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ABSTRACT: To specifically extract S-(-)-amlodipine
from plasma, uniformly sized molecularly imprinted poly-
mers (MIPs) for S-(-)-amlodipine were prepared in an
aqueous system by multistep swelling and polymerization
with methacrylic acid as a functional monomer, ethylene
glycol dimethacrylate as a crosslinker, and toluene as a
porogen. Scanning electron microscopy was used to iden-
tify the structural features of the obtained polymers. 'H-
NMR and high-performance liquid chromatographic anal-
ysis were performed to explore the possible recognition
mechanism. The results reveal that spherical polymer
beads with uniform size and good monodispersity were
obtained, and the MIPs showed specific recognition ability

for the template molecule. The ionic hydrophobic and
hydrogen-bonding interactions were inferred to play an
important role in the recognition mechanism. The results
indicate that the MIPs could be used as a solid-phase
extraction sorbent for the concentration and purification of
S-(-)-amlodipine from plasma with a high efficiency.
The linear range was 0.25-8.00 pg/mL with a correlation
coefficient of 0.9948. The average recovery was 98.3% with
relative standard deviation (RSD) less than 9.1%. © 2012
Wiley Periodicals, Inc. ] Appl Polym Sci 000: 000-000, 2012
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INTRODUCTION

Amlodipine, as a dihydropyridine calcium antago-
nist, is widely used for the treatment of hyperten-
sion. Because of its low concentration (typically < 1
ng/mL) in blood and the complexity of the matrices,
tedious liquid-liquid extraction or solid-phase
extraction (SPE) is routinely needed before analysis.
The molecular imprinting technique, introduced by
Wulff and Sarhan in 1972' and much advanced by
Mosbach and Arshady in the 1980s,” is a technique
used to produce molecularly imprinted polymers
(MIPs), which can recognize target molecules specifi-
cally. With predetermined selectivity, recognition,
feasibility, and chemical stability,” MIPs have been
increasingly used as chromatographic media, includ-
ing in the resolution of enantiomers,*> SPE,%” sen-
sors,®? artificial antibodies, and catalysts.lo’11 MIPs
can be prepared by covalent or noncovalent meth-
ods. Noncovalent methods that are now frequently
used include bulk polymerization,'* suspension
polymerization,'>'* in situ polymerization,''® pre-
cipitation polymerization,'”"'® and multistep swelling
and polymerization.'"”* Among these methods, the
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multistep swelling and polymerization method can
be used to synthesize monodispersed and uniformly
sized MIPs, which are suitable for chromatographic
packing materials.*!

It might be very useful to extract materials for the
separation of dihydropyridine calcium antagonists
from biological matrices based on MIPs.'*** In our
previous study, to separate amlodipine enantiomers,
a chiral MIPs monolithic column was prepared by
an in situ polymerization method.” Although the
column showed specific recognition ability, column
collapse and template leaking were observed during
its application. In this study, we tried to use another
preparation method to obtain uniformly sized MIPs
for S-(-)-amlodipine with the expectation of avoiding
the disadvantages of the monolithic column. Then,
the obtained MIPs were used as an SPE sorbent to
purify and concentrate S-(-)-amlodipine from plasma
after method validation. The results indicate that the
MIPs could be used as an SPE sorbent for the con-
centration and purification of S-(-)-amlodipine from
plasma with a high efficiency.

EXPERIMENTAL
Reagents and materials

Racemic amlodipine, S-(-)-amlodipine, and nimodi-
pine were purchased from Pharmaceutical Chemical
Reagent Plant (Ruicheng, People’s Republic of
China). Nitrendipine and nicardipine were obtained
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TABLE I
Preparation Conditions for S-(-)-Amlodipine MIPs and NIPs

Polymer no. Template (mg)

Functional monomer (uL)

Porogen (mL) Crosslinker (mL) Initiator (g)

