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ase extraction based on graphene
oxide/nanoscale zero-valent iron for the
determination of tetracyclines in water and milk by
using HPLC-MS/MS†

Dan Wei, a Shuchao Wu*b and Yan Zhu *a

A magnetic solid-phase extraction (MSPE) based on graphene oxide/nanoscale zero-valent iron (GO/nZVI)

coupled with high performance liquid chromatography-tandem mass spectrometry (HPLC-MS/MS) was

proposed for the determination of trace tetracycline antibiotics (TCs) in water and milk. GO covered

nZVI was self-assembled by electrostatic forces by varying the pH. Several important parameters

affecting the MSPE procedure have been investigated. The pH value is a key factor in the whole MSPE

process. An appropriate pH can not only improve adsorption and desorption efficiency, but also enable

the extraction of TCs from GO/nZVI by using deionized water. Optimal conditions were then used for

the extraction of TCs from real samples, prior to HPLC-MS/MS determination in the positive ESI mode of

multiple reaction monitoring (MRM) using a ZORBAX Eclipse Plus C18 column. The proposed method

achieved low limits of quantitation in the range of 8.05–83.19 ng L�1 and 17.42–182.75 ng L�1 for water

and milk samples, respectively, and satisfactory recoveries in the range of 84.2–105.5% with intra-day

RSD in the range of 0.6–2.5% and inter-day RSD in the range of 1.2–9.2% for the spiked water sample

and from 87.0% to 101.8% with intra-day RSD in the range of 1.1–5.4% and inter-day RSD in the range of

2.0–9.7% for the spiked milk sample.
1. Introduction

Tetracyclines (TCs) are broad-spectrum antibiotics against
infections caused by Gram positive,1 Gram negative bacteria,
chlamydia, mycoplasmas, rickettsiae and protozoan para-
sites.2,3 Accordingly, TCs have been widely used in human and
veterinary medicine and have been reported as the most
intensely used antibiotics in the European Union.4 However,
improper use of TCs, especially when overused, may lead to
unsafe residue levels in different animal tissues and animal-
producing food intended for human consumption,5 which can
produce a signicant threat to human health, including allergic
reactions, toxic effects, damage to the liver, yellowing of teeth
and gastrointestinal disturbance. Besides, the release of animal
excrement with excessive TC residues into the environment can
also lead to water pollution and soil contamination.6 Therefore,
it is particularly necessary to develop an effective and reliable
analytical method for the determination of trace level TCs in
complex matrices.
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During recent years, several analytical methods have been
developed for the determination of veterinary drugs residues in
different matrices, including chemiluminescence7,8 microbio-
logical assays,9 capillary electrophoresis10 and high perfor-
mance liquid chromatography (HPLC).11–13 HPLC with different
detectors is the most commonly used techniques and has
a great advantage in analyzing non-volatile and thermally labile
compound.14–16 Analysis of TCs is performed mainly by HPLC
with various detection techniques, including diode-array17 or
single UV,18 electrochemical detection,19 uorescence detec-
tion20,21 and mass spectrometric detection.22 Due to its high
sensitivity and selectivity, HPLC coupled to mass spectrometry
(MS) or tandem mass spectrometry (MS/MS)23,24 is becoming
more commonly used in the analysis of TCs in very complex
samples such as milk, waste water and animal tissues. MS
detection with high sensitivity and accurate quantication is
the method selected in this study. Because the sample matrices
are complex and the concentration of target analytes is very low,
direct analysis of sample is difficult and generally a sample
processes are indispensable. Sample pretreatment techniques
widely used for the isolation of TCs from milk and water
samples include liquid–liquid extraction (LLE)25,26 and solid-
phase extraction (SPE).27–29 Solid phase extraction is well devel-
oped sample pre-concentration technique in recent years with
good merits such as simplicity, high sensitivity, low
This journal is © The Royal Society of Chemistry 2017
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consumption of samples and reagent quantity. Recently,
magnetic solid-phase extraction (MSPE) has received consider-
able attentions, a new mode of SPE, due to its excellent
adsorption efficiency and rapid separation process as well as its
potential applications in cell isolation, enzyme immobilization,
protein separation and pre-concentration of organic
compounds from large volume samples.30,31 Compared with
SPE, the unique and attractive property of MSPE is that
magnetic adsorbents can be isolated from sample solutions by
the external magnetic eld. Thus, suspendedmagnetic particles
with the analytes can be removed from large volume samples by
a magnet. The adsorbent materials of MSPE, commonly
composed of magnetic inorganic materials and non-magnetic
adsorbent materials, are not only a major contributor to the
extraction efficiency but also affect the selectivity and sensitivity
of the method.32

