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Abstract In the present study, a magnetic nano gel as
the sorbent which is the combination of octatonic acid:
cumarin as eutectic solvent and Fe;O,@SiO, was intro-
duced as the sorbent in ultrasound-assisted dispersive p-solid
phase extraction process coupled with high performance
liquid chromatography with photo diode array detector
for simultaneous separation and determination of tetracy-
clines residues in food samples. FT-IR, SEM, VSM were
used for the characterization of the synthetized magnetic
nano gel. Under obtained optimum conditions, the obtained
linear ranges were 1.5-500 (ug L"), 2.5-750 (ug L™,
2-750 (ug L™Y), and 2.5-500 (ug L™') for tetracycline,
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oxytetracycline, chlortetracycline, and doxycycline, respec-
tively. Moreover, the below level of quantification (BLQ)
(based on S/N=3) 0f 0.47 ug L=, 0.11 pg L=!, 0.85 pyg L7,
0.66 ug L', 0.81 pg L™! and the limit of quantification
(based on S/N=10) of 1.61, 2.74, 2.23 (ug L_l), and 2.66
were achieved for tetracycline, oxytetracycline, chlortetra-
cycline, and doxycycline, respectively. The intra-day and
inter-day precision (%) of the procedure were less than 3.2
and 3.8, respectively. The recoveries over 95% confirmed
high sufficiency of the proposed method for application in
complex matrices such as honey, milk, and egg.
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Introduction

Antibiotics as important antibacterial medications are exten-
sively applied in human and domestic animals for the main
purposes including prophylactics and therapy of disease
and also growth stimulant (Lian et al. 2018). Tetracycline
family (TCs) more noticeably tetracycline (TC), doxycy-
cline (DC), oxytetracycline (OTC), and chlortetracycline
(CTC), are one of the most used antibiotics category due to
their high accessibility and significant antimicrobial activ-
ity especially in veterinary medicine (Huang et al. 2019).
TCs are not only used for infection treatment but also they
are commercially applied for growth improvement in cattle
and poultry as food-producing animals which is a serious
concern for food scientists (Zhou et al. 2018). The presence
and accumulation of TCs residues in foodstuff such as cow
meat, milk, egg, chicken meat, and etc. is a huge concern
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because their consumption by human leads to irrepara-
ble and harmful effects (Khaled et al. 2020). Despite the
imposed strict limitations over the TCs usage by European
Union (EU) Council Regulation owing to their high potential
risk, the indiscrimination to these rules are still problematic.
Hypersensitivity, yellow—brown discoloration of teeth, skin
photosensitivity, microvesicular fatty liver, gastrointestinal
disturbance are some of the side effects of TCs over-intake
during a period of time (Arabsorkhi et al. 2019). Therefore,
the maximum residue limits (MRLs) of 100 pg Kg™! in food
has been inaugurated by the European Union (EU) (Gissa-
wong et al. 2019). Considering the food safety and control
importance, in order to determine TCs concentrations in ani-
mal food products, application of an efficacious analytical
method is essential. Although, various analytical methods
including spectrophotometric (Palamy and Ruengsitagoon
2017), fluorescence (Li et al. 2018), chromatographic (Lian
et al. 2018), and electrochemical (Taghdisi et al. 2016)
techniques have been applied for determination of TCs, due
to the trace levels of these antibiotics in complex matrices
and also to enhance the sensitivity of determination, appli-
cation of sample treatment techniques such as extraction
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methods is essential prior to instrumental analysis. To this
purpose, different sample treatment methods including lig-
uid-liquid extraction (LLE) (Tang et al. 2020), solid phase
extraction (SPE) (Li et al. 2022), solid phase microextrac-
tion (SPME) (Dong et al. 2021), dispersive solid-phase
extraction (D-uSPE) (Cherkashina et al. 2020), single drop
microextraction (SDME) (Li and Row 2022), and dispersive
liquid-liquid microextraction (DLLME) (Faraji et al. 2020;
Sereshti et al. 2021) have been reported for separation and
preconcentration of TCs in various matrixes. Obviously,
all the reported methods have some advantages and disad-
vantages. Dispersive solid-phase extraction (D-uSPE) as a
developed type of SPE, can be categorized as one of the
easiest and simplest methods which can be carried out by
adding specific amount of sorbent to the media and analyte
separation process occurs after several minutes of shaking
or sonication. Then, the process follows by desorption of
analyte from the sorbent. Separation process of the sorb-
ent in D-uSPE is the main drawbacks of this method which
led to the introduction of magnetic dispersive u-solid phase
extraction (MD-uSPE). Application of magnetic sorbents
in D-uSPE intensifies the attractiveness of this method due
to the facile separation of the magnetic sorbent by a simple
magnet from the media which eliminates the centrifugation
step at magnetic D-uSPE method (Isazad et al. 2022). Mag-
netic dispersive p-solid phase extraction is based on the dis-
persion of low amount of a magnetic sorbent in an aqueous
solution. However, MSPE method requires external source
of energy such as vortexing, vibration, and ultrasound assis-
tance, short pretreatment time, extremely low consumption
of organic solvents, and high extraction efficiencies are the
advantages of MD-uSPE (Ding et al. 2019).

