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Deep eutectic solvents (DESs) are potential ecofriendly surfactants for the preparation of various
materials. In this study, molecularly imprinted polymers (MIPs) were modified by betaine-based DESs.
These materials were characterized by field emission scanning electron microscope and Fourier
transform infrared spectroscopy. The molecular recognition capability for antibiotics of materials was
evaluated by static absorption and dynamic adsorption curves. Five materials were used as solid phase
extraction (SPE) adsorbents for the rapid purification of levofloxacin and tetracycline from the millet
extract. The DES-based materials showed more selective adsorption than the conventional MIPs. The
adsorption curves of DES-MIP showed superior molecular recognition ability and binding capability for
antibiotics than the other materials. The limit of detection and the limit of quantitation of the method
for levofloxacin were 0.01 pg mL™* and 0.03 ng mL~?, respectively. The method recoveries ranged
from 97.2-100.2% for levofloxacin with DES-LMIP and 95.7-99.2% for tetracycline with DES-TMIP.
DES-LMIP and DES-TMIP showed the highest selectivity recovery for levofloxacin (94.5%) and
tetracycline (93.3%) from millet extract with mixture antibiotics, and could remove the interferent

Received 24th January 2017
Accepted 12th March 2017

DOI: 10.1039/c7ra01059a

Open Access Article. Published on 17 March 2017. Downloaded on 10/24/2025 9:33:41 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

rsc.li/rsc-advances effectively.

1. Introduction

Deep eutectic solvents (DESs) have attracted considerable
attention as a new type of eco-friendly solvent for many tech-
nologies in chemistry since their discovery by Abbott et al. in
2003."* DESs are a type of eco-friendly designer solvent
composed of a hydrogen bond donor (HBD) and a hydrogen-
bond acceptor (HBA) compound.® The most common HBA of
DES is choline chloride (ChCl). On the other hand, ChCl is
relatively expensive. Therefore, to expand the applications of
DES, it is important to search for inexpensive and easily
accessible HBA as alternatives to ChCL. In this context, betaine
was chosen as a substitute.

In recent years, antibiotics have been applied increasingly to
humans and animals. Large numbers of antibiotics are used as
immunosuppressive agents, antitumor agents, enzyme inhibi-
tors, hypocholesterolemic agents, antiparasitic agents, and
antimigraine agents. Therefore, antibiotics are released into
natural ecosystems in large amounts.® In addition, the decom-
position period in the environment of most antibiotics is rela-
tively long, meaning that some antibiotics can remain in
various environmental water systems. The antibiotic vestigital is
absorbed by human body from drinking water and food.”®
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Those antibiotic vestigital have adverse effects on human
health, such as reactions in sensitive individuals.®*® Therefore,
the elimination of antibiotics from the environment is essen-
tial. Levofloxacin and tetracycline are very common antibiotics
in human life and they have been detected frequently in several
environmental water systems.'*> Millet is one of the most
common cereal crops. As a common food, millet contains
a variety of compounds beneficial to human health. Millet
congee can be used for the analysis of antibiotics in natural
systems.

Currently, a variety of chromatographic methods have
been developed for the analysis of antibiotics.”®* Sample
pretreatment is an essential step for improving the test
results. SPE is currently one of the most widely used tech-
niques for extracting compounds from mixture samples.'®'”
On the other hand, it is very important to select a suitable
sorbent for SPE to control the parameters, such as selectivity,
affinity, and capacity.**>*

Molecularly imprinted polymers (MIPs) exhibiting high
selectivity and affinity to a predetermined molecule (template)
have attracted increasing interest.”>** In recent years, hybrid
functional monomers (3-aminopropyltriethoxysilane-meth-
acrylic acid (APTES-MAA)) have been applied widely to the
preparation of MIPs.>*** Hybrid MIPs offer high permeability,
excellent mechanical strength, and good organic solvent toler-
ance. The selectivity of MIPs to a template is closely related to
the template structure.>*>® MIP is a promising sorbent owing to
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its novel structure, which combines a uniformly ordered
structure, high pore volume, and high surface area.>® DESs were
introduced in the synthesis of MIPs to improve the affinity and
selectivity of MIPs.*