Recently, plenty of carbon-based nanomaterials, involving
C18, fullerenes, carbon nanobers, carbon nanotubes, and
graphene (G), as well as their functionalized forms, have been
investigated as adsorbent materials in MSPE procedures due to
its high adsorption capacity for organic compounds.33,34 Among
them, graphene oxide (GO), a free-standing two dimensional
mono-layer sheet of carbon atoms with a honeycomb structure,
has been considered as an excellent adsorbent for antibiotics
such as tetracyclines due to its high specic surface area (2630
m2 g�1).35 In addition, GO are chemically stable enough, even
with hydroxyl radicals, making GO composite with macroscopic
structure a suitable candidate for long-lived recyclable adsor-
bents for the enrichment of carbon-based ring structures.
However, due to its superb dispersibility in water, separating
GO from the sample solution is always time-consuming because
of their small sizes. The introduction of magnetic nano-
structured materials into macroscopic composite can address
this issue, because GO-based magnetic nanoparticles not only
realize full potential of GO, but they also could make the utmost
of the separation convenience of the magnetic materials.36 Up to
now, there are few reports about MSPE of TCs using GO-based
magnetic nanoparticles. The most commonly used perhaps
being silica-coated magnetite (Fe3O4), which may be reliable
stability in aqueous media and a large surface area.10,31

However, these methods either require complicated multi-step
synthesis or have fussy operation and relatively strict
conditions.

The aim of this study was to establish a simple method for
preparing GO-based magnetic nanoparticles. GO-based
magnetic nanoparticles, comprising graphene oxide/nanoscale
zero-valent iron (GO/nZVI) could be readily attained and more
easily separated via electrostatic interactions with appropriate
adjustment of pH values. The newly proposed pH-responsive
self-assembled GO/nZVI-based MSPE exhibits high removal
efficiency, high reusability and easily separable. The experi-
mental parameters affecting GO/nZVI-based MSPE process are
studied in detail, and optimal experimental conditions are
established. Finally, using new designed pH-responsive
GO/nZVI as magnetic adsorbent, a rapid and sensitive MSPE-
HPLC-MS/MS method was developed and successfully applied
to determination of trace TCs in real milk and water samples.
This journal is © The Royal Society of Chemistry 2017
2. Experimental
2.1. Reagents and materials

Graphene oxide (GO) with purity greater than 99% was obtained
from Nanjing Xianfeng Nanomaterials Technology co., LTD
(Nanjing, China). Zero-valent iron (nZVI) was supplied from
Shenzhen micro-nano Science and Technology co., LTD
(Shenzhen, China). Acetonitrile (ACN) and methanol (MeOH)
with HPLC grade were obtained from Sigma-Aldrich (Shanghai,
China). Dichloromethane (DCM) with analytical grade was
supplied from Hangzhou Shuanglin Chemicals Corporation
(Shanghai, China). Acetic acid (HAc) with analytical grade was
obtained from Shanghai Lingfeng Organic Chemicals Co., Ltd.
(Shanghai, China). Ammonium hydroxide (NH3$H2O), ammo-
nium acetate (NH4Ac) and sodium chloride (NaCl) with analyt-
ical grade were obtained from Hangzhou Longshan Fine
Chemicals Co., Ltd. (Hangzhou, China).

4-Epitetracycline (ETC), oxytetracycline (OTC), tetracycline (TC),
anhydrotetracycline (ATC), demeclocycline (DMC), and chlortet-
racycline (CTC), all with purity greater than 95%, were obtained
from Sigma-Aldrich (Shanghai, China). The different standard
solutions were prepared daily by dilution of a stock solution of
each TC at a concentration of 1000 mg L�1, which were prepared
by dissolving the pure substances in methanol. These solutions
were refrigerated in the dark at 4 �C. Lower concentration standard
solutions were prepared daily in the dark by appropriate dilutions
using deionized water from their stock solutions.