Till now, many sorbents such as molecularly imprinted
polymers (MIPs) (Asfaram et al. 2018), multi wall carbon
nanotubes (Jalilian et al. 2018), metal-organic framework
(Amiri et al. 2019), and functionalized graphene oxide
(Khiltash et al. 2021) have been used in MD-uSPE. The
noticeable efforts of chemists have been to introduce highly
efficient sorbents to attain higher recoveries. For instance,
Ma et al. introduced novel Metal-Organic Frameworks/
Molecularly Imprinted Nano-polymer for MD-uSPE of tet-
racyclines from chicken samples. However, short lineari-
ties were obtained and also the BLQs and theLOQs were
not improved enough (Ma et al. 2020). Tang et al. proposed
magnetic solid phase extraction in tandem with liquid-liq-
uid extraction method for determination of four tetracyclines
good linearity was attained but the detection limits were not
acceptable. Therefore, introduction of highly efficient sorb-
ents is necessary for MD-uSPE (Tang et al. 2020). Nanoflu-
ids (NFs) are significant colloidal dispersions consisting of
a nano structure material and a fluid. Nanofluids are consid-
ered as one of the most attractive extraction phases in recent
years in sample treatment methods owing to their high mass

@ Springer

transfer coefficient. However, the requirements of all chemi-
cal processes to get along with green chemistry, made a great
change in the structure of NFs to use ionic liquids and deep
eutectic solvents as the fluids which named as “nanogel
or bucky gel”(Yousefi et al. 2017). In this research study,
the novel magnetic nano gel which is the combination of
Fe;0,@Si0, nanocomposite as the nanostructure and a deep
eutectic solvent (oceanic acid: cumarine) was synthetized
and applied in MD-uSPE for separation and preconcentra-
tion of tetracycline family in some food samples (cow milk,
honey, and egg) followed by HPLC-DAD.

Experimental
Chemicals

All the applied reagents in the entire set of experiments
were of analytical grade with the highest purity. To pro-
vide the standard stock solution (100 mg L™!) of the target
analytes including tetracycline (Sigma Aldrich), oxytetra-
cycline (Sigma Aldrich), doxycycline (Sigma Aldrich), and
chlortetracycline (Supleco Anaytical Standard), appropriate
calculated amount of analytes were dissolved in methanol
and stored at -20 °C. The standard solutions were prepared
daily by the dilution of the stock solution with deionized
water and stored at 4 °C. HPLC grade methanol, acetonitrile,
acetone and water were purchased from Merck. The chemi-
cal structure and pK, values of TCs are shown in Table S1
(Chico et al. 2012). Tetraethylorthosilicate (TEOS), iron
(IIT) chloride hexahydrate, iron (II) chloride tetrahydrate,
ammonia solution (28%) were all purchased from (Sigma
Aldrich, St. Louis, MO, USA) to prepare Fe;0,@Si0,.
The routine applied solvents including Methanol, acetone,
acetonitrile were all purchased from Merck Chemicals Co.,
(Darmstadt, Germany).