P, MIP, 817.8 MAA /592
P, NIP, MAA /592
P, MIP, 817.8 MAA /592
P, NIP, MAA /592
Ps MIP; 817.8 2-VPY/750
P NIP; 2-VPY/750

Toluene/5 EDMA /5 AIBN/0.20
Toluene/5 EDMA/5 AIBN/0.20
Cyclohexanol/5 EDMA/5 AIBN/0.20
Cyclohexanol/5 EDMA /5 AIBN/0.20
Cyclohexanol/5 EDMA/5 AIBN/0.20
Cyclohexanol/5 EDMA/5 AIBN/0.20

from National Institute for the Control of Pharma-
ceutical and Biological Products (Beijing, People’s
Republic of China). Nilvadipine was obtained from
Fujisawa Pharmaceutical Co. (Osaka, Japan). Ethyl-
ene glycol dimethacrylate (EDMA) and methacrylic
acid (MAA) were obtained from Sigma-Aldrich (Mil-
waukee, WI). 2-Vinylpyridine (2-VPY) was also
obtained from Sigma-Aldrich. 2,2’-Azobisisobutyro-
nitrile (AIBN) was purchased from Shanghai No. 4
Reagent Factory (Shanghai, People’s Republic of
China). Sodium dodecyl sulfate was purchased from
Xi'an Chemical Reagent Factory (Xi'an, People’s
Republic of China). Poly(vinyl alcohol) 400 (degree
of polymerization (dp) = 400, saponification value =
87-89%) was purchased from Beijing Organic Chem-
ical Reagent Factory (Beijing, People’s Republic of
China). EDMA was purified with a 10% sodium hy-
droxide solution and dried over anhydrous magne-
sium sulfate before use. MAA and 2-VPY were
redistilled before use to remove polymerization in-
hibitor. Acetonitrile and methanol were chromato-
graphic grade. All other reagents were analytical
grade. Water was freshly distilled three times before
use. Heparinized plasma, separated by blood centrif-
ugation at 3000 rpm for 10 min, was obtained from
Sprague-Dawley (SD) rats supplied by Xi’an Jiaotong
University Experimental Animal Center (Xi’an, Peo-
ple’s Republic of China).

Preparation of MIPs

The MIPs for S-(-)-amlodipine were prepared by the
multistep swelling and polymerization method.** In
each condition, the MIPs and nonimprinted poly-
mers (NIPs) preparations were conducted twice, and
the brief procedure was as follows: 1.5 mL of a poly-
styrene seed particle emulsion was swollen with
the microemulsion prepared from dibutylphthalate
(0.48 mL) and sodium dodecyl sulfate (0.02 g), both
as activating solvents, and distilled water (10 mL) by
sonication. This first-step swelling was carried out at
room temperature for 15 h with stirring at 125 rpm
until the micro-oil droplets completely disappeared.
To the swollen particles, a dispersion of AIBN
(0.20 g), toluene or cyclohexanol (5.0 mL), 4.8%
poly(vinyl alcohol) 400 solution (10 mL), and water
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(12.5 mL) were added. The second-step swelling
proceeded at room temperature for 2 h with stirring
at 125 rpm. According to the preparation scheme in
Table I, S-(-)-amlodipine (0.817 g), EDMA (5.0 mL),
and MAA (0.59 mL) or 2-VPY (0.75 mL) were added
in sequence. Then, 10 mL of 4.8% poly(vinyl alcohol)
solution and 12.5 mL of water were added to the
dispersion of swollen particles. The third-step swel-
ling was implemented at room temperature for 2 h
with stirring at 125 rpm. After the third-step swel-
ling was completed, the polymerization procedure
was carried on with degassing by a stream of nitro-
gen gas for 24 h and stirring at 125 rpm at 50°C.
Afterward, the polymerized polymer particles were
dispersed in methanol, and the supernatant was dis-
carded after sedimentation. This process was
repeated three times in methanol, once in a mixture
of methanol and water, and twice in tetrahydro-
furan, and then, the microspheres were filtered and
washed with acetone and then dried at room tem-
perature. Comparatively, NIPs were synthesized
simultaneously in accordance with the same proce-
dure except for the addition of the template in the
preparation.

Morphologies of MIPs

The morphologies of the prepared polymers were
analyzed with a Hitachi S5-570 scanning electron
microscope (Kyoto, Japan) at 15 or 20 keV.