The deionized water employed in all experiments was ob-
tained from a Millipore-Milli-Q water system (Millipore, Mil-
ford, MA, USA), with resistivity not lower than 18.2 MU cm. GO
solution at a concentration of 1 mg mL�1 was prepared by
dispersing GO in deionized water with sonication for 15 min. All
optimized studies were performed using the uncontaminated
underground water samples spiked with 10 ng mL�1 of the six
TCs, which were used as the fortied samples.

2.2. Samples and sample preparation

Two kinds of milk samples: a pasteurized whole milk sample
and a skimmed milk sample (fat content <0.5% w/w) were
supplied from local market (Hangzhou, China). Milk samples
were kept at 4 �C until use. 10.0 mL milk sample was weighted
into an Eppendorf vial (50 mL), and appropriate volumes of TCs
standards were added to the vial. Then the sample was dis-
solved in 10 mL of 10 mmol L�1 NH4Ac. Aer centrifugation
(10 000 rpm, 5 min), the supernatant was adjusted to pH 7.0
with HAc and NH3$H2O.

Four water samples: tap water, waste water, West Lake water
and Qiantang River water were collected in Hangzhou, China.
Each sample was ltered through a 0.45 mm membrane before
analysis. Deionized water samples spiked with appropriate
volumes of TCs stock solution were used for the method opti-
mization and validation experiments.

2.3. Apparatus and chromatographic conditions

Fourier transform infrared (FT-IR) spectra (4000–500 cm�1) in
KBr were recorded on a Tensor 27 spectrometer (Bruker,
RSC Adv., 2017, 7, 44578–44586 | 44579
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Germany). The morphological analysis of the magnetic adsor-
bents was performed using an S-4700 scanning electron
microscope (SEM) instrument (Hitachi, Japan). The pH values
were controlled with a Seven Easy S30 pH meter (Mettler Toledo
Instruments Co. Ltd., Shanghai, China).

The chromatographic analysis was performed on an Agilent
1290 innity (Agilent, USA) equipped with an auto sampler
controlled the gradient system. The analytical column was
ZORBAX Eclipse Plus C18 (3.0 mm � 100 mm, 1.8 mm, Agilent,
USA) operated at 35 �C; the mobile phase for the chromato-
graphic separation was a mixture of A (100% ACN) and B
(deionized water and 1% (v/v) HAc). Separation was performed
in the following gradient conditions: 0 min, 10% A, to 30% A at
10 min, to 100% A at 11 min, to 10% A at 14 min and main-
tained for 3 min. Finally, the column was re-equilibrated for
5 min with the initial composition of the mobile phase.

Detection and quantication were carried out using 6460
Triple quadruple mass spectrometer equipped with ESI ion
source (Agilent, USA). Data acquisition parameters (i.e. frag-
ment voltage, collision energy) were optimized for each of TCs.
Quantication of TCs was performed in the positive mode of
multiple reaction monitoring (MRM). The temperature of the
drying gas and sheath gas were 300 �C, 250 �C, respectively. The
ow rate of the drying gas, sheath gas was 5 L min�1,
10 L min�1, respectively. A nebulizer pressure was set at 45 psi.
Capillary voltage and nozzle voltage were set at 3500 V and
1000 V. The drying gas, sheath gas and nebulizer gas were high
pure nitrogen.
2.4. Preparation of the magnetic adsorbent

The GO/nZVI particles were prepared according to the method
reported by Liu et al. (2016).33 Briey, nZVI was dissolved in
10 mL deionized water and sonicated for 15 min at 25 �C. When
nZVI was dispersed in deionized water, the GO solution
Fig. 1 Scheme illustration for preparation of GO/nZVI and the MSPE pro

44580 | RSC Adv., 2017, 7, 44578–44586
(1 mg mL�1) was added with vortex stirring for 30 s and the
black magnetite precipitates were formed. Then, magnetite
precipitates (GO/nZVI) was magnetically isolated and washed
with deionized water twice in an ultrasonic bath, and the
supernatant was discarded. Aer that, GO/nZVI was stored in
deionized water at room temperature in the dark for further use.
2.5. MSPE procedure