Instrumentation and chromatographic conditions

Analytical HPLC (Instrument ID: 8112, KNAUER, Ger-
many) with Auto sampler (model AZURA 3950), quaternary
pump (AZURA, P 6.1 L), PAD detector (model AZURA
DAD 6.1 L), C18 column (25 cm length and 4.6 mm inner
diameter) was used for chromatographic analysis of tetra-
cycline family.

The HPLC program consists of two steps: The first 10
min: The mobile phase was methanol: acetonitrile: oxalic
acid (0.01 mol L") with volume ratio of 3:12:85, and the
second 10 min: the mobile phase volume ratio changed
methanol: acetonitrile: oxalic acid (0.01 mol L™") with vol-
ume ratio of 5:18:77 (Xu et al. 2018).

The column temperature was set at 25 “C, and the analyti-
cal wavelength of HPLC-PDA was set at 350 nm with the
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injection volume of 10 pL. The flow rate degassed mobile

phase was adjusted at 1.0 ml min~".

Sample preparation

Milk, egg, and honey were purchased from a local supermar-
ket in Jiroft, Iran. To reduce the matrix effect, milk sample
was deprotonated by adding a 1:0.5 volume ratio of milk:
acetonitrile and overtaxed for 3 min. Then, the mixture
was centrifuged at 4000 rpm for 5 min and the upper phase
was separated and filtered by 0.22 pm syringes filter. The
obtained solution was dilute to 30 ml with deionized water
to be used for the analytical process (Al-Afy et al. 2018). For
egg sample; 1 ml HCI (0.1 mol L™") and 3 ml acetonitrile
(70%) was added to 2 mL homogenized egg sample and
after overtaxing for 3 min, the mixture was centrifuged at
4000 rpm for 7 min. The upper phase was filtered and the
filtrate was dried under nitrogen mild flow rate. The residue
was diluted to 30 ml with deionized water (Du et al. 2019).
For honey sample; 4 g of honey was diluted to 30 mL with
deionized water and vortexed for 2 min. then, the mixture
filtered and the filtrate used for the analytical process (Gis-
sawong et al. 2019).

Synthesis of magnetic nanogel based Fe;0,@SiO,

In order to prepare DES, octatonic acid and cumarin with
the mole ratio of 2: 1 was mixed and stirred for 5 min at
50 °C. The Fe;0,@Si0, nanocomposite was synthetized
according to the reported literature (Du et al. 2006). In brief,
tetraethyl orthosilicate (TEOS) was added into a mixture of
ammonium hydroxide and TMAOH dispersed Fe;O, in the
solution of water: ethanol (1:10). TEOS solution containing
1 ml of TEOS in 49 ml of anhydrous ethanol, was added
gradually in into the solution A and stirred for 24 h. Due
to the hydrolysis of TEOS, the mixture changed to gelati-
nized form. Finally, the obtained product was dried under
vacuum condition at 110 °C for 48 h. The dried synthetized
nanocomposite was mixed with the prepared DES to gain
the magnetic nanogel.

MNF-USA-CL-CPE procedure

The pH of 30 ml sample solution containing tetracycline,
oxytetracycline, chlortetracycline, doxycycline was set at 7
using HCI or NaOH (0.01 mol LY. Then, 50 uL MNG as
the sorbent was rapidly injected to the solution. The mix-
ture was ultsonicated for 3 min to accelerate the analytes
mass transfer into the MNG. The MNG containing the target
analytes was separated and settled down with an external
magnet without any centrifugation and the upper phase was
discarded. The analyte were back-extracted from the MNG

by adding 75 pL methanol and sonication for 90 s. Then, the
MNG was settled down by a magnet and the methanol phase
was transferred to the HPLC vial for injection.