"H-NMR analysis

Deuterated chloroform was used as the solvent. MAA,
S-(-)-amlodipine, and the prepolymerization solutions
were scanned and recorded with a Bruker Avance
300-MHz NMR apparatus (Zurich, Switzerland).

Chromatographic analysis

Preparation of the MIP stationary high performance
liquid chromatography (HPLC) column

The prepared polymers were packed into a stainless
steel column (50 mm x 4.6 mm id.) by a slurry
packing method with a mixture of methanol and 2-
propanol (2 : 1, v/v) as the slurry medium and with
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methanol as the packing solvent. The column was
washed online extensively by a mixture of methanol
and acetic acid (4 : 1, v/v) to remove the templates
and unreacted monomers, and then, it was eluted by
methanol until a stable baseline was achieved.

Chromatographic conditions and evaluation
parameters

The chromatographic evaluation experiments were
carried out with a Shimadzu HPLC system (Kyoto,
Japan) consisting of an LC-20 A pump, an SPD-20 A
UV detector, and CS-Light Real Time Analysis Chro-
matographic software. The concentration of samples
was about 1 mg/mL.

The retention factors (k) were calculated by the
equation

k= (tr —to)/to

where fz and t, are the retention time and the void
time, respectively. t, was measured by acetone. The
separation factors (o) were measured as the ratio of
the k:

Otzkl/kz

where k; and k, were the retention factors of given
species. The selectivity factors (S) were calculated by
the equation

S = knups /knips

where the kyps and kyips are the k of given species
on the molecularly imprinted and nonimprinted
polymers, respectively.

Extraction of S-(-)-amlodipine from plasma
by MIP-SPE

The MIP-SPE cartridge was prepared under the opti-
mized conditions, and the preparation procedure was
similar to that described previously, except that the
polymerization was carried out in a 2.5-mL, one-side
sealed polypropylene syringe barrel. The obtained
cartridge was washed with 20 mL of methanol-acetic
acid (80 : 20, v/v) under negative pressure and
sequentially with about 20 mL of methanol.

A 1.0 mg/mL stock solution of S-(-)-amlodipine
was diluted to various concentrations with metha-
nol. An aliquot of 1.0 mL of the plasma sample was
spiked with 25 pL of the S-(-)-amlodipine standard
solution at different concentrations, and then, 1.0 mL
of acetonitrile was added to remove protein by pre-
cipitation and centrifugation. Then, a series of qual-
ity-control plasma samples with concentrations 0.25,
0.50, 1.00, 2.00, 4.00, and 8.00 pg/mL were obtained.

TABLE II
Chromatographic Retention Behavior of Amlodipine on
the MIP Columns

k
R-(-)-amlodipine S-(-)-amlodipine o
P, 10.13 14.46 143
P3 21.84 31.74 1.45
Ps 0.45 0.45 1.00

HPLC conditions: mobile phase: methanol-PBS (20
mmol/L, pH 5.0, 70 : 30 v/v), detection wavelength = 238
nm, flow rate = 0.2 mL/min, column temperature = 50°C,
loaded amount = 5 pL.

The spiked plasma samples (200 pL) were loaded
onto the MIP-SPE column.

The MIP-SPE column was first washed with ace-
tonitrile and then eluted with acetonitrile—acetic acid
(9 : 1 v/v). The effluent liquid in each washing step
was collected and evaporated to dryness with a
nitrogen stream and then reconstituted in 50 pL of
methanol before HPLC analysis.

