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Abstract

the effective removal of OTC is highly needed.

Background: Antibiotics, which are the most important medication in human history, have brought global

concerns due to their potential risk to human health and environment by accelerating the development of drug-
resistant bacteria, and accumulating in the food chain system. Among antibiotics, oxytetracycline (OTC) is widely
used in aquaculture, and its potential risk of toxicity to human by bioaccumulation has been reported. Therefore,

Results: In this study, we report bio-hybrid inorganic microparticles (apt-mag-SiCC) for efficient capturing and facile
magnet-based separation of oxytetracycline (OTC). These bio-hybrid inorganic microparticles are composed of magnetic
separable silica coated calcium carbonate microparticles (mag-SiCC) derived from CO,, conjugated with oxytetracycline
binding aptamers (OBA). These bio-hybrid inorganic microparticles were successfully synthesized, based on the
characterization data obtained by SEM, FT-IR, EDAX, BET, and CLSM. About 6 um sized bio-hybrid inorganic microparticles
showed low non-specific adsorption to OTC and other molecules, and the selective capturing towards to the OTC in
both buffer and tap water. Moreover, these bio-hybrid mineral microparticles were found to be stable, even after the
repeated usages, maintaining the initial capturing efficiency.

Conclusion: Using the newly synthesized bio-hybrid inorganic microparticles, we could successfully capture OTC by facile
magnet-based separation. With advantages of theses bio-hybrid inorganic microparticles such as easy fabrication, low-
price, and environmental friendliness, this novel material could be utilized in the drinking water treatment, in vitro
medicinal diagnostics, or in vitro removal of antibiotics lining out from the blood (blood purification).

Keywords: Aptamer, Antibiotics, Bio-hybrid inorganic microparticle, Selective chemical capturing, Calcium carbonate

Background

Antibiotics, which are the most important medication in
human history, have brought global concerns due to their
potential risk to human health and environment [1, 2]. Up
to now, more than 250 antibiotics has been registered,
and it is excessively used not only in human medicinal
treatment but also in the livestock industry and aquacul-
tures [3]. They can contaminate the soils, ground waters,
drinking waters through the various routes [4]. Eventually,
it accelerates the development of drug-resistant bacteria,
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and its residues can be bio-concentrated through the food
chain [5]. Among antibiotics, oxytetracycline (OTC) is
widely used for shrimp farming, and it is known to be very
toxic to the algae which form the basis of the food web
[6]. Also, it has been asserted that OTC can be transferred
to human by bioaccumulation in the aquatic system [7].
Therefore, there are growing attention to the exposure of
OTC, and its effective removal is highly needed.

There are diverse methods for removing and degrad-
ing antibiotics, such as oxidation and adsorption tech-
niques [8, 9]. However, such techniques possess
disadvantages including intensive energy consumption,
toxicity concerns after treatment, difficulty in repetitive
usages and so on [10, 11]. Thus, specific capturing of
antibiotics using affinity elements such as an antibody,
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aptamer, and so on, can be one solution to overcome
these drawbacks.

Aptamers are well-known affinity receptors for captur-
ing or sensing of small molecules due to their high spe-
cificity, affinity, low-cost and reusability [12-18]. The
previous report on small organic compounds capturing
by aptamers-in-liposomes approach shows high capabil-
ity in selective capture and elimination of small organic
compounds in water [19]. However, this proposed tech-
nique is less applicable due to the use of expensive ma-
terial with poor mechanical stability, and low recovery.
In addition, there have been few studies on the efficient
capturing property via the aptamer immobilized mate-
rials in a solution phase [20, 21].