The MSPE procedure is shown in Fig. 1. The extraction method
was performed as follows: rstly, 15 mg magnetic adsorbent
GO/nZVI was added into a beaker. Then, 10 mL portion of the
standard or sample solution containing 10 mg L�1 of ETC, OTC,
TC, ATC, DMC, and CTC was transferred into a beaker. To avoid
degradation of TCs and self-disassembly of GO/nZVI, the solu-
tion was adjusted pH to 4.0–7.0 by adding HAc and NH3$H2O.
Subsequently, the solution was sonicated for 10 min to facilitate
adsorption of the TCs onto the GO/nZVI. Then, the magnetic
adsorbent was separated by using a magnet and the superna-
tants were decanted directly. 1 mL of NH3$H2O (pH 11) solution
as eluent was added and sonicated for 5 min for desorption of
TCs. Finally, desorption solution was evaporated to dryness
under a mild nitrogen gas stream, and the dry residue was
redissolved in 200 mL of ultrapure water. 10 mL of the solution
was injected into the HPLC-MS system for subsequent analysis.
3. Results and discussion
3.1. Optimization of HPLC-MS/MS conditions

The development process of the HPLC-MS/MS method began
with investigation of chromatographic separation, gradient
elution and the effects of the ration and the composition of both
solvent A and solvent B on chromatographic separation. The
results indicated that mobile phase A (100% ACN), mobile
phase B (water with 1% (v/v) HAc) are highly suitable as amobile
cedure.

This journal is © The Royal Society of Chemistry 2017
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phase system for the separation of the TCs by gradient elution
as follows: 0 min, 10% A, to 30% A at 10 min, to 100% A at
11 min, to 10% A at 14 min andmaintained for 3 min. Then, the
parameters for mass spectrometry optimization were investi-
gated. Capillary, fragmenting voltage and collision energy were
optimized to obtain the characteristic MRM ion pairs that could
be used as the basis for quantitative analysis. MRM mode was
determined by selecting the precursor ion m/z and one of its
daughter ion m/z with high specicity and sensitivity as quan-
titative ion. Optimal fragmenting voltage and collision energies
varied for each TC (Table 1). MRM spectra for the mixture of six
TCs standard and fragmentation spectra with their product ions
structures are shown in Fig. S1† and 2.
3.2. Characterization of GO/nZVI

The morphology of GO/nZVI was studied by SEM. GO/nZVI
(previously dried at 100 �C, 24 h) was aggregated as clusters,
forming a uffy structure with an average diameter of about
100–500 nm (Fig. S2†). The SEM image of GO/nZVI was agreed
with the reported method.33 Furthermore, the composition of
GO/nZVI was examined by FT-IR. The characteristic absorption
peaks of GO, that is, 1725 cm�1 (C]O), 1224 cm�1 (C]O]C),
Table 1 Chemical structures, ion characteristics and optimal voltages o

TCs Structure
Precursor ion
(m/z)

Daughter ions

Quantitative
ion

ETC 445 410

OTC 461 426

TC 445 410

DMC 465 448

CTC 479 444

ATC 427 410

This journal is © The Royal Society of Chemistry 2017
and 1042 cm�1 (C]O), were not observed in FT-IR spectrum
(Fig. S3†), indicating GO well combined with nZVI.33

3.3. Optimization of magnetic solid-phase extraction
procedure

In order to select the optimum magnetic solid phase extraction
conditions for the extraction of the TCs, 10 mL of six TCs spiked
sample at each concentration of 20.0 mg L�1 was used to study
the extraction performance of the magnetic absorbent GO/nZVI
under different experimental conditions. All of the experiments
were performed in triplicate and the means of the results were
used for optimization.

3.3.1. Effect of the amount of adsorbents. To achieve good
recovery of TCs, the amount of GO/nZVI was varied from 1 to
30 mg. As shown in Fig. 3a, the extraction recoveries of the six
TCs were increased with increasing the sorbent amount from 1
to 15 mg and then remain constant up to 30 mg. Thus 15 mg
was chosen for further experiments.

