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In this work, a new and simple method was developed for the synthesis of uncovered and high-selectivity
spiramycin-based molecularly imprinted microspheres (SP-MIMs) by Pickering emulsion polymerization
using spiramycin as templates. And surprisingly the solid particles were absent on the surface of
imprinted microspheres, which can be ascribed to the Ganoderma lucidum spores (GLS): they were
firstly selected to be the stabilizers for the Pickering emulsion in this new strategy. Through a series of
adsorption experiments, the uncovered SP-MIMs were proven to possess more excellent selective
recognition and removal ability for template SP in aqueous solution. And SP-MIMs could be reused for
many times without significant loss of adsorption capacity, indicating the satisfactory regeneration
performance. Therefore, SP-MIMs can be employed as a promising adsorbent for the selective removal
of SP from aqueous media, and this strategy will contribute to overcoming the shortcomings of stabilizer
particles on the surface of the as-prepared imprinting microspheres, because these solid particles lack
the special selective recognition activity of template molecules, and may disturb the adsorption effect of
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1. Introduction

In recent years, many kinds of organic pollutants, including
antibiotics, have been introduced into the aquatic environ-
ment."” For instance, spiramycin (SP), a kind of typical 16-
membered ring macrolides antibiotic, has been detected in
Italian aquatic environment.* The presence of antibiotics in
bodies of water around the world has drawn very special
attention because of the potential promotion role towards the
breeding of drug-resistant bacteria.* Thus, it is very important
to monitor, recognize and remove the antibiotic residues in
water in time. Molecularly imprinted polymers (MIPs) have
tailored recognition sites with high affinity towards given target
molecules,® so they have been widely applied in selective sepa-
ration and recognition of many different targets, such as
bifenthrin,® lambda-cyhalothrin,” tetracycline,® protein® and so
on. To date the MIPs can be synthesized using various
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techniques, such as bulk polymerization, precipitation poly-
merization or emulsion polymerization, etc. Among the many
polymerization approaches, Pickering emulsion polymerization
has gained more and more attention in recent years, because it
has the advantages of simplicity, high yields of polymer and
good control of final particle size, which make it be suitable for
preparing the desired MIPs.*

The type of Pickering emulsion mainly includes the oil-in-
water (o/w) and water-in-oil (w/o), which is believed to be
determined in some way by the particle wettability."* And the
wettability of particles, expressed in terms of the contact angle ¢
of a particle at the interface of oil and water, is a major factor to
determine the surface activity of the particles and the type of
Pickering emulsion.”” When the value of 6 of particles is
measured to be beyond 90°, particles are hydrophobic and can
be used to stabilize w/o emulsions. Whereas when the
measured value of # is below 90°, particles are usually hydro-
philic and can stabilize o/w emulsions. If the particles can be
completely wetted by water or oil, they will remain dispersed in
either phase and can not be used to stabilize Pickering emul-
sions.”” Based on this, the diverse solid particles have been
developed to be used as emulsion stabilizers, such as polymer,*
magnetic particles,” silica," TiO,,"” clays'® and isocyanate
microcapsules.”” However, most of the known inorganic parti-
cles have been found to be inherently hydrophilic and thus their
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surfaces need to be modified. For example, the satisfactory
wettability of particles was obtained by the adsorption of
amphipathic emulsifiers, such as small molecular weight
charged surfactants and oleic acid.® Besides, many kinds of
polymers for the appropriate emulsion stabilizers are
prepared.>**?*® However, it is noticeable that the surface of MIPs
via Pickering emulsion polymerization are covered with a layer
of stabilizer particles, which have no affinity binding sites for
the template molecules. Instead, they may interfere with the
rebinding of imprinted sites to template molecules.

As a species of basidiomycotina mushroom, Ganoderma
lucidum (GL) is a famous traditional Chinese medicine.
Ganoderma lucidum spores (GLS) are generative cells with
a protective bilayer sporoderm structure, which produced by
the sporophore. There are many active ingredients in GLS,
including ergosterol, triterpenoids, unsaturated fatty acids,
and polysaccharides,” and so GLS have strong bioactivity
and have been widely used in antitumor, modulating
immunity, protecting liver and so on.** The spheroid GLS are
thermally and mechanically stable, and the sizes of GLS
particles are about 6.5-8 x 9.6-12.6 pm.>* It is interesting
that the GLS have a large internal space and thus they will be
a promising biomaterial.>* However, to date, there are no
reports on the synthesis of MIPs using the GLS-stabilized
Pickering emulsion polymerization.

In this work, for the first time, we report the utilization of
GLS as stabilizers of Pickering emulsion and the synthesis of
a novel type of uncovered spiramycin-based molecularly
imprinted microspheres (SP-MIMs). Most interestingly and
importantly, because GLS can be easily separated from the
surface of imprinted microspheres in water after the polymer-
ization, there was not a layer of GLS on the surface of the
prepared imprinted microspheres. However, the absence of GLS
on the surface of MIPs may be benefit for the extraction and
rebinding of template molecules. In addition, the selective
adsorption and recognition behaviors toward template mole-
cules (SP) were investigated in detail. And the prepared
imprinted microspheres were also characterized by some tech-
niques, such as scanning electron microscopy (SEM), Fourier
Transform Infrared spectra (FTIR) and so on. The results
showed that the prepared SP-MIMs possessed good thermal
stability, large specific surface, perfect surface morphology and
excellent selectivity to template molecules.

