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Abstract

Magnetic nanoparticles (MNPs) modified with 3-cyclodextrin and mono-6-deoxy-6-(1-methylimidazolium)-{3-cyclodex-
trin tosylate (an ionic liquid), which called MNP-(3-CD and MNP-3-CD-IL, were coated into the capillary inner wall.
Compared to an uncoated capillary, the new systems show good reproducibility and durability. The systems based on the
use of MNP-3-CD or MNP-3-CD-IL as stationary phases were established for enantioseparation of Dns-modified amino
acids. Improved resolutions were obtained for both CEC systems. Primary parameters such as running buffer pH value
and applied voltage were systematically optimized in order to obtain optimal enantioseparations. Under the optimized
conditions, the capillaries exhibited excellent chiral recognition ability for six Dns-amino acids (the DL-forms of
alanine, leucine, Isoleucine, valine, methionine, glutamic acid) and provided a promising way for the preparation of
chiral column.

Keywords CEC - Magnetic nanoparticles - Open-tubular capillary - Enantiomeric separation - Dns-amino acids - Magnetic
coationg - Ionic liquid
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Capillary electrophoresis (CE) is a powerful technology for
enantioseparation owing to its simplicity, high efficiency,
low cost, as well as its flexibility of separation mode [1, 2].
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monolithic CEC. Comparing with the other separation
modes, OT-CEC has several advantages such as none eddy
diffusion, rapid analysis, variety of available modification,
the relatively simple preparation [6]. However, the low
column capacity and phase ratio of the small surface area
of the coatings limits the development of OT-CEC.

Nanomaterials have a high surface to volume ratio and
special physico-chemical properties. This is important for
the application in separation science. When used in CE,
nanomaterials are suspended in background as
pseudostationary phase [7—10]. Moreover, they can be physi-
cally absorbed or covalently bonded to stationary phase as
component of the CEC column [11-14]. Ferrite oxide mag-
netic (Fe304) has been widely used for many applications,
because it is easy to obtain, synthetize and surface modify,
and maintain superparamagnetic [15]. In general, MNPs were
introduced into the analytical process to improve the resolu-
tion of the chromatographic and electrophoretic separation. It
may due to the above unique advantages as nanomaterial and
the additional magnetic property. In 2007, Yukihiro Okamato
etal prepared avidin immobilized magnetic particles packed
capillary by applied an external magnetic field and success-
fully obtained the enantioseparation of ketoprofen in a chiral
CEC system [16]. As a simple and convenient method, the
physical magnetic attraction approach to preparing
functionalization magnetic packed columns gradually got to
gain more attention in separation science [17-20].

We synthesized magnetite nanoparticle coated with f3-
cyclodextrin (MNP-3-CD) and magnetite nanoparticle coated
with mono-6-deoxy-6-(1-methylimidazolium)-3-cyclodex-
trin tosylate (MNP-3-CD-IL) nanoparticles via the co-
precipitation method, and then prepared MNP-3-CD and
MNP-3-CD-IL open-tubular columns in bare capillary with
external magnetic field. Ionic liquids (ILs) are a broad class of
organic salts consisting of organic cation and organic anion or
inorganic anion, which melt at or below 100 °C. Compared
with the traditional preparation methods, the method of pre-
paring the coated column with magnetic is quite simple. The
preparation of the coated capillary was discussed and the col-
umn characteristic was systematically investigated. Moreover,
we studied the inner surface of capillary with SEM. The
MNPs can be obviously observed in columns. Six dansylated
DL-amino Acids was successfully separated in CEC with
MNP-3-CD and MNP-3-CD-IL open-tubular columns.

Materials and methods
Materials and chemicals
Iron(Il) sulfate (FeSO47H,0, 98%), ammonium hydroxide