3.3.2. Effect of the extraction time. Optimization of
extraction time was performed by increasing the ultrasonic time
from 2 to 30 min. Fig. 3b shows that the extraction recoveries
greatly increased from 2 to 10 min, and subsequently almost
remained invariant with extraction time increasing, indicating
f six TCs

(m/z)

Retention time
(min)

Fragmenting
voltage (V)

Collision energy
(V)

Qualitative
ion

427 5.17 16 116

443 5.47 16 116

427 6.19 16 116

430 7.40 12 128

462 8.89 18 124

154 11.92 12 94

RSC Adv., 2017, 7, 44578–44586 | 44581
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Fig. 2 Fragmentation spectra for (a) ETC, (b) OTC, (c) TC, (d) DMC, (e) CTC and (f) ATC standard at 50 mg L�1 in MRM mode.
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the adsorption equilibrium could be achieved in 10 min. Thus,
10 min was selected as the extraction time.

3.3.3. Effect of the sample pH. The pH of the sample
solution has an important inuence on the MSPE process. It is
reported that the major interaction between the adsorbent and
the TC is electrostatic interaction,33 so an appropriate pH not
only can form the adsorbent self-assembly, but also can
enhance extraction efficiency. Accordingly, TCs are amphoteric
compounds whose molecular state is inuenced by pH and
would suffer from hydrolysis in strong acid and alkaline
conditions, especially when the pH is less than 2 and more than
12.26 GO/nZVI is based on the pH-responsive and magnetically
44582 | RSC Adv., 2017, 7, 44578–44586
separable dynamic system. The pH value in the range of 2 to
12 under their cationic, neutral or anionic forms was inves-
tigated. In addition, the GO/nZVI is fabricated on acid and
neutral conditions.33 The highest recoveries were obtained in
the pH range between 2 and 7, in which TCs are in cationic or
neutral forms. It reported that the estimated zero point of
charge (ZPC) of GO and nZVI were pH 2 and pH 9, respec-
tively. Therefore, GO/nZVI can be easily self-assembled and
absorb TCs via electrostatic attractive forces (Fig. 3c).
Apparently, there was a decrease in the recovery of TCs at pH
less or higher than 7. Maybe with increasing solution pH
higher than 7 or in the range of 2 to 7, the electrostatic
This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Optimization of the parameters influencing MSPE efficiency: (a) effect of GO/nZVI amount; (b) extraction time; (c) the sample pH; (d) the
type of elution solvent; (e) the elution pH.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

5 
Se

pt
em

be
r 

20
17

. D
ow

nl
oa

de
d 

on
 3

/2
/2

02
6 

10
:3

1:
45

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
repulsive force increased or GO/nZVI can be disassembled
and therefore slightly inhibited TCs adsorption resulting in
recovery decrease. Thus, pH 7.0 was selected for the following
experiments.

3.3.4. Desorption conditions. To select the best for
desorbing TCs from GO/nZVI, MeOH, ACN, CHCl3 and deion-
ized water were studied. Fig. 3d showed that best elution of TCs
with lowest matrix interferences could be attained using
deionized water. Therefore, deionized water was chosen as the
optimal elution.

An important effect of elution pH (4–13) on the recovery was
also studied. As showed in Fig. 3e, slightly increased recoveries
This journal is © The Royal Society of Chemistry 2017
was observed by using deionized water with pH in the range of 9
to 11, slight decrease was observed with pH over 11. As a result,
pH 11 was chosen to ensure sufficient desorption of the TCs.

Optimization of elution volume was studied in the range of
1.0 to 5.0 mL. As showed in Fig. 3f, the satisfactory recoveries
were obtained using 1.0 mL of deionized water (pH 11). Thus,
1.0 mL was used in this study.

