.1
ACTC 52 + 84 15+9.3
CTC 44 + 6.7 (H)11+£3.7

(+), signal enhancement.
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Fig. 3. LC-MS/MS SRM chromatograms of tetracyclines and their products in an influent spiked sample (left: without cleanup; right: with cleanup).

3.2. Mass spectrometry

All of the analytes showed maximum sensitivity in the posi-
tive ionization mode. The protonated molecular ion ([M+H]*) was
chosen as the precursor ion, and the highest characteristic product
ions selected for the transitions are listed in Table 1. All of the com-
pounds except for TC and ETC exhibited neutral losses of 17 and/or
35Da, corresponding to the loss of NH; ([M+H-NH3]*), with the
subsequent loss of H,O ([M+H—-NH3—H,0]*). TC and ETC produced
aloss of 18 Da corresponding to the loss of H,O ([M + H-H,0]*), and

then generated the [M+H—H,0—NH;3]* ion with a loss of 35 Da.
These fragmentation patterns agreed with those of CTC, TC, OTC,
DXC, and DMC in previous papers [11,12,14-17,19,27]. A product
ion at m/z 154 reported in previous studies on CTC, DXC [18], and
TC [28] was also observed in the mass spectra of TC, EATC, ATC,
DXC, EACTC, and ACTC. In those of MINO, ICTC, and MTC, the m/z
of 352, 197, and 201 were observed in this study, respectively. The
[M+H—-NH3—-H,0]* fragment ion for TC, ETC, OTC, EOTC, CTC, and
ECTC was selected for quantification, while the [M+H-NH3]* ion
was used for other target chemicals due to their higher response.
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Table 3
Recoveries (n =3), instrument detection limits (IDLs), method detection limits (MDLs), and method quantitation limits (MQLs) for all tetracyclines and their products.
Compound IDLs (ug/L)  Recovery £ RSD (%) Solvent reduction ~ MDLs (ng/L) MQLs (ng/L)

Influent? Effluent? River? StorageP RSD (%)¢ Influent  Effluent River Influent Effluent  River
MINO 0.50 95 + 15.7 81 +5.2 91 + 3.9 93 +79 121 10.9 17.5 14.2 32.7 52.5 42.7
ETC 0.03 101 + 19.6 98 + 6.7 87 +34 108 + 6.4 6.5 2.7 0.9 0.8 8.0 2.7 2.6
EOTC 0.05 94 £ 6.4 103 £ 7.7 90 £ 5.3 106 + 4.5 6.9 39 3.7 34 1.7 11.3 103
OTC 0.05 90 + 8.1 93 £ 6.7 88 £ 2.7 106 + 4.7 5.9 1.7 1.9 13 53 5.8 3.8
a-Apo-OTC  0.10 120 + 10.1 73 + 10.1 68 + 9.4 95 + 5.8 5.9 6.7 2.5 3.6 203 7.4 10.8
TC 0.03 86 + 4.5 97 £ 10.2 89 + 1.1 104 £ 43 7.2 2.8 0.8 0.8 8.3 24 2.3
DMC 0.10 85 + 9.7 82 + 85 95+ 29 95 + 9.3 8.0 - - - - - -
ICTC 0.05 108 £ 2.4 95 +78 113 £ 13 102 + 2.8 54 6.7 5.0 14 20.1 15.0 43
ECTC 0.10 80 + 2.0 87 £ 3.9 85+ 75 113 +£ 84 8.6 9.3 43 3.7 279 13.0 11.1
EATC 0.05 83 £ 9.7 61+24 64 + 11.5 100 £ 6.1 9.1 4.3 2.1 24 12.8 6.5 7.3
ATC 0.05 75 + 14.2 76 + 6.8 71 £ 122 99 + 64 4.5 4.5 2.5 1.6 13.6 7.5 4.8
MTC 0.05 79 + 84 84 +£50 67 £ 6.1 95 + 49 6.4 43 23 2.5 129 7.0 74
B-Apo-OTC  0.10 78 £ 1.0 73 £ 12.7 68 £ 1.2 95 + 8.1 8.0 8.0 7.3 2.9 24.1 22.0 8.9
DXC 0.10 113 £5.6 80 + 1.7 91+ 71 107 + 2.8 5.0 5.4 4.1 23 16.4 12.2 6.9
EACTC 0.10 57 £ 6.9 34+ 6.2 44 4+ 2.5 93 + 7.6 234 9.5 49 5.1 28.5 14.7 15.3
ACTC 0.05 50 + 16.4 55+ 8.3 48 £ 6.0 90 £ 8.0 245 8.6 52 4.7 25.9 15.6 143
CTC 0.10 82 +10.7 77 £5.2 86 + 1.5 100 £+ 3.9 6.7 6.7 33 2.6 20.2 9.9 7.9