2. Materials and methods

2.1. Materials

Ganoderma lucidum spores (GLS) was obtained from Changbai
Mountain Protection Development Zone Senbao speciaity store
(Jilin, China). Spiramycin (SP) were supplied by Hu Bei Zhiqi
biochemical Co., Ltd. (Hubei, China). EM, azithromycin (AZM)
and chloromycetin (CHL) were purchased from Hu Bei Heng-
shuo chemical co., Ltd. Ethanol, toluene, acetic acid, methanol
and phosphoric acid (85%) were received from Sinopharm
Chemical Reagent Co., Ltd. (Shanghai, China). 2,2’-Azobis(2-
methylpropionitrile) (AIBN) obtained from Tianjin
Guangfu Fine Chemical Reagent Co.,Ltd. Ethyleneglycol

was
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dimethacrylate (EGDMA) and methacrylic acid (MAA) were all
received from Aladdin Reagent Co., Ltd. (Shanghai, China).
Deionized water was used in all experiments.

2.2. Instrument

Fourier Transform Infrared (FTIR) spectra were recorded on
a Nicolet Nexus-470 FTIR apparatus (USA) using KBr pellet in
the range of 4000-400 cm™". The morphology of SP-MIMs was
examined by JSM-7001F scanning electron microscopy (JEOL
Ltd., Japan). The thermal properties of samples were deter-
mined by a diamond TG/DTA instrument (Thermo Plus-EVO,
Rigaku, Japan) under a nitrogen atmosphere at a heating rate
of 10 °C min~" from 25-800 °C.?* An UV-Vis spectrophotometer
(UV-2450, Shimadzu, Japan) was employed to collect UV-Vis
adsorption spectra. The sonication of samples was performed
with a Branson digital 450 W Sonifier in experiment. The water
contact angles of solid particles was measured with an optical
contact angle measuring device (KSV CM200) according to the
literature.*® A specific surface and pore size analysis instrument
(BET/BJH method, 3H-2000PS1, Beishide Instrument Tech-
nology Co., Ltd., China) was used for the determination of
nitrogen adsorption-desorption isotherms of the samples. The
BET model was used to calculate the specific surface area, and
BJH method (nitrogen desorption isotherms) was used to
analyze the pore size distribution.

2.3. Preparation of SP-MIMs and SP-MIMs

The SP-MIMs were synthesized by GLS-stabilized Pickering
emulsion polymerization strategy as follows: First, 0.1 mmol of
SP and 0.6 mmol of MAA were dissolved in 2.0 mL of toluene.
The mixture was kept still in dark place for 4 h to produce the
preassembly solution. Secondly, 0.16 g of GLS particles were
dispersed in 5.0 mL of doubly distilled water, and then the
obtained dispersion was sonicated using a Branson 450 W
sonifier at 50% amplitude for 20 min in 2.0 s intervals with
a 3.0 s rest period to produce a dark brown suspension of GLS,
which was used as the water phase. During the ultrasonic
process, the dispersion was cooled by an ice bath in order to
prevent an increase in the dispersion temperature. In order to
prepare the oil phase, 2.0 mmol of EGDMA and 15 mg AIBN
were added to the preassembly solution. The water phase was
mixed with oil phase and then the mixture was violently shook
by hand, a stable Pickering emulsion was prepared. Finally, the
as-prepared Pickering emulsion was purged oxygen by nitrogen
gas for 10 min. Afterwards, the tiny bottles of emulsion was
sealed up and then the temperature was increased to 65 °C and
kept for 24 h. After separated by centrifuge, the doubly distilled
water was added to the beaker containing the obtained prod-
ucts. The white solid particles were precipitate in the bottom of
the beaker. After the upper dark brown mixture was poured, the
white solids were washed with ethanol and then were dried at
50 °C in a vacuum drying oven. In order to remove the template
molecules, the obtained powders were washed repeatedly with
the solution of methanol and acetic acid (9 : 1 v/v) in a Soxhlet
extractor until no SP was detected in the eluent. The SP-MIMs

were dried at 50 °C under vacuum. For the control
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experiments, SP-based non-imprinted microspheres (SP-NIMs)
were synthesized without the addition of template molecules
(Sp).

2.4. Static adsorption experiments

Static adsorption experiments included adsorption isotherm
and adsorption kinetics. For the equilibrium experiments,
10.0 mg of SP-MIMs or SP-NIMs was respectively suspended in
the solution (10 mL) of methanol and doubly distilled water
(1 : 4, v/v). And the initial concentration of SP was ranged from
10 to 200 mg L. The suspensions were placed in thermostat-
ically controlled water at 298 K and 308 K, respectively. After
adsorption for 12 h, the residual amount of SP in the solution
was measured by an UV-Vis spectrophotometry at 232 nm. The
contact time had influence on adsorption of sorbents for SP,
which was explored by adsorption kinetics. 10 mg of SP-MIMs or
SP-NIMs was respectively dispersed in 10 mL of solution and the
concentration of SP was 100 mg L. The solution was incu-
bated at 298 K. The adsorbent was removed from the solution at
different time intervals. The residual concentrations of SP was
detected by an UV-Vis spectrophotometer. The adsorption
capacity (Q;,, mg g~ ') can be calculated according to the differ-
ence of SP concentration in aqueous before and after adsorp-
tion, which can be expressed as follows:*

(Co—C)V
m

Qt = (1)

where C, (mg L™ ") was defined as the initial concentration of SP.
C; (mg L™') was defined as the residual concentration of SP at
time ¢. V (mL) represented the volume of adsorption solution
and m (g) was the adsorbent mass. If C, and Q, were respectively
replaced by C. and Q., Q. (mg g~ ') can be calculated according
to eqn (1). Q. (mg g~ ') was the amounts of adsorbate on the
sorbent at equilibrium. C. (mg L™') was the equilibrium
concentration of SP.