solution (25%) were purchased from Nanjing Chemical
Regent Co., Ltd. (Nanjing, China, https://www.pvc123.com/
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b-zhouzijian/). while iron(III) chloride hexahydrate
(FeCl5-6H,0, 98%) was purchased from Sinopharm
Chemical Regent Co., Ltd. (Nanjing, China, http://en.
reagent.com.cn/). B-cyclodextrin (= 98%) was purchased
from Zibo Qianhui Fine Chemical Co. Ltd. (Shandong,
China, http://cn.commerce.com.tw/), recrystallized and dried
twice at 100 °C for 24 h before use. 1-Methylimidazole was
purchased from J&K Scientific Co. Ltd. (Beijing, China,
http://jkchemical.labscn.com.cn/).Cylindrical permanent
magnets of 10 mm d. x 3 mm h. (magnetic flux density of
each one is 0.22 T) were purchased from Ningbo YongCi
magnetic materials Co. Ltd. Amino acids (DL-alanine, DL-
leucine, DL-Isoleucine, DL-valine, DL-methionine, DL-
glutamic acid) were obtained from Shanghai Yuanye
Biological Technology Co., Ltd. (Shanghai, China, http:/
www.shyuanye.com/). Dansyl chloride (99%) and Lithium
carbonate (99.99%) were purchased from Shanghai Aladdin
Bio-Chem Technology Co., Ltd. (Shanghai, China, http://
www.aladdin-e.com/). Acetone, thiourea, acetonitrile and
Dimethyl formamide (DMF), phosphoric acid and sodium
hydroxide were purchased from Nanjing Chemical Reagent
(Nanjing, China, https://ncrcl.en.china.cn/). Nylon filters (0.
45 um) were purchased from Jiangsu Hanbon Science and
Technology (Nanjing, China, http://hanbon.company.weiku.
com/). Tris (hydroxymethyl) aminomethane (Tris) were pur-
chased from Shanghai Huixing Biochemistry Reagent
(Shanghai, China, http://shhuixing.company.lookchem.cn/).
Double distilled water was used in all the experiments.
Calculation for chiral separation were Ry =2(t, - t;)/(w; +
w;) and o =ty/t;, where t; and t, are the migration times of
the two enantiomers, and w; and w, are the widths of their
peaks at the baseline.

Apparatus

The morphology of the prepared column and magnetic
nanaoparticles were investigated by SEM (Hitachi,
S-4800, Japan). TEM (FEI, Tecnai G2 F30 S-TWIN,
America) and FT-IR (ALPHA, BRUKER, Germany) were
used to characterize the magnetic nanoparticles. All elec-
trophoretic experiments were performed on an Agilent 3D
CE system (Agilent Technologies, Waldbronn, Germany),
which consisted of a sampling device, a power supply, a
photodiode array UV detector (wavelength range from 190
to 600 nm) and a data processor. The whole system was
driven by Agilent ChemStation software (Revision
B.02.01) for system control, data collection and analysis.
Fused-silica capillaries of 75 pm i.d. X 365 um o.d. were
purchased from Hebei Yongnian County Reafine
Chromatography Ltd. (Hebei, China).

A new capillary was conditioned by successive flushes
with 1 M NaOH, 0.1 M NaOH and distilled water under a
pressure of 940 mbar for 30 min, respectively. All
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Fig. 1 SEMs of the cross section of MNP-3-CD coated capillary (a) and MNP-{3-CD-IL coated capillary (b)

separations were carried out at 25 °C. Separation voltage
was 5-20 kV. The samples of Dns-amino acids were
injected by pressure method for 3 s (injection pressure
50 mbar). Thiourea was used as neutral marker to deter-
mine the electroosmotic flow (EOF). Buffer was 40 mM
Tris/ H3PO,4 solution (if not stated otherwise). The run-
ning buffer was freshly prepared with a specified pH, and
then adjusted to a desired pH value by adding a small
volume of H;PO4 (20%, v/v). All solutions were filtered
through a 0.45 um pore membrane filter and degassed by
sonication before use. The concentration of all enantio-
mers is 0.5 mg'mL™'. The wavelength of UV detection
was set at 254 nm for all the Dns-AAs.

Preparation of B-CDs modified Fe;0,
nanoparticle-coated open-tubular capillary
and characterization

A 40 cm (31.5 cm effective length) x 75 um i.d. uncoated
fused-silica capillary was used in our expriments. Firstly,
the capillary was orderly washed with 1.0 M NaOH
(30 min), 0.1 M NaOH (30 min) and water (30 min),
and then purged with nitrogen for 2 h. To supply a local
stable magnetic field to the capillary, 10 pairs of cylindri-
cal permanent magnets (diameter 10 mm x height 3 mm)
were oppositely nipped to the capillary (as shown in
Figure s1). The length of capillary covered by magnets