In order to speed up the transfer of TCs, GO/nZVI containing
TCs was subjected to sonication during each elution step. The
sonication time (1–10 min) was also examined. The results
indicate that 5 min was enough for the TCs desorption. Finally,
5 min sonication time was adopted.
RSC Adv., 2017, 7, 44578–44586 | 44583
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3.4. Reusability studies

One of key factors for evaluating the performance of the
adsorbent was the regeneration of the magnetic materials. In
order to investigate reusability of GO/nZVI sorbent, it was
washed with ultrapure water and MeOH, and then reused for
the extraction of TCs. The recovery decreased slightly aer using
more than ten times. It turned out that the GO/nZVI had an
acceptable reusability without a signicant loss of sorption
capacity.
3.5. Analytical performance of the method

To evaluate the proposed method, experiments with regard to
the linearity, sensitivity (limit of detection (LOD) and quanti-
cation (LOQ)), matrix effect, accuracy, precision and selec-
tivity were performed. To obtain the linearity of the method,
the TCs-free samples spiked with each of the TCs at seven
concentration levels (0.02–100.0 mg L�1) were prepared for the
establishment of the calibration curve. The LOD and LOQ
were calculated at a concentration at which signal-to-noise
ratios are equal to 3 and 10, respectively. Six replicate MSPE
and HPLC-MS determinations were performed for each level
under the optimized experimental conditions. As shown in
Table 2, good linearity was obtained in the range of 0.02–
100 mg L�1 and 0.03–100 mg L�1 for water and milk samples,
respectively. The LODs and LOQs for six TCs were found to be
2.44–25.21 ng L�1 and 5.28–55.38 ng L�1 for water samples,
and 8.05–83.19 ng L�1 and 17.42–182.7 ng L�1 for milk
samples respectively. The correlation coefficients were ranged
from 0.9965 to 0.9993.

To evaluate the matrix effect, two types of calibration curves
were developed: one with fortied matrix extracts (water sample
and milk sample) and another without the matrix (using only
standard solutions). For milk samples, the recoveries obtained
frommatrix matched calibration curves are slightly higher than
those obtained using standard solutions. The results indicated
a possible matrix effect. Thus, matrix-matched calibrations
were established when analyzing real samples.

Accuracy was validated by the recovery test of the spiked
water and milk samples at three concentration levels of the six
TCs. Precision of the method was evaluated in terms of intra-
day precision and inter-day precision, which expressed as RSD
by analyzing the spiked samples under repeatability conditions.
As shown in Table 3, it indicated that the recoveries are in the
range of 84.2–105.5% with intra-day RSD in the range of 0.6–
2.5% and inter-day RSD in the range of 1.2–9.2% for the water
sample, and from 87.0% to 101.8% with intra-day RSD in the
range of 1.1–5.4% and inter-day RSD in the range of 2.0–9.7%
for the milk sample. The typical chromatograms of standard
solution containing the six TCs, water and milk sample spiked
with of the six TCs are illustrated in Fig. S4.†

To estimate the selectivity of the method, which is the ability
to distinguish between the TCs and other substances or inter-
ferences in the real samples, a serious of TCs-free water and
milk samples were subjected to MSPE and HPLC-MS analysis.
No interference peaks were observed within the retention time
window for all the tested samples.
This journal is © The Royal Society of Chemistry 2017
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Table 3 Recovery, intra-day precision (intra-RSD) and inter-day precision (inter-RSD) of six TCs in real samples

TCs

Water sample Milk sample

Spiked levels
(mg L�1)

Recovery
(%)

Intra-RSD (%)
(n ¼ 5)

Inter-RSD (%)
(n ¼ 5)

Spiked levels
(mg L�1)

Recovery
(%)

Intra-RSD (%)
(n ¼ 5)

Inter-RSD (%)
(n ¼ 5)