The calcium carbonate (CaCOs3) is one of the major
biomineral components for structural support in na-
ture. Precise CaCQOg architectures can be found in sea-
shells, exoskeletons of algae and spicules of sea urchins
[22, 23]. Preparing CaCO3 particle is a low-cost and en-
vironmentally friendly process because it consumes the
carbon dioxide and its morphologies could differ by
adding diverse polymer additives to control the crystal
nucleation and growth simultaneously [24—29]. More-
over, the characteristics of CaCOj, including high
mechanical property, thermal stability, and controlled
size, promote the efficient use of CaCOj3 as a mineral
material for the bimolecular carrier [30]. However, the
fact, that little functional groups on CaCOj results in
the poor binding ability and rapid loss of biomolecules
from the surfaces [31], limit the extensive use of the
calcium carbonate.

Silica offers wide possibilities for surface modification
by coupling amines, thiols, carboxyls, and methacrylate
groups with specific ligands conjugation [32]. It provides
not only the protecting the biomolecules from the loss
of viability or reactivity, but also blocking the leakage of
the biomolecules from the support material. Moreover,
its interconnected pores are likely to give more rapid
transport of small molecules, which often enhances the
reactivity [33, 34].

Here, by implementing calcium carbonate, silica, and
aptamer, we report on a practical and efficient bio-hybrid
inorganic microparticles (apt-mag-SiCC) for selective
chemical capturing via simple magnetic separation process.
These bio-hybrid inorganic microparticles (apt-mag-SiCC)
consisted of magnetic separable silica coated calcium car-
bonate microparticles (mag-SiCC) that are functionalized
with oxytetracycline binding aptamers (OBA). In addition
to the synthesis and characterization of these bio-hybrid in-
organic microparticles, the capturing efficiency of OTC in
the buffer as well as tap water were determined. To the best
of our knowledge, this is the first study showing the highly
efficient capturing of antibiotics using the bio-hybrid inor-
ganic microparticles derived from COs,.
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Methods

Materials

Calcium chloride anhydrate, poly-acrylic acid (PAA), (3-Ami-
nopropyl) trieyhoxysilane (APTES), tetraethylorthosilicate
(TEOS), glutaraldehyde solution (GA), ethanolamine, oxy-
tetracycline (OTC), tris(hydroxymethyl)aminomethane, Hex-
ane, FeCl,, and FeCl; were purchased from Sigma-Aldrich
and used without any additional purification. Oxytetracycline
binding aptamer(OBA) was synthesized from GenoTech
Corp. (Daejeon, Korea). The sequence was 5-CGTACG
GAATTCGCTAGCACGTTGACGCTGGTGCCCGGTTG
TGGTGCGAGTGTTGTGTGGATCCGAGCTCCACGTG
-3". The dissociation constant (Ky) of the OBA was 12.08 +
2.25 nM [35]. For confocal microscopy, Fluorescence tag
(FAM) was modified at 3" end of the aptamer.

Preparation and characterization of magnetically
separable inorganic microparticles

The magnetic nanoparticles were fabricated by the
co-precipitation method by adding a 5 M NaOH solution
into a mixed solution of 0.25 M ferrous chloride and
0.5 M ferric chloride (molar ratio 1:2) at pH 11, 90 °C.
These particles were washed with distilled water for serval
times, then separated from the supernatant and stored in
distilled water for further uses. The magnetically separable
calcium carbonate microparticles (mag-CC) were synthe-
sized via a simple procedure with some modifications.
Briefly, 18 mL of 20 mM CaCl, was dissolved in distilled
water and mixed with 400 pL Tris-HCI (1 M, pH 8.8). The
solution was sonicated for 60 min at 25 °C and titrated
with 0.1 M HCl to pH 8.3. PAA (0.1 mg/ml) and 100 pL
of magnetic nanoparticles were dispersed in solution, and
distilled water was added to make a total volume of 20 ml.
The solution mixture was stirred in a chamber under con-
stant and controlled CO, pressure (10% CO,, 30 °C,
Thermo Forma Series II water jacketed CO, incubator) at
830 rpm for overnight. After, the fabricated mag-CC were
washed with distilled water for five times and stored
at 4 °C in distilled water for further uses. The
mag-CC were coated with silica by the modified sol-gel
process using APTES and TEOS to obtain the amine moi-
ety. Then they were mixed with n-hexane and stirred for
2 min. After adding APTES, the solution was stirred for
another 5 min, and TEOS was added to the solution and
reacted for 2 h. The volume ratio of mag-CC: n-hexane:
APTES: TEOS was 5:10:0.16:0.12. The silica-coated
mag-CC (mag-SiCC) were washed five times with distilled
water to remove the residues that were not reacted. The
mag-SiCC were stored in the distilled water at 4 °C before
further use for aptamer conjugation.