All the optimizations experiments were carried out in
triplicate. The calculation of the Extraction efficiency (EE)
(%) follows Eq. (1) (Bidabadi et al. 2009):

EE(%) = CC "‘;0 (1)
aq " aq

where, C,, and C,, are the analyte concentrations in the
organic phase (eluent solvent) and in aqueous solution (ini-
tial concentration of analyte) and V, and V,,, are the organic
phase and aqueous phase volumes respectively. In order to
reveal the peconcentration potential of the method, Enrich-
ment factor (EF) was also evaluated which follows Eq. (2)
(Shirani et al. 2022):

CO
o @

aq

EF =

Experimental design

At this research study, the analytical procedure was carried
out using one-at-the-time (Single factor) method in which
each factor was studied at the time and the others kept con-
stant. In order to attain the most suitable extraction efficien-
cies, the influence of substantial factors including pH (in
the range of 3-9), the volume of MNF (20-80 pL), type and
volume of dispersive solvent, extraction time (1-5 min), type
and volume of desorption solvent (25-125 pL), desorption
time (30-150 s), ionic strength (0-5% (w/v)), and sample
volume (10-50 mL) were considered.

Results and discussion

Bidabadi et al. (2009).

Characterization of the MNG

The main force for the formation of DES is intermolecular
hydrogen bonding between octanoic acid, as the hydrogen
bond donor (HBD), and coumarin, as the hydrogen bond
acceptor (HBA). FTIR is a confirmed method to illustrate
these interactions. A shift in the stretching vibration band
of the O—H group in HBD is occurred due to the hydro-
gen bonding that confirmed the successful formation of
DES. Fig. S1 (a) shows the FT-IR spectrums of octanoic
acid, coumarin, and coumarin/octanoic acid DES. Accord-
ing to the FT-IR spectrums, the broad bands at around
3600 cm™! related to the stretching vibration of the O—H
groups in octanoic acid as well as the DES. The peaks at
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2944.19 cm™! and 2917.19 cm™! are related to the sym-
metric and asymmetric vibrational state of C—H bonds in
methyl groups. In addition, the peaks at 1702 cm™! and
1620 cm™! are attributed to the C=0 and C=C stretch-
ing in the carboxylic acid and aromatic ring, respectively.
Also, the peak at 1412 cm™! is attributed to the alkoxy
(C-0) stretching in the carboxylic acid and coumarin,
respectively. Both the characteristic peaks of octanoic acid
and coumarin are present in the DES as well as board band

of O-H group which these results indicate that successful
preparation of DES.

The functional groups on the surface of magnetic
gel were studied by ATR spectra (Fig. S1 (b)). A broad
and intensive peak appeared at 3470 cm™! is assigned to
—OH stretching band. Besides, peaks at 2920.34 cm™!,
2895.26 cm™', 1650 cm™!, 1550 cm™', 1380 cm™’,
1090 cm™~! and 450 cm™! are corresponded to the vibration
frequencies of methyl (C—H), carbonyl (C=0), aromatic
C=C, alkoxy (C-0), Si—O and Fe—O bonds, ATR spectrum
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on the extraction efficiencies of tetracyclines
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of magnetic gel indicated both the characteristic peaks of
DES and the characteristic peaks of the Fe;0,@Si0O,.

The SEM image of magnetic nano gel (DES- Fe;0,@
Si0,) is shown in Fig. S2 (a) which reveals the nanostruc-
ture and morphology of the synthetized MNG. Magnetiza-
tion of the Fe;0,@Si0, was evaluated by VSM. According
to VSM curve in Fig. S2 (b), Fe;0,@Si0O, shows super-
paramagnetic behavior due to zero magnetic remanence
when an applied external magnetic (H) is zero. In addition,
from plateau part of the VSM curve, saturation magneti-
zation (Ms) is around 50 emu g_'. Such excellent Ms for
core/shell material is completely sufficient for magnetic
separation in practical applications.

The effect of pH solution

pH of the solution is an important factor in the physico-
chemical interaction of the aqueous solution and the solid
phase of the sorbent (i.e. MNG). Since, TCs are ampho-
teric compounds, the acidity and basicity of the media
directly affects their protonation or deprotonation (Althu-
mayri et al. 2023). As shown in Table S1, the pK, values of
TCs are in the range of 3.0-9.6. TCs are positively charged
at pH values below pKa, (pH <pKa,), zwitterion at pH
values between pKa, and pKa,, and finally negatively
charged at pH values over pKa;. Therefore, the effect of
pH in the range of 3-9 was investigated. As the results
in Fig. 1a reveal, the extraction efficiencies of four TCs
increased from 3 to 7 and then decreased. Therefore, the
optimum pH of 7 was chosen as optimum. It seems that
at this pH, the target analytes are in neutral form and can
make -t interaction between the phenyl ring of cumarin
in MNG structure and tetracyclines and also the hydro-
gen bond interactions between octanoic acid and nitrogen
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e
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5

and oxygen atoms in tetracycline molecules (Erdem et al.
2021). Also, at this pH there are efficient electrostatic
interactions between protonated amine groups of the TCs
and carboxylic group of octanoic acid in composition of
the MNG.