ETC 0.5 96.0 1.8 1.2 0.5 95.0 3.1 4.8
10 101.6 0.9 4.6 10 96.5 1.2 9.7
20 87.9 2.0 5.7 20 87.0 4.3 7.4

OTC 0.5 96.0 0.9 9.2 0.5 101.0 3.2 5.1
10 88.2 1.9 5.3 10 90.1 5.4 9.0
20 84.2 0.9 5.5 20 94.4 3.0 4.9

TC 0.5 89.8 1.2 8.0 0.5 92.8 1.5 4.6
10 86.0 2.3 4.4 10 101.8 2.1 2.2
20 104.6 1.1 6.8 20 87.6 3.9 7.5

DMC 0.5 93.2 0.6 1.6 0.5 92.1 1.9 4.6
10 89.3 0.9 5.7 10 91.0 5.0 9.1
20 95.4 1.8 5.2 20 100.1 1.5 2.0

CTC 0.5 91.2 0.7 5.2 0.5 88.0 2.9 4.4
10 90.0 2.5 3.0 10 90.6 1.1 6.1
20 102.0 1.1 6.2 20 87.2 4.0 5.4

ATC 0.5 97.3 1.2 4.5 0.5 89.1 1.2 4.5
10 105.5 1.2 4.2 10 92.9 4.3 9.3
20 97.3 1.1 5.4 20 91.2 1.9 4.2
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3.6. Application to real samples

Under the optimized conditions, the newly proposed GO/nZVI-
based MSPE coupled with HPLC-MS/MS technique was applied
for determination of the six target analytes (ETC, OTC, TC, ATC,
DMC, and CTC) in four water samples (tap water, waste water,
West Lake water and Qiantang River water collected from
Hangzhou, China) and two kinds of milk samples (a pasteurized
whole milk sample and a skimmed milk sample from local
market in Hangzhou, China). The results showed that six TCs
residue were not detected in any of these samples.

3.7. Method comparison

The performance of the proposed method was compared with
other reported methods for tetracycline residue detection in
terms of detection techniques, linear range, LOD, recovery,
and RSDs. The results were summarized in Table 4. As can be
obviously seen from table, our newly developed MSPE method
could achieve desirable recoveries and a wide linearity range,
which were superior to or comparable with other listed
Table 4 Comparison of the methods used for determination of TCs

Matrix Extraction method Detection Linear range (mg L�1

Milk and water On-line SPE HPLC-PAD 5–1000
Milk SPE HPLC-MS 50–300
Milk SPE HPLC-DAD 60–500
Milk and water Dispersive-SPME HPLC-PAD 20–400, 2–50

Milk MSPE HPLC-UV 30–600
Milk MSPE CE 4–250
Water and milk MSPE HPLC-MS 0.02–100, 0.03–100

This journal is © The Royal Society of Chemistry 2017
methods. Moreover, by virtue of sensitive detection technique
and effective extraction mode, our present method could
provide a lower LODs and RSDs compared with other reported
methods. Furthermore, the most previous reported methods
employing SPE were more complicated than the present MSPE
method. The adsorbents used directly or packed in SPE
cartridges can also bring in an additional part of expense and
extra risk of pollution to the environment. In addition to the
common MSPE advantages of no need of additional centrifu-
gation or ltration, the newly developed pH-responsive self-
assembled MSPE procedure exhibits easy preparation, high
extraction efficiency, easily separable and high reusability at
low cost of toxic organic solvent by varying pH value of
aqueous solution, which is economical and environment-
friendly and makes it a promising method for analysis of
water and milk samples with low concentration TCs residues.
Therefore, the method developed in this study is sensitive,
accuracy economical and environment-friendly for analysis of
trace TCs.
) LOD (ng L�1) Recovery (%) RSDs (%) Ref.

1500–8000 70.3–107.4 1.6–3.6 23
0.28–3.7 >88.6 0.4–15.5 24
20 000 83.0–107 2.6–15.8 17
7900–20 500,
700–3200

87.8–91.4, 97.0–106.6 2.0–4.9, 2.7–5.6 29

10 91.0–97.0 <5 31
2000–9000 94.2–99.8 0.6–3.3 10
2.44–25.21,
5.28–55.38

84.2–105.5, 87.0–101.8 0.6–2.5, 1.1–5.4 This work
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4. Conclusion

In this study, the newly pH-responsive self-assembled MSPE
method with HPLC-MS/MS in the ESI positive mode was applied
to determination of six TCs from water and milk samples. With
the appropriate adjustment of pH, the magnetic absorbent GO/
nZVI can be self-assembled in the ultra water solution and
showed high extraction efficiencies for TCs residues using the
deionized water. Without use of organic extraction solvent,
good linearities, low LOD, satisfactory spiked recoveries and
high sensitivity was attained for the real samples. The proposed
method can be used as a convenient and reliable method for the
determination of trace TCs in water and milk samples.
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