2.5. Selective recognition experiments

In order to investigate the selective recognition ability of SP-
MIMs for template molecules SP, 10 mg of SP-MIMs or SP-
NIMs was separately added to 10 mL of solutions, and each
solution contained 100 mg L™" SP, EM, AZM or CHL, respec-
tively. After the binding experiments were carried out at 298 K in
water for 12 h, the remaining amount of SP and CHL were
detected at 232 nm and 278 nm by an UV-Vis spectrophotom-
eter, respectively. The remaining amount of EM and AZM can
not be measured by UV-Vis spectrophotometer. However, the
mixture of a certain amount of concentrated phosphoric acid
and EM or AZM solution was heated in a boiling water bath for
10 min, the achieved solution will have a stable UV absorption
peak at 482 nm.?® So the remaining amount of EM and AZM can
be detected at 482 nm by UV-Vis spectrophotometer after
treatment with concentrated phosphoric acid.

2.6. Regeneration of adsorbent

In order to study the regeneration and recovery of SP-MIMs,
10 mg of the SP-MIMs was incubated in 100 mg L™ " of SP

34774 | RSC Adv., 2019, 9, 34772-34783
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solution (10 mL) at 298 K for 12 h. The SP-MIMs with adsorbed
SP was washed with methanol/acetic acid (9 : 1, v/v) to remove
the template SP, and then dried overnight at 50 °C. To investi-
gate the regeneration, the achieved products were reused and
dispersed in 10 mL solutions of SP with initial concentrations of
100 mg L' in new adsorption experiments. And the adsorption
efficiency of SP by the regenerated materials after several
adsorption-desorption cycles was investigated.

3. Results and discussion

3.1. Preparation of pickering emulsion and SP-MIMs

The schematic illustration of synthesis approach of SP-MIMs by
Pickering emulsion polymerization was presented in Scheme 1.
The water phase was mixed with oil phase to form Pickering
emulsion. Fig. S1Af showed the photographs of an oil-phase
dispersion and a water-phase dispersion. The dark brown
aqueous dispersion of GLS was used as water phase, and the oil
phase was composed of template molecules (SP), functional
monomer (MAA), crosslinking agent (EGDMA) and initiator
(AIBN) in toluene, which was transparent liquid. In the
imprinting process, toluene was not only used as excellent
solvent for monomer and template, but also a good pore
formation agent, which can promote the formation of a well-
developed pore structure in the polymer matrix. And the pore
structure was benefit for the increasement of specific surface
area and the binding capacity of the sorbents.? Photographs of
a Pickering emulsion before and after sharp shaking were
showed in Fig. S1B and S1C.{ From Fig. S1B,t the dark brown
water-phase dispersion was located at the bottom of the vial and
the transparent oil phase dispersion was situated at the top of
the water phase. It can be seen in Fig. S1CT that the GLS
particles-stabilized oil-in-water Pickering emulsion formed
after the two-phase was mixed and shook. GLS particles were
employed as the stabilizers in emulsifying process. And GLS
particles moved from water phase to the oil-water interface and
prevented the oil droplets merging with each other. The
micrograph of Pickering emulsion droplets stabilized by GLS
particles was shown in Fig. S1D,f which displayed the
arrangement of GLS particles adsorbed to oil and water inter-
faces. Fig. S1Dt showed that individual GLS particle was clearly
visible on the emulsion interface. However, the GLS particles
did not cover completely the surface of emulsion droplets,
which was consistent with the results of research literature.*
Due to the emulsification, the o/w emulsion droplets appeared
to be roughly homogeneous and uniform.

It was very vital to select suitable stabilizer for the prepara-
tion of Pickering emulsion. And the wettability of stabilizer was
an important parameter in determining the formation and type
of emulsion. The wettability can be expressed in term of contact
angle 6 of stabilizer. The solid particles (6 > 90°) was usually
termed hydrophobic and can be used to stabilize water—oil
emulsions, on the contrary, the particles (6 < 90°) was usually
hydrophilic and suitable to stabilize oil-water emulsion. The
particles with 6 slightly below or beyond 90° were optimal.** The
contact angle # of GLS had been measured and displayed in
Fig. S2A.7 The contact angle 6 of GLS was 31.45°, which indicate

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Sketches of fabrication approach of SP-MIMs by Pickering emulsion polymerization.

that the GLS particles were extremely hydrophilic. According to
the value of 6, GLS particles seemed to be unsuitable for the use
as stabilizer. However, it was satisfying that the GLS particles
could move from water phase to the oil-water interface and
stabilize the emulsion. It was reported by Wang et al. that the IR
spectra of GLS at different areas were similar and GLS contained
the ingredient of polysaccharide, sterols, proteins, fatty acids,
etc.”> As a natural biological material, GLS contained various
organic ingredient, which was different from those inorganic
materials. When GLS were used to stabilize Pickering emulsion,
the particularity of GLS, including the organic ingredient and
special structure, maybe promote the movement of GLS parti-
cles from water phase to oil phase. And the contact angle 6 of
GLS was not the determinants of the formation of Pickering
emulsion. Thus a Pickering emulsion was formed with the
action of GLS particles.