The effect of MNG amount on extraction efficiencies
of tetracyclines

In sorbent based techniques, the separation of analyte from
the solution occurs through the adsorption of the analyte
on the active cites of the sorbent (Ghorbani et al. 2020). In
order to have maximum extraction efficiencies, appropriate
amount of sorbent should be applied. To this aim, various
volumes of MNG in the range of 20—-80 uL was investi-
gated and as indicated in Fig. 1b, by increasing the amount
of MNG from 20 to 50 uL, the available active sites for
analytes and also the contact surface between the analytes
and the solution would be increased and as a consequence
the extraction efficiencies enhances. Since, the volume of
50 uL MNG provides sufficient empty cites for the ana-
lyte molecules in the solution, the extraction efficiencies
almost become constant for volumes higher than 50 pL.
Accordingly, the volume of 50 uL MNG was sufficient and
used for further studies.

Extraction time defines as the contact time between the
sorbent surface and analytes. Proper extraction time pro-
vides enough time for analytes to be adsorbed on the active
sites of the sorbent which leads to the best extraction effi-
ciencies (Marzi Khosrowshahi et al. 2022). The sonication
time was explored in the range of 1-5 min and the time of
3 min was selected as optimum extraction time (Fig. 1c).
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Fig. 2 The effect of ionic strength and sample volume on the extraction efficiencies of tetracyclines
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Table 2 Application of DES-MNG-UA-DuSPE for simultaneous separation and determination of tetracycline (TC), doxycycline (DC), oxytetracycline (OTC), and chlortetracycline (CTC) in

honey, egg, and cow milk samples

Founded (ug L) Relative recoveries (%)

Spiked concentration (ug L)

Sample

DC

CTC

TC OTC CTC DC TC OTC

DC

OTC CTC

TC

N.D N.D N.D

N.D

Honey*

96.6+2.9
98.2+2.7

98.0+2.6
99.3+2.5

97.2+3.0
97.6+3.2

98.6+2.5
98.7+2.8

50 50 50 49.3° 48.6 49.0 48.3
200 200

200

50
200

196.5

N.D

198.7

195.3
N.D

N.D

197.5

N.D

Egg

97.6+2.3
97.5+3.3

95.0+£3.5
97.4+29

99.2+2.4
98.3+3.1

96.4+3.2
99.5+2.7

50 50 50 48.2 49.6 475 48.8
200 200

200

50
200

195.1

194.8
N.D

N.D

196.6
N.D

199.1

N.D

Cow

milk

96.0+3.2
99.2+2.6

95.2+3.5
98.6+3.2

99.0+2.5
97.9+3.3

98.2+2.8
98.1+2.8

50 50 50 49.1 49.5 47.6 48.0
200 200

200

50
200

195.9 197.2 198.5

196.2

#Egg, honey, and cow milk were all purchased from a local supermarket in Jiroft, Iran

The obtained data are the mean of three replicates

ranges, below level of quantification (BLQ), limits of quan-
tifications (LOQs), and relative standard deviations (RSDs).
Calibration curves were attained by the external standard
approach using least-squares linear regression analysis of the
peak areas versus analyte concentrations. The linear ranges
of 1.5-500 (ug L1, 2.5-750 (ug LY, 2-750 (ug LY, and
2.5-500 (ug L™!) were obtained for tetracycline (TC), oxy-
tetracycline (OTC), chlortetracycline (CTC), and doxycy-
cline (DC), respectively. Moreover, the BLQ (S/N=3) of
0.47,0.11,0.85 (ug L™"), 0.66, 0.81 and the LOQ (S/N=10)
of 1.61,2.74,2.23 (ug L™"), and 2.66 were achieved for TC,
OTC, CTC, and DC respectively. The intra-day and inter-day
precision (%) of the procedure were less than 3.5 and 3.2,
respectively. The results are tabulated in Table 1.