RESULTS AND DISCUSSION
Selection of the functional monomer and porogen

MIPs for S-(-)-amlodipine were synthesized with dif-
ferent functional monomers and porogens. The pre-
pared MIPs were evaluated by chromatographic
experiments to examine the effects of the functional
monomer and porogen on the separation of the
amlodipine enantiomers. The results, listed in Ta-
ble II, show that the MIPs functionalized by the
acidic monomer MAA (P, and P3) showed selectivity
to S-(-)-amlodipine, whereas there was no selectivity
to S-(-)-amlodipine in the MIPs functionalized by the
basic monomer 2-VPY (Ps). It could be explained
that the carboxyl groups of MAA could have inter-
acted with the amine groups of S-(-)-amlodipine via
ionic interaction, whereas hydrogen-bonding interac-
tion existed between the amine groups of 2-VPY and
the amine groups of S-(-)-amlodipine, which were
not as strong as the ionic interactions. P; and P,
which were prepared with toluene and cyclohexanol
as porogens, respectively, both showed enantioselec-
tivity. However, amlodipine had a much stronger
retention on P; than on P;. Because there appeared
to be no obvious differences in o between P; and Ps,
the P; column was chosen for further evaluation and
application study. The enantioseparation of the
amlodipine racemate, shown in Figure 1, illuminated
a successful imprinting effect.

"H-NMR spectroscopy

The '"H-NMR spectra of S-(-)-amlodipine, MAA, and
their prepolymerization solutions are shown in Fig-
ure 2. It was clear that the addition of S-(-)-
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Figure 1 Chromatogram of amlodipine racemate on Pi:
(1) R-(+)-amlodipine and (2) S-(-)-amlodipine. HPLC con-
ditions: mobile phase: methanol-PBS (20 mmol/L, pH 5.0,
70 : 30 v/v), detection wavelength = 238 nm, flow rate =
0.2 mL/min, column temperature = 50°C, and loaded vol-
ume = 5 pL. t = time.

amlodipine to the functional monomer MAA
resulted in a upfield shift of the carboxyl (—COOH)
proton. When the molar ratio of MAA to S-(-)-amlo-
dipine (T/M) was 1 : 4, the shift change of the car-
boxyl (—COOH) proton in MAA was 0.8 ppm,
which was much higher than the shift change when
the molar ratio was 1 : 2. This result indicates that
there existed ionic interactions between MAA and S-
(-)-amlodipine, which may have been the main force
in making S-(-)-amlodipine and MAA form a com-
plex in the prepolymerization solution.”? At the
same time, it might also have been one of the driv-
ing forces of the specific recognition for the template
molecule, as shown in Figure 3.

Morphologies of the MIPs

The SEM of polymers prepared when MAA was
adopted as the functional monomer and toluene was
adopted as the porogen is shown in Figure 4. The
diameters of the obtained spherical polymer beads
were 3-5 pm, and many cavities were created on the
surface of the beads, which might have been formed
by the removal of the porogen from the particles
during the washing cycle. Such a porous structure
provided recognition sites and large surface areas.

Selectivity of the MIPs

The retention properties of the template, its struc-
tural analogues, and some other structurally unre-
lated compounds on the MIP and NIP columns man-
ifested that the S for S-(-)-amlodipine was much
higher than that for the other tested compounds on
the MIP column. As shown in Figure 5, S for 5-(-)-
amlodipine was 13.8, almost two times higher than
that in a previous report.” It was noticed that the
MIPs were capable of specifically recognizing the

Journal of Applied Polymer Science DOI 10.1002/app
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template in aqueous media and, consequently, could
hopefully be applied to the concentration and purifi-
cation of S-(-)-amlodipine from complex media.

Recognition mechanism of the polymers

Retention properties of the MIP column in an
organic mobile phase

The organic solvent acetonitrile was employed as the
mobile phase to determine the retention behaviors of
the template and its structural analogues on the MIP
and NIP columns (P; and P,). It is obvious from

a
N o ~._'[‘__‘| |'\._ L-\. _.*I!\.
wym 1'2 1'0 ;; ii :I '2
b
11.8259
ppm 12 10 8 H a 2 0
c
11.3518
|
| ‘
/ pm_ U_a I I |..|'-. _-‘ L
ppm 12 10 8 6 4 2 0
d
11.0192
| J l
. M U l i
. r r T v ¥ v
ppm 92 10 8 6 3 2 0

Figure 2 'H-NMR scanning spectra: (a) S-(-)-amlodipine,
(b) MAA, (c) prepolymerization solution (T'/M =1 : 1),
and (d) prepolymerization solution (T/M =1 : 4).
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Figure 3 Schematic diagram of the template-monomer complex formation.