In this study, certain amounts of levofloxacin and tetracy-
cline were added to the millet extract. The mixed aqueous
solution was used in the analysis to simulate a natural system.
In order to significantly increase the concentration of the
sample and eliminate interfering compounds, SPE had been
applied as a preconcentration step. The DES (synthesized with
betaine and ethylene glycol)}-modified MIP (DES-LMIP and
DES-TMIP), LMIP (without DES), TMIP and NIP (without
template and DES) were obtained using an identical proce-
dure. After synthesis, the obtained materials were character-
ized by scanning electron microscopy (SEM) and Fourier
transform infrared (FT-IR) spectroscopy. All the materials
were applied to rapid purification of extracts as the SPE
adsorbent.

2. Experimental

2.1. Chemicals and reagents

Levofloxacin (>98.0%), tetracycline (>98.0%), betaine (>98.0%)
and were supplied by Tokyo Chemical Industry Co. Ltd. (Tokyo,
Japan). 3-Aminopropyltriethoxysilane (APTES 99%) and 2,2-
azobisisobutyronitrile (AIBN 98%) were supplied by Duksan
Pure Chemicals Co., Ltd. (Ansan, Korea). Methacrylic acid (MAA
98%), ethylene glycoldimethacrylate (EGDMA 98%), methanol
(>99.9%), ethanol (>99.9%), acetonitrile (>99.9%), tetraethox-
ysilane (TEOS, 98%) and ethylene glycol (>99.5%) were acquired
from Alfa Aesar (Heysham, England). Hydrochloric acid (HCI,
36%) were supplied by Kosdaq Co., Ltd. (Siheung, Korean). All
other inorganic reagents and organic solvents were procured
from Duksan Pure Chemicals Co., Ltd. (Ansan, Korea). Distilled
water was filtered using a vacuum pump and filter (HA-0.45,
both from Millipore, USA) prior to apply. All targets were
filtered (MFS-25, 0.2 pm TF, Whatman, USA) before being
injected into the high performance liquid chromatography
(HPLC) system.

(6)
10O, A~
= o : 100°C

Fig. 1 Preparation of based-betaine DES.
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2.2. Instrumentation and conditions

FT-IR spectroscopy (Perkin Elmer, USA) was used to examine the
functional groups of the five test materials using a pressed KBr
pellet method in the range, 400-4000 cm ™. The morphological
evaluation was carried out by field emission-SEM (FE-SEM, S-
4200, Hitachi, Ontario, Canada). HPLC analysis was per-
formed using a Younglin HPLC system equipped with a UV
Detector (Younglin, Korea) and an M930 solvent delivery pump
(Younglin, Korea). The analytical column (150 mm x 4.6 mm
L.D., Cy5, 5.0 um) was acquired from RStech. Co., Korea. The
mobile phase was 0.05 M NaH,PO,-ACN (82 : 18 v/v pH = 3)
and its flow rate was set to 1.0 mL min . The injection volume
was 10 puL and detection wavelength of UV detector was set to
294 nm.

2.3. Preparation of DESs

In this study, betaine-based DESs were synthesized using
a heating method. The eutectic mixtures (ratio 1 : 2 : 1) consist-
ing of a HBA (betaine), HBD (ethylene glycol), and water were
stirred at 80 °C (Fig. 1) until an even, colorless liquid had formed.