In the imprinting system, SP, MAA, EGDMA and AIBN were
chosen as the template molecules, functional monomer,
crosslinking agent and initiator, respectively. The self-
assembled system was firstly formed between MAA and
template SP because of the hydrogen bonding interaction.
Then, free radical polymerization between functional mono-
mers (MAA) and crosslinker (EGDMA) was initiated by AIBN
under heating, and then polymer networks gradually formed.
After the polymerization reaction ended, the doubly distilled
water was added to the as-prepared solid in a beaker. Surpris-
ingly, the white solid particles precipitated out in the bottom of
the beaker. Fig. S2Bt showed the photograph of the desqua-
mating of GLS particles and the sedimentation of polymer
microspheres. Obviously, GLS particles had dropped off from
the surface of the imprinted polymer microspheres, which
might be ascribed to the hydrophilia. And then the deciduous
GLS particles were suspended in the water. Although, GLS
particles could move from water to the water-oil interface in the

This journal is © The Royal Society of Chemistry 2019

formation process of the emulsion, GLS particles were so
hydrophilic that they could not be wetted well by oil phase. The
result was that GLS particles were merely attached to the surface
of imprinted microspheres and easily came off the imprinted
microspheres. The GLS particles and SP-MIMs were easily
separated because the GLS particles were suspended in water
and polymer microspheres precipitated to the bottom of the
beaker. In order to confirm the complete separation of GLS and
polymer microspheres, the surface condition of the polymer
microspheres sitting in the bottom of the beaker was investi-
gated using the microscope, as shown in Fig. S2C.T It could be
seen that there were still some GLS particles on the surface of
polymer microspheres, indicating that GLS particles and poly-
mer microspheres were not completely separated. Meanwhile,
the full shape of GLS particles which attached to imprinted
polymeric microspheres also showed that GLS were stable in the
organic solvents as well as acids in heating condition in this
paper. After water was added to the preceding products and the
container was shaken again, under the microscope, the bare
polymer particles were obtained eventually, as shown in
Fig. S2D.t After the template molecules in the bare polymer
microspheres were eluted by organic solvent, binding sites were
produced in the polymer networks which were structurally
complementary to the template molecules, thus SP-MIMs were
successfully prepared.

3.2. The influence of stable particles on the surface of
imprinting microsphere

So far, there had been many researches on the MIPs which were
prepared by Pickering emulsion polymerization.***>** These
MIPs were usually covered with a layer of solid particles which
were used as stabilizers in emulsion. Here, the important
function of solid particles was to stabilize the Pickering emul-
sion and facilitate the formation of spherical MIPs. In the

RSC Adv., 2019, 9, 34772-34783 | 34775
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adsorption experiments, solid particles covering of the surface
of MIPs had no selective recognition for template molecules. On
the contrary, the solid particles may have a negative effect on
the adsorption performance and selective recognition ability of
MIPs. Scheme 2 showed the extraction and rebinding process of
template molecules on MIPs with and without stabilizers. For
MIPs with stabilizers, the solid particles may influence the
extracting efficiency and rebinding ability of MIPs, because the
layer of solid particles had the potential transmission resis-
tance. However, for MIPs without stabilizers, because there was
no a layer of solid particles and no potential transmission
resistance, the template molecules can be easily and smoothly
removed by eluting solvent or rebound by recognition sites on
MIPs. So the selective adsorption capacity of the MIPs without
stabilizers may be superior to the MIPs with stabilizers. Thus, it
was very interesting and important to achieve the MIPs without
stabilizers by very simple means. Because there was no the
blocking and disturbance of GLS particles on the surface of SP-
MIMs, the elution and rebinding efficiency of template mole-
cules might be dramatically improved.

3.3. The effect of GLS amount on the pickering emulsion

The effect of GLS amount on the stability of Pickering emulsion
was investigated. In Fig. S3A,T the volume of toluene and water
were 3.0 mL and 7.0 mL respectively, the amount GLS was
0.10 g. However, the oil phase was rapidly separated from the
water phase and the GLS particles were fully dispersible in
water, so the Pickering emulsion was enormously unstable
under these conditions. The volume of oil and water phase were
remained unchanged, but the amount of GLS particles was
increased to 0.16 g, the stability of emulsion was improved in
a certain extent, but the emulsion breaking and delamination
could be seen in Fig. S3B.f When the dosage of toluene and
water were 2.0 mL and 5.0 mL respectively, and the material
mass of GLS was still 0.16 g, the stable Pickering emulsion was
prepared on the same operation. Thus, it was found that

Solid particles.
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increasing the amount of GLS would contribute to the
improvement of Pickering emulsion stability (Fig. S3C¥).