Table III that S-(-)-amlodipine was hardly eluted on
P,, whereas the other tested structural analogues
were hardly retained, except for nicardipine. This
result may be explained by the fact that nicardipine
possessed amine groups (—NH, or —NH—), which
could form ionic interactions with MAA. S-(-)-amlo-
dipine had a much stronger retention on P, than on
P,, with S = 5.16 on P,. However, there were no sig-
nificant differences in the retention behaviors of the
structural analogues on P; and P,. All of these clari-
fied that the specific selectivity and affinity for the
template came from the imprinting process, whereas
the other tested structural analogues was not specifi-
cally recognized by P;.

The influence of acetic acid on k of S-(-)-amlodi-
pine is shown in Figure 6. With increasing amount
of acetic acid, k decreased greatly. When the amount
of acetic acid was less than 1%, S-(-)-amlodipine

Figure 4 Scanning electron micrographs of MIPs pre-
pared by multistep swelling and polymerization.

could hardly be eluted, whereas S-(-)-amlodipine
was not retained on the MIPs when the amount of
acetic acid was beyond 6%. Considering the results,
we deduced that the addition of acetic acid
increased the polarity of the solution and destroyed
the interaction force between the MIPs and the ana-
lytes; this resulted in a decreased k.

Retention properties of the MIP column in the
aqueous mobile phase

The influence of the mobile phase pH on the k of
the amlodipine enantiomers was studied when
m -

% 26
20

16
10

5 -

O N O

1 2 3 4 5 6 7

Figure 5 Selectivity of MIP columns. MIPs NIPs: (1) S-(-)-
amlodipine, (2) nicardipine, (3) nimodipine, (4) nitredi-
pine, (5) nilvadipine, (6) matrine, and (7) ephedrine. HPLC
conditions: columns: P; and P,, mobile phase: acetonitrile-
sodium phosphate buffer (20 mmol/mL, pH 5.5, 70 : 30 v/
v), detection wavelength = 238 nm, flow rate = 0.5 mL/
min, column temperature = 25°C, and injected amount =
5 uL.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE III
Retention of S-(-)-Amlodipine and its Structural Analogues with Acetonitrile as the
Mobile Phase

k
Nimodipine Nitrendipine Nilvadipine Nicardipine S-(-)-Amlodipine
P, 0.1 0.1 0.1 9.3 62.5
P, 0.2 0.2 0.3 10.4 12.1

methanol-sodium phosphate buffer solution (PBS; 20
mmol/L, 70 : 30, v/v) at different pHs was used as
the mobile phase. As shown in Figure 7, the k of
amlodipine enantiomers increased when the pH
value of PBS changed from 3.0 to 6.0. The highest k
was reached around pH 6.0, and the k decreased as
the pH value changed to be above 6.0. The pK, of
MAA and amlodipine were 4.58 and 8.97, respec-
tively. The outcomes could be explained by the ioni-
zation levels of MAA and amlodipine in the poly-
mers. When the pH value of PBS changed from pH
3.0 to 6.0, the ionization degrees of the amine group
in amlodipine and the carboxyl group of MAA
became larger; this led to a stronger ionic interac-
tion. When the pH value of PBS changed to be
above 6.0, the ionization level of the amine group in
amlodipine decreased gradually and gave rise to a
smaller ionic interaction.

In study, a mixture of methanol-PBS (pH 4.0) was
used as the mobile phase to evaluate the influence
effect of the methanol content in the mobile phase
on the retention characteristics of amlodipine enan-
tiomers. As shown in Figure 8, the retention of S-(-)-
amlodipine decreased as the methanol content
increased from 30 to 70%, whereas it increased
slowly as the methanol content increased from 70 to

Figure 6 Influence of acetic acid (HAc) in the mobile
phase on the retention of S-(-)-amlodipine. HPLC condi-
tions: column: MIP-HPLC column (P;), mobile phase: ace-
tonitrile-acetic acid (HAc) (v/v), detection wavelength =
238 nm, flow rate = 0.5 mL/min, column temperature:
room temperature, and loaded amount = 5 pL.
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90%. These results could be explained by the fact
that hydrophobic interactions were dominant when
the methanol content was less than 70%, whereas
the prevailing interactions changed into electrostatic
force as the methanol content reached beyond 70%.
It could be inferred that the solutes was retained on
the MIP column mainly because of hydrophobic
interactions, in addition to electrostatic interactions
of the compounds with MAA in aqueous mobile
phases.