a The spike levels were at: OTC, 200, 100, 20 ng/L; TC, 50, 20, 20 ng/L; the other analytes: 20 ng/L in influent, effluent, and river samples, respectively.

b Stored for 5h at 10°C (n=6).
¢ Instrumental response variability due to the solvent volume reduction (n=6).

3.3. Solid phase extraction and cleanup

The matrix effect is a general problem in LC-ESI-MS/MS analysis
due to the co-eluting components (e.g., natural organic matter) in
wastewater matrices resulting in ion suppression or enhancement.
In this study, matrix effects were performed in influent samples
and the results were shown in Table 2. A prevalent signal sup-
pression phenomenon (25-89%) was occurred for all of the target
analytes without the cleanup procedure, while no apparent matrix
effects were observed after the MAX cleanup. The chromatograms
of target antibiotics in the same sample extracts with and with-
out cleanup were shown in Fig. 3. To compare, the eluate from HLB
was reconstituted in the same composition as that from MAX. It
can be found that after the cleanup procedure, the signal-to-noise
ratio of most analytes was improved. In particular, five tetracyclines
and products, MINO, MTC, DXC, ACTC, (3-apo-OTC and the internal
standard DMC, elicited sharp peaks after cleanup, while no obvious
chromatographic peaks were detected without cleanup procedure.

The recoveries in various different water samples are shown in
Table 3. The recoveries for all the target analytes except for EACTC
and ACTC (34-52%) in the influents, effluents, and surface water

were 75-120%, 61-103%, and 64-113%, respectively with a relative
standard error (RSD) less than 19.6%.

3.4. Quantification and method validation

After five storage hours, the concentrations of TCs were mea-
sured, and no significant loss (<10%) was observed as listed in
Table 3. The inter-sample variation was below 12.1% except for
EACTC and ACTC during the solvent reduction process (Table 3).
Isotopically labelled standards for each TC are preferable for mon-
itoring; however, they were not commercially available. DMC was
used as the internal standard in this study, since DMC was not
detected in any environmental samples. Since a gradient elution
was applied, the target antibiotics were eluted at different compo-
sitions of mobile phases from 17% to 90% of acetonitrile; therefore,
we evaluated the ionization of DMC by varying the composition
of the mobile phase to investigate the potential of DMC as a sur-
rogate. The signal intensity showed a relative deviation less than
+10% of DMC during the change of acetonitrile in the mobile phase
ranging from 10% to 70%. Within this range, of the sixteen target
analytes, thirteen were eluted, including MINO, ETC, EOTC, OTC, a-

Table 4
The inter/intra-day precision (RSD%), the linearity of calibration curves (R?), and the quantitative comparison between internal-standard calibration and standard-addition
calibration.
Compound Instrument precision Method precision Curve (R?) Quantitative comparison

Intra-day (n=3) Inter-day (n=15) Intra-day (n=3) Internal-standard calibration (ng/L) Standard-addition calibration (ng/L)
ETC 7.8 8.0 0.1 0.992 9.8 9.0
EOTC 3.0 10.0 44 0.995 12.1 10.5
OTC 8.8 7.7 23 0.997 153.2 172.2
TC 4.8 10.6 0.3 0.995 49.0 56.1
ICTC 7.8 9.3 32 0.999 7.9 8.6
MINO 3.6 5.8 15.0 0.990 - -
a-Apo-OTC 1.4 3.7 2.2 0.996 - =
DMC 9.1 8.6 35 - - -
ECTC 2.8 11.8 4.7 0.994 - -
EATC 5.8 10.2 5.3 0.999 - =
ATC 49 8.0 4.0 0.998 - -
MTC 7.4 3.1 29 0.999 - -
[3-Apo-OTC 6.3 2.9 4.4 0.999 - -
DXC 10.0 8.8 8.0 0.994 - -
EACTC 8.8 6.6 1.1 0.993 - -
ACTC 14.0 9.6 7.6 0.994 - -
CTC 1.3 6.2 5.1 0.995 - -
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Fig. 4. LC-MS/MS SRM chromatograms of tetracyclines and their products detected in the STP influent sample.