3.4. Characterization of imprinted microspheres

3.4.1. Morphology characterization of polymers. In this
experiment, the GLS were produced by the Ganoderma lucidum
in northeast China, and Fig. 1A revealed the photograph of the
GL. SEM images of GLS were presented in Fig. 1B and C. The
spores were oval shape, which were about 4.9 and 8.3 pm in
width and length, respectively. Moreover, the top of GLS shows
truncation or blunt conoid, and there were several holes on the
surface of the spores.** Fu et al.*® also studied the morphology of
broken spores, and found that the GLS were of hollow structure.
It was this special structure that enabled the GLS particles to
suspend in the water after dropping out from the surface of
microspheres. The SEM images of SP-MIMs were shown in
Fig. 1D and E. SP-MIMs presented regular sphericity and their
size was about 60-70 um. It seemed to be rough. And there were
sporadic spores attaching to the surface of only a few micro-
spheres, which not only provided evidence that GLS particles
were located at the surface of imprinted polymer microspheres
after emulsion polymerization, but also indicated that spores
and microspheres were separated completely. Moreover, it was
obvious that the shedding of GLS made no imprint on the
surface of microspheres. From this, we inferred further that the
GLS particles only accumulated mainly at oil-water interface in
Pickering emulsion, instead of being immersed into oil phase,
which result in the easy separation between GLS and polymer
microspheres. A more detailed observation by SEM (Fig. 1F)
revealed that the surface of polymers were uncovered due to the
removal of GLS. The rough and loose surface of polymers were
not only helpful for enhancing the special area of SP-MIMs, but
also in favor of removing and rebinding of template molecules.

3.4.2. FT-IR spectra analysis. FT-IR spectra of GLS, SP-
MIMs and SP-NIMs were measured and showed in Fig. 2.
According to the spectrum of GLS in Fig. 2A, the broad
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Xtract tempiates
A A A A Rebind
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Scheme 2 Sketches of the impacts of stabilizer particles on MIPs prepared by Pickering emulsion.
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absorption band at 3434 cm ™" was attributed to the vibration of
N-H group and the absorption bands at 2924 and 2853 cm ™"
were assigned mainly to asymmetric and symmetric stretching
vibrations of -CH; and -CH,-. Besides, a sharp peak was pre-
sented at 1746 cm ' which could be ascribed to the C=0
stretching in ester.”* The bands at 1638 cm ' and 1151 cm™*
were respectively assigned to the absorption of -CO-NH, and
stretching of C-O in proteins and carbohydrates, and the wide
band at 1077 cm™ " was a typical characteristic of sugars.?? Thus
it could be seen that GLS contained various organic functional
groups. There were several adsorption peaks in the spectra of
SP-MIMs at 3461 cm ', 2954 cm ™', 1729 cm ', 1454 cm !,

View Article Online
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1386 cm ™ ',1262 cm™ ' and 1155 cm ™ ', respectively, as shown in
Fig. 2B. Among them, the broad absorption band at 3461 cm™*
was attributed to the vibration of O-H group. The broad
absorption band at 2954 cm™ " was assigned to the C-H asym-
metry stretching vibrations of saturated hydrocarbons (both
CH; and CH, groups). And the strong absorption at 1729 cm ™"
was referred to the C=0 stretching vibrations of EGDMA and
MAA. The distinct adsorption peak at 1454 cm ' can be
assigned to asymmetric stretching in-plane flexural vibration of
C-H (-CH; or -CH,-), and the peak at 1386 cm ™' was assigned
to symmetric stretching in-plane flexural vibration of C-H
(~CH3) of EGDMA and MAA. The FT-IR peaks at 1262 cm™ ' and

Fig. 1 The picture of GL (A) and SEM images of GLS (B and C), SP-MIMs (D and E) and the magnification image of its surface (F).

This journal is © The Royal Society of Chemistry 2019
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1155 em™ ! were ascribe to the C-C(=0) -O absorption peaks of
the saturated ester which came from EGDMA. Furthermore, the
adsorption peak at 1637 cm ™" in Fig. 2B could be imputed to
C=C vibration of EGDMA, suggesting that the bonds of the
EGDMA molecules were not 100% cross-linked in the SP-
MIMs.*® Most importantly, there was no adsorption peak at
1077 cm ™! in Fig. 2B, which was the characteristic adsorption
peak of sugars in GLS, indicating that the absence of GLS
particles on the surface of SP-MIMs. Furthermore, it was
observed in Fig. 2C that the FT-IR spectrum of SP-NIMs was
nearly identical to that of SP-MIMs, which indicated that the
template molecules had been removed completely.

3.4.3. Nitrogen adsorption-desorption analysis. The
surface properties of adsorbing materials had a big impact on
their adsorptive properties in the adsorption process. So the
porosity of GLS, SP-MIMs and SP-NIMs was also studied by
nitrogen adsorption-desorption measurements. And the test
data of BET specific surface area (Sggr), cumulative pore volume
(V) and average pore diameter (Dp,) of the studied materials
were listed in Table S1.1 The Sggr, V. and D;, for the GLS were
2.77 m*> g, 0.0461 mL g ' and 14.11 nm, respectively.
Comparing the imprinted and the non-imprinted polymers, it
was obvious that the Sger and V. of SP-MIMs (374.78 m* g~ ' and
0.8027 mL g ') were slightly higher than those of SP-NIMs
(309.22 m® g " and 0.7225 mL g~ '), respectively. The D,, of SP-
MIMs (11.25 nm) were also slightly larger than the D, of SP-
NIMs (10.12 nm). These results indicated that the template
molecules had significant impact on the structure of imprinted
and non-imprinted polymers. In other words, these results
directly implied that SP-MIMs had higher number of selective
binding sites as a result of the imprinting effect.*”

3.4.4. Thermogravimetric analysis. Thermogravimetric
analysis (TGA) was the most common method to determine the
thermal stability of materials. The TGA curves of SP-MIMs (A)
and SP-NIMs (B) were given in Fig. 3. As shown in Fig. 3, when
the temperature was less than 150 °C, there was a small weight
loss of about 7.71% (SP-MIMs) and 6.69% (SP-NIMs), respec-
tively, which were attributed to the loss of residual water. The
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Fig. 2 FT-IR spectra of GLS (A), SP-MIMs (B) and SP-NIMs (C).