The morphological and elemental analyses of the
mag-SiCC and mag-CC were investigated by SEM (SEM;
SU-70, Hitachi Co. Ltd., Tokyo, Japan) equipped with
energy-dispersive X-ray spectroscopy (X-Max™ 50mm?,
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Horiba Ltd., Kyoto, Japan). The SEM was used to get the
high-resolution image of mag-SiCC and mag-CC. As a
sample preparation, each material was dropped on a sili-
con wafer, and Pt was sputtered for SEM analysis. The
elemental analysis of the mag-SiCC and mag-CC were
done by energy-dispersive X-ray spectroscopy (EDAX).
FT-IR spectra of the mag-SiCC & mag-CC were mea-
sured by an FT-IR spectrometer (Agilent Cary 630 FTIR,
Agilent Technologies Inc., USA) range of 650—-4000 cm™
!, XRD patterns were analyzed with a Dmax2500, and
Intensity data were collected over a 20 range of 5° to 80°
with 0.02° step size. Pore size and BET (Brunauer-Em-
mett-Teller) surface were analyzed using a micrometrics
ASAP 2420. The pore size was calculated using
Barett-Joyner-Halenda method (BJH).

Preparation of bio-hybrid inorganic microparticles

To prepare bio-hybrid inorganic microparticles for the
specific chemical capturing, the aptamers were conju-
gated to the mag-SiCC by forming covalent bonds be-
tween amine-modified aptamers and the mag-SiCC.
Briefly, mag-SiCC were dispersed in 1xPBS pH 8.0, and
glutaraldehyde (GA) was added to make a final concen-
tration of 0.1%. The solution was incubated for 2 h at
room temperature with mild rotating. The activated
mag-SiCC solution was washed ten times with distilled
water to remove unreacted glutaraldehyde residues and
dispersed in 1xPBS pH 7.6. The aldehyde-modified
mag-SiCC were mixed with 50 pl of 10 uM amine modi-
fied oxytetracycline-binding aptamer (OBA) for OTC
capturing. Then, the supernatant was removed by mag-
netic separation, and the material was washed with PBS
buffer for three times. The remaining reactive group on
mag-SiCC was blocked by 50 mM of ethanolamine
pH 8.0 for 1 h by rotating at room temperature. After
washing for three times, materials were kept at 4 °C until
further uses.

A confocal laser scanning microscope (CLSM; LSM 700,
Carl Zeiss Co. Ltd., Germany) was used to examine the
aptamer-conjugated mag-SiCC by fluorescence micros-
copy. To excite the FAM-labeled aptamer on mag-SiCC, a
488 nm UV laser was used.

Analysis of elimination of small organic molecules using
bio-hybrid inorganic microparticles