2.4. Synthesis of the polymers based on DESs

Table 1 and Fig. 2 present the scheme for MIPs preparation. First
of all, 6.4 mmol APTES and 8.1 mmol MAA were mixed at 60 °C for
24 h to prepare the monomer APTES-MAA. Subsequently, the
template (levofloxacin or tetracycline, 1 mmol) and 3.3 mmol
APTES-MAA were added to 12 mL of methanol, and the mixtures
were sonicated for 10 min until they were fully dissolved; they were
then stored at 4 °C in the dark for 1 h. A 1.0 mL sample of TEOS
after alcoholysis, 0.3 mmol AIBN and 25 mmol EGDMA were then
added to the solution. Subsequently, 1.5 mmol betaine-based DES
was then added (conventional MIPs do not require this step). After
deoxygenating the solution with bubbling nitrogen for 10 min, the
mixture was synthesized at 60 °C for 24 h. After polymerization,
the resulting bulk materials were ground and sieved with a 0.054
mm aperture sieve, and the smallest particles of polymers were
separated by sedimentation in acetone. The materials were
washed successively in a Soxhlet apparatus with MeOH and

Stirred o
N*(CH,),CH,COO" « 2(CH,0H), * H,0

Table 1 Specific information of the preparation of the proposed materials

Formulation NIP MIP DES-MIP MIP DES-MIP
Monomer (APTES-MAA) 3.3 mmol 3.3 mmol 3.3 mmol 3.3 mmol 3.3 mmol
Crosslinking agent (EGDMA) 25 mmol 25 mmol 25 mmol 25 mmol 25 mmol
Initiator (AIBN) 0.3 mmol 0.3 mmol 0.3 mmol 0.3 mmol 0.3 mmol
TEOS 1mL 1 mL 1 mL 1 mL 1 mL

DES — — 15 mmol — 15 mmol
Template — Levofloxacin, Levofloxacin, Tetracycline, Tetracycline,

1 mmol 1 mmol 1 mmol 1 mmol

16998 | RSC Adv., 2017, 7, 16997-17004
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Fig. 2 Schematic illustration of the proposed materials formation.

MeOH-HAc (9 : 1, v/v) for 24 h to remove the template, and dried
under reduced pressure. The efficiency of this procedure was
checked by HPLC. The non-imprinted polymers (NIPs prepared
without template) were synthesized and treated in a same method.

2.5. Absorption capacity of the materials

In the static adsorption test, 30 mg of the proposed materials was
placed in a tapered plastic centrifuge tube with a stopper con-
taining 10.0 mL of the MeOH solutions with levofloxacin (tetra-
cycline) at concentrations of 5-500 pug mL™", respectively. The
mixtures were shaken mechanically for 12 h at room temperature
using a horizontal shaker and separated for centrifugation at
6000 rpm for 15 min. The concentration of target in the solution
was analyzed by HPLC. In the dynamic adsorption test, the
proposed materials were weighed (30 mg) and suspended in 1.0
mL of a levofloxacin (tetracycline) solution of 50 pg mL™". The
mixtures were shaken mechanically for 1, 2, 4, 6, 8,10, and 12 h at
room temperature. The proposed materials were used repeatedly
in the above experiment.*

2.6. Characterization of the materials

The morphology of the proposed materials was observed by FE-
SEM. The molecular structure of the proposed materials was
examined by FT-IR applying the KBr pellet method. In the FT-IR
disk preparation process, 1 mg of the material was ground

This journal is © The Royal Society of Chemistry 2017

together with 200 mg of KBr to produce a pellet; the percentage
of sample to KBr was 0.5 wt%. The FT-IR measurement range

was from 4000 to 400 cm ™.

2.7. Purification of antibiotics from the millet extract

A 5.0 g sample of millet was added to 50 mL of DI-water with
stirring at 80 °C for 1 h. The extraction solution was separated
by centrifugation at 6000 rpm for 15 min. The supernatant was
cooled to room temperature and filtered through a 0.45 um
membrane prior to the SPE procedure. To simulate the natural
systems, 500 ng of levofloxacin and tetracycline was added to 10
mL of a millet extractive (Fig. 3). A 200 mg sample of these
materials was packed into five empty SPE cartridges and frits
were placed at the lower and upper ends to avoid polymer loss.