34778 | RSC Adv., 2019, 9, 34772-34783

View Article Online

Paper

weight loss of SP-MIMs or SP-NIMs was very small between
150 °C and 200 °C. Then there was a sharp reduction in the
weight of SP-MIMs and SP-NIMs after the temperature reached
to 250 °C. With the temperature increased to 450 °C, the
significant weight losses of SP-MIMs (74.37%) and SP-NIMs
(73.46%) could be observed, which could be due to the loss of
the polymer in SP-MIMs and SP-NIMs. Above 450 °C, the weight
of the each specimen was constant and the residual mass for SP-
MIMs and SP-NIMs might be ascribed to the thermal resistance
of residual carbon by calcining polymers.® Moreover, the TGA
curves of SP-MIMs and SP-NIMs had followed the same trend,
indicating that the imprinted and non-imprinted polymers
possessed similar morphological structure and size distribu-
tions.® The result of TGA curve showed that the as-prepared
imprinted sorbents possessed thermal stability (below 250 °C).

3.5. Adsorption isotherm

In order to evaluate the adsorption capacity of the as-prepared
imprinted and non-imprinted polymers for the template SP,
adsorption capacity of SP-MIMs and SP-NIMs at different initial
concentration of SP and temperature was measured, and the
results were shown in Fig. 4. As can be seen from the chart, the
adsorption capacity of SP-MIMs (Fig. 4A) had the similar
tendency of changes with that of SP-NIMs (Fig. 4B). The amount
of SP adsorbed on the two sorbents was also found to increase
primitively along with increasing the initial concentration of SP,
and then gradually attain saturation. Fig. 4 also showed that the
adsorption amounts of SP-MIMs and SP-NIMs for SP at 308 K
were greater than the amounts at 298 K, which indicated that
the temperature had an impact on the SP adsorption and the
adsorbed amount of SP increased with temperature. So the
increase in temperature would be benefit for the adsorption. In
addition, it was seen from Fig. 4 that the amounts of SP
adsorbed on the SP-MIMs were higher than the SP-NIMs under
the same conditions. Because the only difference between SP-
MIMs and SP-NIMs was whether or not adding the template
molecule in the process of preparation, the difference of
adsorption quantity between the two kinds of adsorbents was

T L) T )
200 300 400 500

Temperature(C)

L T
0 100

Fig. 3 TGA curves of SP-MIMs (A) and SP-NIMs (B).
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Fig. 4 The adsorption isotherms of SP onto SP-MIMs (A) and SP-NIMs (B) under 298 K and 308 K.

mainly caused by a great many specific binding sites for SP on
the SP-MIMs. Besides, to study further the binding properties of
adsorbents, Langmuir isotherm model and Freundlich model
were used to fit the equilibrium data of adsorption experi-
ments,*®* and the results were displayed in Fig. 4. The
nonlinear expression of Langmuir and Freundlich isotherm
equations were expressed by eqn (2) and (3), respectively.

Qe o KL Qm Ce

T 14+ K.LC, @)

where Q. (mg g ') is the amount of SP adsorbed per unit
adsorbent mass at equilibrium, Q, (mg g~') is a constant
related to the maximum sorption capacity, C. (mg L") is the
concentration of SP in solution at equilibrium, and K;, (L mg ™)
is the Langmuir equilibrium constant.

Qe = KFCe”n (3)

where Ki (LY" mg' =" g~1) is the constant of the Freundlich

isotherm, n also represents Freundlich constant, 1/n is the
Freundlich exponent and also a measure of exchange intensity
or surface heterogeneity, and a value of 1/n smaller than 1.0 can
reflect favorable removal conditions.*®*° In order to evaluate the
favorability of a sorption system, the affinity constant Ry, is
introduced to express the Langmuir equation in terms of
a dimensionless separation factor, which can be defined as
follows:*

1

Rl=—
L1+ Gl

(4)

where Cp, (mg L") is the maximal initial concentration of SP.
The values of Ry, represent the favorability and the capacity of
adsorption system. If 0 < Ry, < 1.0, the values of R;, will indicate
a good adsorption.

Adsorption equilibrium parameters were calculated accord-
ing to Langmuir and Freundlich models, and the results were
shown in Table 1. Among them, R* was the correlation coeffi-
cient of the two models, and the value of R* can be used to
estimate the validity of each model. Obviously, when the
temperature was 298 K and 308 K, the value of R> for the
Langmuir isotherm model were greater than those of Freund-
lich model, implying that the Langmuir isotherm model could
better describe SP adsorption onto SP-MIMs and SP-NIMs than
the Freundlich isotherm model. And the results also indicated
that the as-prepared sorbents had uniform solid surface, and
the adsorption of SP molecules on the sorbents was a regular
monolayer adsorption process.® Moreover, according to Table 1,
the value of R;, were between 0 and 1, the value of 1/n were less
than 1, which suggested that the experiment conditions were
benefit for adsorption of SP. However, the value of Ry, for SP-
MIMs were slightly less than those of SP-NIMs at the same
temperature, indicating the removal condition of SP-MIMs was
more favorable.