To determine the capturing efficiency of bio-hybrid inor-
ganic microparticles (apt-mag-SiCC), 100 pL of prepared
materials were incubated with each of 5 pM OTC, Na-
proxen, Diclofenac, respectively, in a binding buffer solu-
tion (100 mM NaCl, 20 mM Tris-HCl, 2 mM MgCl,,
5 mM KCl, 1 mM CaCl,, pH 7.6) for 2 h with mild shak-
ing at room temperature. This incubation time can be re-
duced if more concentrated aptamer and mag-SiCC are
used. Then, apt-mag-SiCC were magnetically separated
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from the supernatant, and the unbound OTC supernatant
was measured at 368 nm wavelength by UV-Vis spectro-
photometer. To determine the capturing efficiency of
apt-mag-SiCC in tap water, 100 ul of apt-mag-SiCC were
incubated with 5 uM of OTC-spiked tap water for 2 h
with mild shaking at room temperature. Unbound OTC
was measured with UV-Vis spectrophotometer. For the
repetition usage, the apt-mag-SiCC was washed with 1 ml
of deionized water for three times and stored in 1 ml of
deionized water at 4 °C for overnight. Before using the
apt-mag-SiCC, it was washed with 1 ml of binding buffer
solution for 3 times. The same chemical capturing proto-
col was followed for assessing the reusability of the
apt-mag-SiCC.

Results and discussion

Physico-chemical characteristics of magnetically separable
inorganic microparticles

The silica-coated magnetically separable calcium carbon-
ate microparticles (mag-SiCC) were successfully synthe-
sized and modulated by adding the polyacrylic acid
polymers. The crystallization process of the magnetically
separable calcium carbonate microparticles (mag-CC)
was performed in the presence of polyacrylic acid poly-
mer and magnetic nanoparticles under constant CO,
pressure. Subsequently, silica coating was conducted by
adding APTES and TEOS to make the mag-SiCC,
depicted in Fig. 1a. As can be seen from Fig. 2a, the an-
ticipation of PAA chains served as repeating negative
charge templates for Ca®* ions to attach and grow; thus,
the final particles included not a single chain but several
chains so that their size increased to micro-sized CaCOg
particles. Interestingly, we could observe two different
morphologies (pyramid shape and rectangular shape) are
present on the CaCOj particles. Furthermore, the sol-gel
silica coating of this mag-CC from the precursor of silicon
dioxide can carry amine groups with strengthened silica
layers. Especially, the use of excess APTES reinforces the
overall mechanical strength of inorganic microparticles.
Fig. 2a. shows the SEM image of the mag-SiCC particles,
which possess amine functional groups, within the
micro-size range about 6 pm diameter. This successful sil-
ica coating is supported by FT-IR spectrum analysis for
with and without silica coated mag-CC (Fig. 2b). From the
FT-IR results, we could see the typical CaCO; peak around
1401, 873 and 712 cm™ ' for both samples [36]. Only in the
silica-coated sample, the Si-O-Si stretching vibration peak
was observed at 1068 cm™ ' wavenumber, which shows the
stable coating of silica on mag-CC surfaces [37]. Addition-
ally, Energy-dispersive X-ray Spectroscopy (EDAX) was
used to confirm coating of silica to the mag-CC surface
(Fig. 2c). As we expected, Si peak was observed which indi-
cates successful silica-coating of mag-CC from the modi-
fied sol-gel process. Furthermore, Fig. 2d shows XRD
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Fig. 1 a Schematic illustration of the preparation of mag-SiCC. The mag-CC was produced using CO, gas; then it was subjected to silica coating
process to provide amine functional group on mag-SiCC for aptamer conjugation. b Schematic illustration of preparing the bio-hybrid inorganic
microparticles. The aptamers were conjugated to the mag-SiCC for specific capturing of oxytetracycline
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patterns of the mag-SiCC with peaks at 20 of 29.34°,
35.96°, 39.34°, and 43.1° which indicates the crystalline
phase of the mag-SiCC was calcite [38]. Also, mag-SiCC
can be separated from the solution by a magnet because of
the presence of magnetic nanoparticles inside the
mag-SiCC. As shown in Additional file 1: Figure S1, the
mag-SiCC was separated by the magnet within 3 min, and
this inorganic microparticle could be used in diverse appli-
cations including in vitro blood purification and medicinal
diagnostics. The synthesized mag-SiCC revealed a por-
ous morphology by exhibiting the pore-size distribution
obtained from the representative N, adsorption and de-
sorption data using the BJH method. The size and vol-
ume of these pores in the mag-SiCC are described in
Additional file 2: Table S1; the BET surface area, single
point total pore volume, average pore size from adsorp-
tion, and average pore size from desorption of
mag-SiCC were 37.009 m?/g, 0.164 cm®/g, 19.356 nm,
and 16.513 nm, respectively. These unique structures of
mag-SiCC enable favorable space for the interaction be-
tween the aptamer and the target molecule.