Table 5
Mean concentrations of tetracyclines and their products detected in STP and river
waters (ng/L).

Compound Influent Effluent River
ETC 5.9 <MDL <MDL
EOTC 8.5 <MDL <MDL
OTC 72.5 3.8 2.2
TC 16.5 1.9 21
ICTC 9.5 6.8 <MDL
ATC 5.7 <MDL <MDL
EACTC 25.3 7.6 <MDL

apo-OTC, TC, ICTC, ECTC, EATC, MTC, 3-apo-OTC, DXC, and CTC, with
the retention time ranging from 3.66 to 8.47 min. In addition, the
SPE recovery of DMC was similar to the other tetracyclines except
for EACTC and ACTC. Furthermore, a standard-addition method was
performed in influent samples to validate the accuracy of the inter-
nal calibration using DMC as the reference standard (Table 4). The
results showed the consistency of two quantitative methods with
the relative deviation generally below 15% on detecting one influ-
ent sample where ETC, EOTC, OTC, TC and ICTC were detected.
These results confirmed the feasibility of using DMC as an inter-
nal standard in the absence of stable isotope-labelled surrogate
standards of any tetracyclines. The method of external calibration
was applied for quantification of three other products (ATC, EACTC,
and ACTC).

Calibration curves were constructed from 0.05 to 200 wg/L (the
concentration gradient was at 0.05, 0.1, 0.5, 1, 2, 5, 10, 20, 50, 80,
100, and 200 pg/L) and the mean coefficients of determination (R?)
were typically greater than 0.99 (Table 4). The instrument detec-
tion limits (IDLs) of all the target chemicals except for minocycline
(0.5 pg/L) were generally between 0.03 and 0.1 pg/L. The method
detection limits (MDLs) for all the target compounds except for
minocycline were 1.7-9.5 ng/L for the influent, 0.8-7.3 ng/L for the
effluent, and 0.8-5.1 ng/L for the river water, respectively (Table 3),
and those of minocycline were between 10.9 and 17.5 ng/L. The
intra- and inter-day repeatability were calculated by the relative
standard deviation (RSD) according to replicated determinations.
The instrument inter-day precision was analyzed in 15-day period
and the typical RSD was lower than 11.8% by a day-to-day replicated
analysis. The instrument and method intra-day repeatability (n=3)
was generally less than 15% (Table 4).

3.5. Environmental application

The method was applied to a sewage treatment plant, and a river
that receives effluent waters in Beijing, China. Fig. 4 shows the SRM
chromatograms of the extracts from an influent sample of Gao Bei-
dian STP. The mean concentrations are listed in Table 5. OTC was the
main analyte in the influent (72.5 ng/L). Several degradation prod-
ucts (ETC, EOTC, ICTC, ATC, and EACTC) of TC, OTC, and CTC were
detected at low nanogram per liter levels. Most analytes were elimi-
nated through the STP treatment, and only OTC, TC, ICTC, and EACTC
were detected in effluent samples ranging from 1.9 to 7.6 ng/L. In
the surface water samples, only OTC and TC were detected, at levels
of 2.2 and 2.1 ng/L. The levels for all TCs detected in this research
were generally lower than those reported in previous researches
on municipal wastewater and the receiving water samples which
had been reviewed by Segura et al. [29] (generally in the range of
50-2210ng/L [12-17]). This is possibly due to the fact that tetracy-
clines are mainly applied in veterinary treatment or animal feeding
to promote growth in China; while our sampling sites are located in
an urban area where the sources are mainly domestic wastewater.

4. Conclusions

A sensitive method was developed for trace determina-
tion of sixteen tetracyclines and degradation products in
aqueous samples using solid-phase extraction and liquid
chromatography-electrospray tandem mass spectrometry. It
is the first time to report the occurrence of tetracyclines degra-
dation products in municipal influent and effluent wastewater
samples. The method provides an approach to screen tetracycline-
related antibiotics in environmental waters, which would aid
the further research of their environmental fates, transport, and
toxicities.
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