3.6. Adsorption kinetic

In order to evaluate the adsorption efficiency of as-prepared
adsorbent, adsorption kinetics experiments were carried out
under 298 K. The related kinetic adsorption data of SP onto SP-
MIMs and SP-NIMs were displayed in Fig. 5. Obviously, the

Table 1 The related fitting parameters of two isotherm equations for SP adsorption onto SP-MIMs and SP-NIMs

Langmuir isotherm equation

Freundlich isotherm equation

Sorbents T (K) Qm (mgg™) Ky (Lmg ™) Ry, R’ Ki (LM mgl—1" g=1 1/n R?

SP-MIMs 298 32.57 0.0425 0.1054 0.9956 4.029 0.4060 0.9794
308 43.48 0.0269 0.1565 0.9972 3.071 0.5073 0.9734

SP-NIMs 298 18.08 0.0357 0.1229 0.9980 2.035 0.4160 0.9692
308 27.40 0.0228 0.1799 0.9968 1.630 0.5321 0.9606

This journal is © The Royal Society of Chemistry 2019
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kinetic adsorption process of SP-MIMs and SP-NIMs for SP
followed the same varying tendency. The adsorption capacity of
SP-MIMs and SP-NIMs for SP increased rapidly in the first
100 min, and the reason was that the adsorbates (SP) could be
easily diffused through the porous adsorbents at a high particle
initial concentration condition.*® And then the adsorption
speed of SP-MIMs and SP-NIMs decreased gradually, the cor-
responding adsorbed amount slowly increased until it reached
an equilibrium. However, Fig. 5 also showed that SP-MIMs
exhibited a much more adsorption equilibrium capacities
than SP-NIMs, and all of the adsorption capacity data of SP-
MIMs for SP were obviously much higher than those of SP-
NIMs in the same conditions. It could be seen in Fig. 5 that
the adsorption rate of SP-MIMs was faster than that of SP-NIMs.
These results suggested that a large number of special imprin-
ted binding sites had been formed on SP-MIMs and these
imprinted sites possessed high selectivity and affinity to SP. In
addition, for further research on the adsorption mechanism,
pseudo-first-order and pseudo-second-order kinetic equations
were chosen to analyze the adsorption kinetics data of SP-MIMs
and SP-NIMs for SP. And the pseudo-first-order and pseudo-
second-order kinetic equations could be expressed respec-
tively by the eqn (5) and (6):"*

Ql = Qe - Qeeik” (5)
K07t
Qt - HTZQJ (6)
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where Q, (mg g~ ') is the amount of SP adsorbed at time ¢ (min)
and Q. (mg g~ ") is the adsorption capacity for SP at equilibrium.
k; (min™") and k, (g mg~ ' min~") are respectively the rate
constants of the pseudo-first and pseudo-second kinetic equa-
tions. The values of k; can be calculated from the plots of In(Q.
— Q) versus t and the values of k, can be computed from the
plots of t/Q, versus t. According to the pseudo-second-order
kinetic model, the values of initial adsorption rate & (mg
¢ ' min~") and half equilibrium time ¢,,, (min) can be calcu-
lated by eqn (7) and (8),** respectively.

h = K>Q.2 )

1
ll/2 - k2 Qe (8)

The fitting curves by the pseudo-first-order and pseudo-
second-order kinetic models were shown in Fig. 5, and the
fitting parameters along with the correlation coefficient (R*) of
the two kinetic equations were summarized in Table 2. It was
clearly observed from Fig. 5 that the kinetic adsorption data of
SP-MIMs and SP-NIMs were fitted well with the pseudo-second-
order kinetic model. Furthermore, by comparing and analyzing
the values of correlation coefficient R* in Table 2, it was evident
that the kinetic adsorption process of both SP-MIMs and SP-
NIMs followed the pseudo-second-order kinetics model (R* >
0.99), which agreed with the conclusion from Fig. 5. It was
concluded that the adsorption between SP-MIMs or SP-NIMs
and SP was a chemisorption process, which could be the rate-
limiting step during the adsorption for SP.** And the numeric
comparison of & and ¢,,, in Table 2 also suggested that SP-MIMs
possessed more excellent kinetic properties than SP-NIMs,
because SP-MIMs had much faster initial adsorption rate and
shorter half equilibrium time. This advantage of SP-MIMs could
also be ascribed to the successful formation of imprinted
binding sites on SP-MIMs.