@ Springer



244 Page 4 of 8

Microchim Acta (2019) 186: 244

Fig. 2 EOF of the bare capillary,

MNP-3-CD-coated capillary and 6.0 1

MNP-3-CD-IL-coated capillary

(n=5) Conditions: BGE: running 52

buffer (pH 5.0-7.0); EOF marker, -

0.5 mg-mLf1 Thiourea; 40 cm

capillary (31.5 cm effective - 44

length/10.0 cm coating length) x =

. . -

75 pm i.d.; applied voltage, %

15 kV; temperature, 25 °C 2 36 -
2.8 A
20

—&— Bare capillary
—#— MNP-$-CD capillary
~—#— MNP-$-CD-IL capillary

was 10.0 cm, which was adjusted to CE instrument. The
first pair of magnets was placed at a distance of 15 cm
from the inlet of the capillary, and the last pairs were
placed at a distance of 6.5 cm from the detection window.
The capillary was flushed with 1 mg:mL™" of B-CDs
functionalized Fe;O4 magnetic nanoparticle suspension
(dispersed in alcohol, ultrasonic dispersion for 30 min)
for 10 min under a pressure of 940 mbar, and H,O for
2 min to wash away the un-adsorbed nanoparticles. The
above steps were repeated four times. The nanoparticles
stationary phase can be easily removed and recycled when
the permanent magnets are removed. The effective length
of nanoparticle coating was 10.0 cm.

Results and discussion

Characterization of B-CDs modified Fe;0,
nanoparticles coated open-tubular capillary

The FT-IR spectra of the pure Fe;0, nanoparticles and cyclo-
dextrins modified Fe;O4 nanoparticles (MNP-3-CD and
MNP-3-CD-IL) were carried out to identify the coating of

Table 1 The repeatability of EOF in bare capillary, MNP-{3-CD coated
capillary, MNP-{3-CD-IL coated capillary (n=5)

Capillary columns RSD of tEOF(%)

run-to-run  day-to-day  column-to-column

bare capillary 321 3.38 5.74
MNP-3-CD capillary 2.56 3.79 6.85
MNP-(3-CD-IL capillary 2.28 3.13 6.69

Conditions: BGE: 30 mM Citric acid-Sodium citrate buffer (pH 6.0);
EOF marker, 0.5 mg-mL71 thiourea; 40 cm capillary (31.5 cm effective
length/10 cm coating length) x 75 pum i.d.; applied voltage, 15 kV; tem-
perature, 25 °C

@ Springer

3-CD and [3-CD-IL on the surface of Fe;O,4 nanoparticles.
As shown in Figure s2 and s3, MNP, MNP-3-CD and
MNP-B-CD-IL exhibited obvious Fe-O bond at 570 cm ! -
590 cm ' and a broad absorption peak of around 3200 cm -
3350cm”'which was assigned to the -OH stretching vibration
from hydroxyl groups [21]. Comparing the MNPs, the peaks
at 1067 cm ' and 1087 cm ' corresponded to the skeletal
vibration involving «-1, 4 linkage of (3-cyclodextrins in func-
tionalized MNPs. Moreover, MNP-3-CD-IL showed the ap-
parent bands at 1650 cm ! (C-N-H), about 1400 cm ! (C=C
in imidazolium, CH, bending vibration) [22]. Overall, these
absorption bands, observed in FT-IR spectrum of MNP-3-CD
and MNP-3-CD-IL, confirmed the coating of 3-CD and f3-
CD-IL on the surface of MNP nanoparticles. The morpholo-
gy changes of the pure and functionalized magnetic nanopar-
ticles were analyzed by TEM. As shown in Figure s3, the
average diameter of all the three kinds of magnetic nanopar-
ticles was about between 8~12 nm. While Figure s4 presents
the particle size distribution graph of MNP-3-CD and
MNP-3-CD-IL. The average particle size of two functional-
ized nanoparticles was about 70 nm, which was bigger than
the results in TEM due to the conglomeration of nanoparti-
cles. Further, the morphology of both MNP-3-CD coating
capillary and MNP-{3-CD-IL coating capillary was evaluated
by SEM. Figure 1 shows the formation of the functionalized
MNPs coating on the inner wall of the capillary. There were
no significant differences between the two coating columns.
The coating thickness of MNP-3-CD modified capillary was
about 5 um - 15 pum, while the coating thickness of MNP-[3-
CD-IL modified capillary was about 5 pm - 20 pm.