Selective capture of oxytetracycline using bio-hybrid
inorganic microparticles

The use of aptamers in the capturing and separation of cer-
tain small molecules play a vital role in the elimination of
toxic and hazardous chemicals in the environment. Hence,

small-molecule compounds such as antibiotics, pesticide,
heavy metals, and so on, can be potential targets for the se-
lection and application of aptamers. To demonstrate the
efficient and selective capturing of antibiotics from water
by using bio-hybrid inorganic microparticles (apt-mag-
SiCC), we chose the oxytetracycline as a model target. For
selective capturing of OTC, conjugation of amine-labeled
oxytetracycline binding aptamer (OBA) to the mag-SiCC
was performed as described in Fig. 1b. The bio-hybrid in-
organic microparticles (apt-mag-SiCC) were successfully
fabricated for the selective capturing of the OTC. In order
to confirm the aptamer immobilization on the mag-SiCC,
the confocal laser scanning microscope (CLSM) images of
apt-mag-SiCC were obtained by using FAM-labeled apta-
mers. As clearly shown in Additional file 3: Figure S2, the
green fluorescence from FAM on aptamers was observed
from all over the mag-SiCC, suggesting that the aptamers
were conjugated not only on the certain part of the
mag-SiCC but the whole surface of them. Also, the number
of aptamers that immobilized on the mag-SiCC (18—
20 mg) was found to be around 0.3—-0.45 nmol by measur-
ing the concentration of unbound aptamers after conjuga-
tion process (Additional file 4: Figure S3). Non-specific
adsorption of the target was analyzed on this newly devel-
oped mag-SiCC before applying to the capturing of oxytet-
racyclines. The result in Fig. 3a indicates that both
mag-SiCC and ethanolamine blocked mag-SiCC after GA
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Fig. 2 a The SEM images of magnetically separable calcium carbonate particles before (mag-CC) and after silica coating (mag-SiCC). b FT-IR
spectrum of magnetically separable calcium carbonate particles before and after silica coating. ¢ Energy-dispersive X-ray spectroscopy (EDAX) of

mag-SiCC. d XRD patterns of mag-SiCC

activation show low non-specific binding to the OTC,
which is less than 15%.

Since these newly developed mag-SiCC microparticles
featured low adsorption to OTC, the specific capturing of
OTC on the bio-hybrid inorganic microparticles (apt--
mag-SiCC) was analyzed. It is clear, from Fig. 3b, that 85
+2.8% of OTC in the buffer solution was captured by the
apt-mag-SiCC. However, only 8.7 + 3.7% and 9.0 + 1.3% of
diclofenac and naproxen were found to be non-specifically
adsorbed, which suggests the specific capturing of OTC.
The use of bio-hybrid inorganic microparticles was further
applied to capture and separate OTC in tap water

samples. The same capturing procedure used in buffer
was repeatedly conducted for OTC-spiked tap water sam-
ples. The capturing efficiency of OTC in tap water sample
using this apt-mag-SiCC was about 73 + 7.9%, which was
less efficient, compared to buffer condition (Fig. 3c). This
reduction in efficiency seems to be mainly due to the dif-
ferent ionic strength between buffer and tap water sam-
ples, in which the tap water sample should have much
lower ionic strength. However, this reduced capturing effi-
ciency of OTC in the tap water is still considered to be
competitive, compared to our previous study where lipo-
some was used for keeping the same ionic strength
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because the aptamers could be less functional at lower
ionic strength [19]. Interestingly, the efficiency using the
aptamers-in-liposome is found to be similar to this study.
The reason how the aptamers are somewhat functional in
this study, where the ionic strength is considered to be
lower, may be due to the pores generated from
silica-coating steps. The pores spread on silica could
change the microenvironment surrounding aptamers, and
so the aptamers were functional in part, even though the
ionic strength is lower than the buffer [39].