The antibiotic sample (1.0 mL) was loaded into the DES-SPE
columns, and washed with DI-water (1.0 mL). The sample was
eluted from the columns applying MeOH-HAc (9: 1, v/v, 1.0
mL). The eluted MeOH-HAc was collected at a constant volume
(1.0 mL) for further analysis by HPLC.

3. Results and discussion
3.1. Preparation of materials

Selection of the monomer is a crucial step for the synthesis of
a polymer, and APTES-MAA was used in this study as a hybrid

RSC Aadv., 2017, 7, 16997-17004 | 16999
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Fig. 3 The chromatogram of millet extractive with levofloxacin and
tetracycline (50 ng mL™Y). Column: C18 (150 x 4.6 mm i.d.), detector:
UV (294 mm), injection volume: 10 pl, mobile phase: 0.05 M
NaH,PO4—ACN (82 : 18 v/v pH = 3), flow rate: 1 mL min™™.

functional monomer for the synthesis of MIPs. The APTES
and MAA contained different functional groups in their
molecules. C=C of MAA can be cross-linked with a cross-
linking agent by thermal-initiated free radical polymerization
in the presence of AIBN, while -COOH can be the functional
group on the surface of material to form a hydrogen bond
with a template, and it could also dehydrate with silicon
hydroxyl; the silicate ester bond of APTES can release silicon
hydroxyl and cause APTES to be embedded firmly in the silica
matrix from the condensation of TEOS, while -NH, could be
the functional group on the polymer surface to form
a hydrogen bond with the template. Therefore, APTES-MAA
was applied as a functional monomer. In this study, both the
LMIP and TMIP were modified by DES. In view of a DES
composed of a salt with a hydrogen donor, DES has not only
hydrophobic and -7 interactions with the polymer, but also
hydrogen-bonding interactions with the ~-OH groups of the
polymer. Based on the flexible structure of DESs containing
both an organic group and an anion, DESs might be
a potential surfactant in the preparation of various materials.
Many functional groups from DES were observed over the
surface of the DES-based materials. DES formed hydrogen
bonds with the surface hydroxyl groups of particles. There-
fore, the adsorption efficiency might benefit substantially by
such particle aggregation. A betaine-based DES was applied
successfully to the synthesis of MIPs.

As shown in Fig. 4, these new materials will have different
adsorptivity for the standard solution in the SPE procedure.
The rate of antibiotics loss using the NIPs adsorbent (without
the analyte as a template in synthetic process) was much
higher than with the MIPs and DES-MIPs adsorbent. In two of
the MIPs, DES-MIPs showed the lowest loss rate, and the loss
rate of NIP was higher than that of DES-MIPs and MIPs.
Overall, the DES-modified materials showed more selective
adsorption than the conventional materials.

17000 | RSC Adv., 2017, 7, 16997-17004
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Fig. 4 The loss rates of materials for levofloxacin and tetracycline.
Column: C18 (150 x 4.6 mm i.d.), detector: UV (294 mm), injection
volume: 10 pL, mobile phase: 0.05 M NaH,PO4—-ACN (82 : 18 v/v pH =
3), flow rate: 1 mL min~%,

3.2. Characteristics of the materials

Fig. 5 shows FE-SEM images of the five proposed materials;
many particles were observed. These materials were not
spherical particles, but the structure was similar to a cotton
shape. On the other hand, these materials also showed some
differences. The mean particle size and surface morphology of
these new materials were different. These minor modifications
in preparation led to a significant change in particle
morphology. Many different small pores and functional groups
were formed over the surface of the proposed materials.
Therefore, the adsorption capacity and selectivity might benefit
substantially from such particle aggregation.