Evaluation of the column characteristic
Measurement of EOF

In capillary electrophoresis, the value and direction of
the electroosmotic flow (EOF) are determined by the
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Table 2  Enantioseparation of Dns-Amino acids on MNP-f3-CD coated capillary and MNP-3-CD-IL coated capillary by CEC
OT-CEC coating with magnetic nanoparticles
MNP-B-CD MNP-B-CD-IL
No. Analytes Strueture
Hep1 Hep2 Rs Mep1 Hep2 Rs
(10*m2v-'s™!) (10*m2v-'s)
N e
1 Dns-DL-Alanine N %\;:/\ { el -0.420 -0.729 1.92 1.098 -0.081 -0.552 2.72 1.176
TS
g S
2 Dns-DL-Leucine N < ¥ : X -0.508 -1.103 3.16 1.214 -0.126 -0.877 431 1.319
/NS
ol
3 Dns-DL-Isoleucine X \/\ o -0.069 -0.790 2.79 1.233 -0.346 -1.047 3.90 1.321
/7
Vs
4 Dns-DL-Valine \f?ﬂ N 0.320 -0.492 2.62 1.240 -0.080 -0.698 3.52 1.244
am W
J\ oo
5 Dns-DL- Methionine N 811 oo 0.195 -0.651 2.70 1.262 -0.148 -0.790 3.66 1.263
/NS
M\ T oo
0.388 -0.519 3.95 1.270 0.713 -0.194 5.38 1.299

6 Dns-DL-Glutamic Acid >ﬁﬁ [
Y/

Conditions: 30 mM citrate buffer; buffer pH 6.0; applied voltage, 15 kV; capillary temperature, 25 °C; concentration of Dns-amino acid is 0.5 mg-mL " ;

other conditions see Materials and methods

state of the functional groups on the inner wall of the
capillary. By studying the change of EOF under different
buffer pH, we can understand the change of the inner
wall of capillary and further characterize the capillary.
In this study, EOF was measured at pH 5.0-7.0 with
thiourea as EOF marker in the uncoated capillary and
functionalized MNPs coated columns. The results are
shown in Fig. 2. With the increasing of the buffer pH,
the value of EOF in all the three columns increased. And
the variation extent of EOF in functionalized MNPs coat-
ing columns are both smaller than that in the uncoated
capillary, which means that improved reproducibility can
be obtained in the functionalized MNPs coating columns.
Compared to MNP-3-CD modified capillary, the the var-
iation extent of EOF in MNP-(3-CD-IL modified capil-
lary is smaller. It was attributed to the existence of
imidazolium cations in MNP--CD-IL which would ef-
fectively inhibit the electroosmotic flow.

Reproducibility

It is not easy to get the high reproducibility of EOF in an
uncoated capillary. The comparison of run-to-run, day-to-
day and column-to-column reproducibility (n=5) among
the bare column and the (3-cyclodextrins functionalized
Fe;0,4 nanoparticles based columns was evaluated by
calculating the RSD of the retention time under the ex-
perimental condition (buffer pH 6.0, applied voltage
15 kV). The results were shown in Table 1. The run-to-

run RSDs of the retention time were 2.56% in MNP-[3-
CD caipllary and 2.28% in MNP-{3-CD-IL capillary,
which were less than 3.21% in bare capillary. Finally, it
can be concluded that those new magnetic nanoparticles-
based CEC systems can provide satisfactory reproducibil-
ity. The difference may be explained by that the silicon
hydroxyl on the inner surface of the coated column was
covered by the nanoparticles, which makes the capillary
wall less sensible to the change of buffer composition in
analysis process.