Extraction of S-(-)-amlodipine from plasma
with an MIP-SPE column

The washing solution and the final eluents from the
MIP-SPE column were monitored by HPLC. The
extraction conditions were optimized on the basis
of the retention characteristics of S-(-)-amlodipine,
and the HPLC conditions were established on the
basis of the previous report.”® As shown in Figure 9,
the plasma samples (n = 3) were purified and

30
25
kzu-
15 |

10

3 6 g
pH

Figure 7 Effect of the pH of the mobile phase on the
capacity factor of amlodipine enantiomers on P;. S-(-)-
Amlodipine R-(-)-amlodipine HPLC conditions: mobile
phase: methanol-20 mmol/L PBS (70 : 30 v/v), detection
wavelength = 238 nm, flow rate = 0.2 mL/min, column
temperature = 50°C, and loaded amount = 5 pL.
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Figure 8 Effect of the proportion of methanol in the mobile
phase on the capacity factor of the amlodipine enantiomers
on P;. S-(-)-Amlodipine R-(-)-amlodipine HPLC conditions:
mobile phase: methanol-PBS (20 mmol/L, pH 4.0, v/v),
detection wavelength = 238 nm, flow rate = 0.2 mL/min,
column temperature = 50°C, and loaded amount = 5 pL.

concentrated after extraction by the MIP-SPE col-
umn. The chromatogram was significantly cleaner
after the MIP-SPE cleanup protocol. A standard cali-
bration curve was plotted by the concentration of
quality-control plasma [x axis (ug/mL)] and the
peak area (y axis). The linear equation was y =
161,918x + 124,438, with a correlation coefficient of
0.9948. On this basis, we perceived that a linear cor-
relation relationship existed between the peak area
and the concentration of S-(-)-amlodipine over the
range 0.25-8 pg/mL. The results of recovery are
presented in Table IV, and the average recovery of
S5-(-)-amlodipine was 98.3% with relative standard
deviation (RSD) less than 9.1% (n = 5). Compared
with the monolithic column,® during the MIP-SPE
column application, no column collapse was
observed with satisfactory average recovery and sta-
bility. The MIP-SPE cartridge was used 25 times
without significant deterioration in separation effi-
ciency. In view of these results, it is hoped that the
established method could be applied to S-(-)-amlodi-
pine analysis in plasma.

CONCLUSIONS

Spherical MIPs for S-(-)-amlodipine were synthe-
sized by a multistep swelling polymerization
method in an aqueous system. The MIPs had a spe-
cific binding ability and high selectivity for S-(-)-
amlodipine. The MIP cartridge had good workability
for the concentration and purification of S-(-)-amlo-
dipine from plasma; this suggests that it might be a

S
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Figure 9 Chromatograms of the S-(-)-amlodipine plasma
sample: (a) S-(-)-amlodipine standard solution, (b) S-(-)-
amlodipine plasma sample without MIP-SPE treatment,
and (c) S-(-)-amlodipine plasma sample with MIP-SPE
treatment. HPLC conditions: column: Shimadzu VP-Octa-
decylsilyl (VP-ODS) column (250 x 4.6 mm?, i.d. = 5 pm),
mobile phase: methanol-sodium dihydrogen phosphate
solution (30 mmol/L, 70 : 30, v/v), detection wavelength
= 238 nm, flow rate = 1.0 mL/min, column temperature:
room temperature, and load volume = 20 pL. t = time.

TABLE IV
Accuracy and Precision Results of the Method
Spiked Measured Method
amount amount recovery RSD
(ng/mL) (ug/mL) (%) (%)
0.25 0.27 106.1 9.1
2.00 1.81 90.6 3.0
8.00 7.87 98.3 3.0
n = 5.

promising separation material for S-(-)-amlodipine
analysis.

The authors thank professor Jun Haginaka from Mukogawa
Women’s University for his great help in the polymer
preparation.
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