FT-IR spectroscopy is a common technique for investi-
gating the material conformation because it can provide
abundant information on the structure. The FT-IR spectra has
two regions: functional group region (4000-1330 cm™ ') and
fingerprint region (1330-400 cm ). As shown in Fig. 6, all of
these materials had a similar fingerprint region because they
were the same type of materials. The functional group region
showed a small difference between the traditional materials
and DES-based materials, because betaine-based DES had
been applied to the synthesis of the materials. Fig. 6 shows
same different functional group peaks between these five
proposed materials. The N-H (3500-3300 cm ') peak on these
four MIPs (LMIP, DES-LMIP, TMIP and DES-TMIP) was much
more remarkable than it on NIP. The reason for this difference
is that the template was added to the synthesis process of
MIPs. On the other hand, Fig. 6 shows functional group peaks
at 1550 cm ™ and 2350 cm ™ in FT-IR spectra of the DES-based
MIPs. These functional groups should be based on the modi-
fication of betaine-based DES. Betaine-based DES was con-
nected to the surface of these materials. Therefore, these
materials had been modified by betaine-based DES
successfully.

This journal is © The Royal Society of Chemistry 2017
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Fig. 5 Scanning electron micrograph of NIP (a) and (b), LMIP (c), DES-LMIP (d), TMIP (e) and DES-TMIP (f).

3.3. Evaluation of the selective adsorption capacity of
materials

Experiments of static absorption and dynamic adsorption were
completed at room temperature to evaluate the binding prop-
erties of these materials. Fig. 7a and c shows that the amount of
levofloxacin and tetracycline adsorbed by five of the materials
increased with increasing concentration (5.0-500 pg mL™%).
DES-LMIP and DES-TMIP showed the highest affinity in all
these materials. The absorption by the other five materials
increased until the levofloxacin concentration was 200 ug mL .
The adsorption capacity showed no further change when the
concentration was higher than 200 pg mL . On the other hand,
the saturation adsorption concentration of tetracycline was 300
ug mL ", According to Fig. 7b and d, the adsorption capacity of
these five materials increased with increasing adsorption time

This journal is © The Royal Society of Chemistry 2017

before saturation adsorption. These materials required 10 h to
reach adsorption saturation. In five of the materials, DES-MIPs
showed the best adsorption capacity; the adsorption capacity of
NIPs was lower than DES-MIPs and MIPs.

3.4. Validation of the SPE-HPLC method

DES-MIPs was assessed as a SPE sorbent for the purification of
levofloxacin and tetracycline, and the method under the opti-
mized protocols was validated. The calibration curves were in
the range of 0.1-500.0 pg mL~" for levofloxacin and tetracycline.
Table 2 lists the regression equation (X is peak area; Y is
concentration). Based on a signal-to-noise ratio of 3 and 10, the
limit of detection (LOD) and limit of quantitation (LOQ) of the
method for levofloxacin were 0.01 pg mL™" and 0.03 pg mL ™"
and tetracycline were 0.04 pg mL~' and 0.05 pg mL™},

RSC Aadv., 2017, 7, 16997-17004 | 17001
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Fig. 6 FT-IR spectrum of materials.

respectively. The precision and accuracy were assessed by
analyzing five replicates of spiked samples at three spiked levels
on the same day and three separate days (n = 3); the intra-assay
and inter-assay precision, which is expressed as the relative
standard deviation (RSD), were 1.8% and 1.1%. The method
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Table 2 Calibration curves for levofloxacin and tetracycline
Analytes Regression equation R
Levofloxacin Y = 0.185X + 4.2176 0.9997
Tetracycline Y = 0.232X + 2.1659 0.9995

recoveries ranged from 97.2-100.2% for levofloxacin with DES-
LMIP and 95.7-99.2% for tetracycline with DES-TMIP when
the concentrations were 5, 25, and 50 pug mL~" at the three
levels, as shown in Table 3. The RSD of levofloxacin and tetra-
cycline from the inter-day and intra-day determinations was less
than 1.1% and 1.8%, respectively.