The repeated usage of bio-hybrid inorganic micropar-
ticles (apt-mag-SiCC) for the capturing of the OTC was
also investigated. Since the presence of MNPs in the
apt-mag-SiCC allowed the magnetic separability of this
apt-mag-SiCC from the liquid media, a magnet was used
to separate the apt-mag-SiCCs in solution at an ex-
tremely short separation time. This feature, the magnetic
separability, allows the application of bio-hybrid inor-
ganic microparticles in recovery or separation from the
mixtures and the cost reduction by the repeated usages
of apt-mag-SiCC. Fig. 3d shows the results of the re-
peated usage of apt-mag-SiCC. The immobilized apta-
mers were found to be stable, until the fifth use of
recycling; they preserved the initial capturing efficiency
of 72% for five days within 7% standard deviation.

Regarding the reusability of the aptamers, it is well
known that the function or binding affinity of the apta-
mers are varied upon the buffer condition used (because
of the ionic strength in the buffer, which affects the
binding affinity of the aptamer). Even if the binding af-
finity of the aptamer is strong, it could be weaken if the
diffrent buffer is used. Therefore, we can modulate the
function and binding affinity of aptamers by simply
changing the buffers [40—-43]. While the apt-mag-SiCC
was recycled for five times, there was no significant re-
duction in the capturing efficiency, and the maximum
loss of capturing efficiency was 6.9% at fourth use, com-
pared to the initial efficiency. This feature of repeatabil-
ity, again, could contribute to the reduction in the cost
for removing antibiotics from the water.

Conclusions

In conclusion, we have shown the efficient and selective
chemical capturing by using so-called bio-hybrid inorganic
microparticles (apt-mag-SiCC) for the first time. These
bio-hybrid inorganic microparticles were characterized by
XRD, SEM, FT-IR, EDAX, BET, and CLSM. The size
of bio-hybrid inorganic microparticles was ranged be-
tween 6 pum in diameter. These bio-hybrid inorganic
microparticles revealed a low non-specific binding to
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the oxytetracycline (OTC) which was less than 15%.
The capturing efficiency of the target was found to be
about 85% and 73% in the buffer solution and the tap
water, respectively, with high specificity and facile
magnetic separability. Furthermore, these bio-hybrid
inorganic microparticles were stable, even after five
times of the repeated usage, showing less than 6% of the
reduction in its initial recovery yield of 72%. Regarding
the advantages of bio-hybrid inorganic microparticles, in-
cluding the ease of fabrication, low-cost in production,
and reduction of CO,, this novel material could be a ro-
bust platform for the toxic chemical capturing and the re-
moval. Furthermore, this new study may provide a novel
way to design the aptamer-based platforms and have a
great potential for in pharmaceutical and environmental
fields.

Additional files

Additional file 1: Figure S1. Digital images of magnetic separation of
fabricated mag-SiCC. Samples were separated within 3min. (TIF 707 kb)

Additional file 2: Table S1. Physical properties of mag-SiCC. (XLSX 10 kb)

Additional file 3: Figure S2. The CLSM image of the FAM-labeled
aptamers on mag-SiCC. (TIF 514 kb)

Additional file 4: Figure S3. (a) The concentration of aptamers
immobilized on mag-SiCC. (b) Capturing efficiency of apt-mag-SiCC
by increasing the concentration of the OTC. (TIF 94 kb)
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