3.7. Selectivity analysis

Excellent selective recognition ability was an important indi-
cator to measure the adsorption performance of MIPs for
template molecules. Besides the template SP, the other three
antibiotics (AZM, CHL and EM) were selected as comparison to
investigate the adsorption specificity of as-prepared adsorbents.
Among them, EM and AZM were respectively 14-membered and
15-membered ring macrolides antibiotics, and their structure
were similar to SP. The molecular weight of CHL was relatively
small and it had a different structure from SP. The adsorption

Table 2 Kinetic constants of two rate equations for SP adsorption onto SP-MIMs and SP-NIMs

Pseudo-first-order equation

Pseudo-second-order equation

h
Sorbents  Qeyexp (MZE ")  Qeyeal (Mg g™") & (min ) R? Qeca(mgg™) ky(gmg 'min') (mgg 'min") &, (min) R
SP-MIMs  23.94 18.25 0.0113 0.9675 26.53 0.0007088 0.4987 53.18 0.9904
SP-NIMs  13.25 12.03 0.0058 0.9845 15.17 0.0005998 0.1433 109.87 0.9954
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capacities of SP-MIMs and SP-NIMs for these four targets were
presented in Fig. 6. Obviously, the binding capacity of SP-MIMs
for diverse target molecules was different under the same
conditions. The adsorption amounts of SP-MIMs for four
testing compounds from high to low in order was: SP, AZM, EM
and CHL. The difference between the amounts of AZM, EM and
CHL adsorbed on SP-MIMs was less, indicating that SP-MIMs
possessed the specific recognition and adsorption ability for
SP. Besides, as compared to SP-MIMs, the amount of SP
adsorbed on SP-NIMs was not dramatically different from that
of AZM, EM and CHL, suggesting that SP-NIMs had low selec-
tivity. The four tested target compounds had different molec-
ular structures, and many recognition sites were formed on SP-
MIMs, which could better match with SP in shape, size, space
structures and functional groups, so SP-MIMs had the excellent
selective recognition ability for SP. Furthermore, according to
the literature,***® the selectivity of molecularly imprinting
materials was also measured by the imprinting factor «, which
was calculated by eqn (9).

_ O

= On ©)

o

Qwm and Qy are respectively the binding capacity of SP-MIMs
and SP-NIMs. By calculation, the imprinting factor « were
respectively 2.003, 1.368, 1.298 and 1.212 for SP, AZM, CHL and
EM. These results further indicated SP-MIMs were specific for
SP, but non-specific for other test compounds. Moreover, in our
previous work, Erythromycin-based molecularly imprinted
polymers (EM-MIPs) had been prepared by the same synthetic
strategy.** The surfaces of EM-MIPs were covered with eggshell
particles and the calculated value of the imprinting factor o was
1.471 for template molecules. These results suggested that the
bare SP-MIMs (« was 2.003) possessed better selective recogni-
tion ability than EM-MIPs (« was 1.471). Thus, in this Pickering
emulsion polymerization strategy, the absence of stabilizers
particles could greatly improve the specific recognition of
imprinted microspheres for template molecules, because this
special structure was benefit for the exposure of recognition
sites and the elimination of the rebinding barriers between the
recognition sites and template molecules. In other word, the SP-
MIMs derived from GLS particles-stabilized Pickering emulsion

| BN sp-MIMs
(S5 SP-NIMs

Fig. 6 Selective adsorption capacity of SP-MIMs and SP-NIMs for SP,
EM, CHL and AZM.
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polymerization could effectively improve the adsorption selec-
tivity by removing the impact of stabilized particles.

3.8. Regeneration analysis

The as-prepared materials will be applied effectively and widely
if they can be reused many times. The sequential adsorption-
desorption cycle test were further performed in order to eval-
uate the regenerability of the prepared SP-MIMs. As shown in
Fig. S4,T the amounts of SP adsorbed on SP-MIMs diminished
slightly after every adsorption-desorption cycle, and the
adsorption capacity of SP-MIMs for SP after five regeneration
cycles was about 89.28% of the adsorbed amount for the first
use. The slight decrease of adsorbance could be ascribed as the
slight reduction of binding sites. In summary, the as-prepared
SP-MIMs had a satisfactory regeneration ability and also
a potential application prospect in practice.

4. Conclusion

In conclusion, spiramycin-based molecularly imprinted micro-
spheres (SP-MIMs) with a high density of specific recognition
sites for SP were successfully prepared by Pickering emulsion
polymerization. In this study, the hollow-structure and micron-
size Ganoderma lucidum spores were selected as oil-in-water
Pickering emulsion stabilizers for the first time. Intriguingly,
there was no solid particles on the surface of SP-MIMs, which
was different from the molecularly imprinted polymers syn-
thesised by Pickering emulsion polymerization in previous
studies.*”*** Moreover, the recognition adsorption property of
SP-MIMs for SP in aqueous solution was estimate by adsorption
isotherm, kinetic, selectivity and regeneration analysis. SP-
MIMs derived from Pickering emulsion possessed the
following interesting features: firstly, the absence of stable
particles on the surface of SP-MIMs can contribute to the
extracting and rebinding of template molecules and can help
mitigate the impact of stabilizer particles on the recognition
sites, which can greatly enhance the selective recognition ability
of SP-MIMs. Secondly, SP-MIMs, prepared by micron-size GLS-
stabilized emulsion polymerization, were homogeneous
micrometer-sized spheres, which was helpful for their re-use for
many times without large loss. Thirdly, the adsorption analysis
result revealed that the Langmuir isothermal model and
pseudo-second-order kinetics model were respectively suitable
for fitting the adsorption equilibrium and kinetic data.
Furthermore, the as-prepared SP-MIMs had good thermal
stability and favorable regeneration property, and could selec-
tively recognize and remove SP molecules in aqueous solutions.
In a word, because of the high separation selectivity combined
with the good regenerability, SP-MIMs based on the GLS-
stabilized Pickering emulsion polymerization can be a prom-
ising and reliable candidate for the recognition and adsorption
of the organic pollutants.
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