3.5. Purification of antibiotics from the millet extract

The five materials were used to purify antibiotics from a millet
extract by SPE. The millet extract was the interferent in this
purification work (Fig. 3). All the materials could remove the
interferent well, but the recovery of antibiotics was much
different. As shown in Fig. 8 and 9, although DES-LMIP (DES-
TMIP) and LMIP (TMIP) showed good selectivity for levo-
floxacin (tetracycline), but the selectivity for tetracycline (levo-
floxacin) was bad. The selectivity of DES-MIPs was much better
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—a— DES-LMIP
1400
—e— LMIP
i 12004 A~ NIP
= —v— DES-TMIP
2 10004 —e—TMIP
>
?
S 800
(W]
o
c 600
S
B
5 400
12}
T
< 200
o (b)
T T T T T T T
0 2 4 6 8 10 12
Time of adsorption(h)
1600
10| —=DESMIP
—e— MIP
1200 —A—NIP v
2 —v— DES-TMIP
2 1000 - —o— TMIP
>
3 ¥
S 800 /
[v]
(6]
c 600
k=)
a
5 400
8
< 200
04

Time of adsorption(h)

Fig. 7 The static adsorption capacity of the proposed materials for antibiotics (a and c). The dynamic adsorption capacity of the proposed
materials for antibiotics (b and d). Column: C18 (150 x 4.6 mm i.d.), detector: UV (294 mm), injection volume: 10 plL, mobile phase: 0.05 M

NaH,PO4—ACN (82 : 18 v/v pH = 3), flow rate: 1 mL min™™.
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Table 3 SPE-HPLC method recoveries (n = 3) and RSD values of
levofloxacin and tetracycline standard solution

Intra-day Inter-day

Spiked Recovery RSD Recovery RSD
Analytes (ngmL™) (%) (%) (%) (%)
Levofloxacin 5 99.8 0.7 98.2 1.2

25 99.5 1.4 100.2 1.6

50 97.2 1.5 99.4 1.8
Tetracycline 5 97.8 0.3 96.9 0.7

25 96.5 1.2 99.2 0.9

50 98.3 1.1 95.7 1.0

than MIPs. DES-LMIP and DES-TMIP showed the highest
selectivity recovery for levofloxacin (94.5%) and tetracycline
(93.3%) from millet extract with mixture antibiotics, and could
remove the interferent effectively.
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Fig. 8 The recoveries of levofloxacin and tetracycline.
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Fig. 9 The chromatograms of levofloxacin (ng mL™Y) and tetracycline

(ng mL™Y in millet extractive after purification by DES-LMIP and DES-

TMIP. Column: C18 (150 x 4.6 mm i.d.), detector: UV (294 mm),

injection volume: 10 uL, mobile phase: 0.05 M NaH,PO4—ACN (82 : 18

v/v pH = 3), flow rate: 1 mL min~™.

This journal is © The Royal Society of Chemistry 2017
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4. Conclusions

DES-LMIP and DES-TMIP were modified by betaine-based DES.
These materials were applied for SPE packing and characterized
by FE-SEM and FT-IR. The adsorption curves of the DES-based
MIPs exhibited better molecular recognition ability and
binding ability for levofloxacin and tetracycline than the
conventional MIP. The method recoveries ranged from 97.2-
100.2% for levofloxacin with DES-LMIP and 95.7-99.2% for
tetracycline with DES-TMIP. The selective adsorption of the
DES-based MIPs was also better than the conventional mate-
rials. DES-LMIP and DES-TMIP showed the highest selectivity
recovery for levofloxacin (94.5%) and tetracycline (93.3%) from
millet extract with mixture antibiotics, and could remove the
interferent effectively. Overall, DES can potentially be extended
to a broad scope of effective drug screening efforts in clinical
laboratories.
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