Analysis of food samples via DES-MNG-UA-DuSPE
method

The application of DES-MNG-UA-DuSPE coupled with
HPLC-DAD for the separation and determination of trace
amount of tetracyclines was investigated in egg, honey, cow
milk. The food samples were prepared according to Section
“Real sample preparation”. The target antibiotics were not
detected in food samples. To consider the accuracy of the
method, the analytes were spiked in samples in two levels of
50 and 200 pg L~". The relative recoveries (%) of 95.2-99.3
were obtained with RSDs (%) less than 3.5 for three repli-
cates. The results are presented in Table 2. The HPLC chro-
matograms of blank honey sample and also with two spiked
levels of 50 and 200ug L~! of the standard solution of target
analytes are indicated in Fig. 3.

Comparison with other studies

The potential and analytical performances of the proposed
method were compared with some reported studies. The
proposed method was compared with some recent reported
literatures for the extraction and determination of TCs in
the same matrices. As indicated in Table 3, the analytical
performance including linearity, detection limit, and repeat-
ability of the proposed method are better comparable to the
other methods However, Ma et al. obtained better sensitivity
and also with higher preconcentration factor in comparison
with other studies in Table 3. It is also necessary to men-
tion that with the same instrument, the selective adsorbents
such as MIP-MOF in comparison with magnetic nanogel
usually provides better efficiency in the complex matrices.
However, magnetic feature of the extraction sorbent in our
work same as method provides easy separation and conse-
quently shorter extraction time. Moreover, the sensitivity
and the determination resolution of UPLC (Ma et al. 2020)
and UPLC-QTOF/MS (Xu et al. 2016) techniques are much
better than HPLC-DAD and also sensitivity, reliability and
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Table 3 The comparison of the proposed method with other reported methods

Analytical method Detection method Sorbent

Sample

BLQ (ugkg™") LR (ugkg™") RSD (%) References

DSPME UPLC MIP-MOF Chicken muscle  0.2-5 0.5-200 <4.7 (Ma et al. 2020)
MSCSE* HPLC-FLD Fe,0,@HKUST-1  Milk, chicken 1.8-3.7 20-800 7 (Du F et al. 2019)
/(EHA/DVB/MMA)  egg, chicken
poly muscle,
HIPE® kidney
SPE UPLC-QTOF/M S Multiwalled carbon  Honey, milk 0.61-10 - <12 (Xu J-J et al. 2016)
nanotubes
SPE HPLC MIP Milk, egg, pork 2040 100-1000 (Feng et al. 2016)
PT-SPE° HPLC PAN@COF-SCU1  Duck, grass carp  0.6-3 7-70 <9 (Wang et al. 2020)
UA-DuSPE HPLC-DAD Magnetic nanogel Egg, honey, milk  0.47-0.85 1.5-750 This work
based Fe;0,@
SiO,

*MSCSE: Magnetic stir cake sorptive extraction
®polyHIPE monolithic composites
‘Pipette tip- SPE

selectivity is outstanding in the case of UPLC-QTOF/MS.
Considering the simplicity and cost of instrumentation, the
proposed method could be a good substitute to LC-MS
based techniques and besides, the accessibility to high-tech
instruments is limited. Simplicity, eco-friendly of the sol-
vent, high speed of analysis, low cost, accessibility and high
sensitivity are the main advantages of the proposed method.

Conclusion
This work represents a high performance magnetic nano gel

based cumarine: octanoic acid—Fe;0,@Si0,, used in dis-
persive p-solid phase extraction coupled with HPLC-DAD

@ Springer

for efficient extraction of tetracycline, doxycycline, oxy-
tetracycline, and chlortetracycline in honey, egg, and cow
milk samples. Application of deep eutectic solvent as a green
solvent make this method as a green and environmentally
friendly process. Facile separation of MNG from the media,
facile and easy extraction process, low detection limit, ecof-
riendly extarction phase, proper precision and accuracy are
the significant advantages of the proposed method which
was successfully applied for determination of tetracyclines
in food samples.
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