Enantioseparation of Dan-amino acids

The MNP-3-CD and MNP-3-CD-IL coated
enantioseparation CEC systems were established with
six Dns-amino acids. The chiral separation results in
different capillary columns were shown in Table 2 and
Fig. 3. As observed, the good baseline separations of
six Dns-amino acids were obtained in both new coated
CEC systems. According to the previous reported
[23-25], the MNP-B3-CD-IL coating can influence the
formation of the inclusion complex between enantiomers
and chiral selectors. Comparing with the MNP-3-CD
coated system, the better resolution and higher selectiv-
ity of all the tested dns-amino acid were achieved in
MNP-3-CD-IL coated CEC system, which might attri-
bute to the different of the chiral recognition ability
between (3-CD and (3-CD-IL. For all selected amino
acid, the enantiomer will enter the cavity of the
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Fig. 3 Enantioseparation electropherograms of Dns-Amino acids on pH 6.0; applied voltage, 15 kV; capillary temperature, 25 °C;
MNP-3-CD coated capillary and MNP-{3-CD-IL coated capillary by concentration of Dns-amino acid is 0.5 mgmL™"; other conditions see
CEC. Conditions: 30 mM sodium citrate/citric acid buffer; buffer Materials and methods

cyclodextrin to form a complex. Different complexes  migration under the electric field, resulting in
formed by single enantiomers will lead to a differential  separation.
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Table 3 Merits of comparable methods for magnetic nanoparticle-based CEC
Materials/Method Size of Merits Analytes References
nanomaterials
AVI-MNPs/ 2~10 um Efficient enantioseparation and high repeatability with the packing length Ketoprofen [16]
CEC of only 5 cm;
MIP-MNPs/ ~200 nm Rapid analysis and easy to use a magnetic field to change the length of Ofloxacin [18]
Microchip CEC packing zone for enantioscreening chiral compounds;
Fe;0,@Si0,-NH,, ~100 nm extra high column efficiency and the excellent within-column and Organic acids [27]
Fe;0,@8Si0,-Cyg/ between-column repeatability;
OT-CEC
MNP@Au-BSA/ 25~30 nm more stable and suppressed electroosmotic mobility, and less nonspecific DL-Try, DL-Thr, [28]
Microchip CEC adsorption toward analytes; Ofloxacin
MNP@PDA/ ~146 nm Rapaid analysis; excellent reproducibility, stability and repeatability; DL-Try, [29]
Microchip CEC Glu-DL-Phe,
Ofloxacin
Vinilized-MNP/ ~15 nm High efficiencies and satisfactory reproducibilities; Organophosphorous  [30]
monolithic column CEC pesticides
MIP-MNP @PNE/ ~400 nm Efficient molecular recognition, baseline separation, good Mandelic, Histidine  [20]
Microchip CEC reproducibility and detection precision of analytes;
MNP-3-CD, ~10 nm Flexible; high enantioseparation resolution and satisfactory Six Dns-DL-Amino  This work

MNP-3-CD-IL/OT-CEC reproducibility;

acids

Optimization of method

The following parameters were optimized: (a) Effect of buffer
pH; (b) Effect of applied voltage. Respective data and
Figures are given in the Electronic Supporting Material
(Table s1 and Figure s5). The following experimental condi-
tions were found to give best results: (a) Best buffer pH value:
pH 6.0; (b) Optimal voltage: 15 kV.

Comparison with other methods

In the previous work, various magnetic-based nanoparti-
cles have been successfully applied in CEC for
enantioseparation [16, 18, 20, 26-30]. To further demon-
strate the superiority of our systems, we compared our
method with previously reported research. As shown in
Table 3, high enantiorecognition capability and excellent
reproducibility for analytes were obtained in our systems
compared with other methods. The baseline chiral sepa-
rations of six dns-amino acids were obtained in both
MNP-3-CD and MNP-3-CD-IL coating open-tubular
capillary electrochromatography systems.

Conclusions

Two novel open tubular capillary columns based on [3-
CDs modified magnetic nanoparticles were prepared for
chiral separation. They were constructed by using the
magnetic effect of permanent magnets to immobilize
the magnetic nanoparticles onto the inner wall of the
capillary. Compared with the traditional preparation

methods, the method of preparing the coating column
with magnetic is quite flexible. We studied the inner
surface of capillary with SEM. The MNPs can be obvi-
ously observed in columns. Six Dns-DL-Amino Acids
was successfully separated in CEC systems with
MNP-3-CD and MNP-3-CD-IL open-tubular columns.
Several parameters such as chiral running buffer pH
and applied voltage were systematically optimized. The
results indicate that the application of magnetic nanopar-
ticles as coating materials is a promising way in chiral
separation science. The novel system provides many
more possibilities and potential to separate other com-
pounds, such as amino acid and their derivatives, small
molecular drugs and some kind of biogenic amines.
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