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Microspheres Sensor Based on Molecularly Imprinted Polymer
Synthesized by Precipitation Polymerization
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A new biomimetic bulk acoustic wave sensor based on molecularly
imprinted microspheres (MIM) technique was described. The sens-
ing materials were by By

regular. Recently, new methods for preparation of MIPs have
been pmpwsed mmlvmg normal suspeﬂslon polymerization,

using the Scatchard anslysis, the constant
Kp and the apparent maximum number O,y of the binding sites
were calcuated to be 3.70 mmol+L~* and 9.11 pmol-g™", respec-
tively. The seasor exhibited @ sensitive response to the template
compound (dipyridamole) in liquid phase with a detection limit of
2x10~° mol - L™!. The recoveries of the sensor were 95.1%—
105.4% . Studies presented in this paper show that the stability of

Keywords  microspheres sensar, moleculadly imprinted polymer,
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Introduction

Since the piezoelectric bulk acoustic wave (BAW) sen-
sors were applied in liquid phase in the 1980s, many papers
have been reported .""? However, the application of BAW sen-
sors based on mass effect is limited because of lack of the
special selectivity to the analyte. Various methods have been
proposed to solve this problem, especially the application of
the biomaterials.? Unfortunately, the result was not so good as
expected, due to the instinct disadvantage of the biomateri-
als, e.g., poor stability, short life span, although possess-
ing high selectivity. Therefore, it is essential to research for
stable, facile and highly selective materials as the active
sensing components for BAW sensors.

Imprinting polymer technique is a powerful tool for
preparing recognizing materials. During the past two decades,
rapid developments have been made in the field of preparing
molecularly imprinted polymers (MIPs). Most methods for
preparation of MIPs include three steps: firstly, mixing and
interacting the functional monomers with the |mpnnted

lectl secondly, the o with
the functional monomers; thirdly, removing the hsmplnle from
the imprinted polymers. However, these methods for prepara-
tion of MIPs are time-consuming in the course of the grind-
ing/sieving and the resulted MIPs might be configuration-ir-
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in p 5 seed polymer-

ization, graft polymerization, polymerization of reactive sur-

fm:mnts, p!eclpltmmn polwnenmtmn ) et Among these
the

is

as it is easy to handle.

With the physical robustness, mechanical strength,
durability to heat and pressure, high affinity and selectivity,
molecularly imprinted polymers have been widely applied in
the fields of solid-phase extraction,® pharmaceutical analy-
sis,” separation in high-performance liquid (HPLC), ™ eapil-
lary electromatography ( CEC)," thin-layer chromatography
(TLC),™ capillary electrophoresis (CE)™ and chemical sens-
ing. %% During the last few years, a big boost in the use of
mmass-sensitive acoustic transducers based on the MIPs has
been observed, such as surface-acoustic wave (SAW) oscilla-
tor,'® the Love-wave oscillator'” and the quartz crystal mi-
crobalance (QCM).'® However, application MIM-BAW sen-
sor in liquid phase has not been reported in the literature. Tn
this paper, we attempled to fabricate a highly selective and
sensitive BAW sensor based on moleculary imprinted micro-
sphcree (MIM). Dipyridamole, 2, 2/, 2, 2’” ( 4-8-dip-

imido [ 5,4-d ] pyrimidine-2, 6-di te-
tracthanol, was used as templato. The MIPs were cheracter-
ized by using TEM and the Scatchard analysis. Influencing
factors such as ethanol, pH value and the weight ratio of
polyvinyl chloride (PVC) to MIM were investigated . The sen-
sors, which were modified by PVC, were also successfully
applied to the determination of dipyridamole in water and
urine, and the results were satisfactory.

Experimental
Materials

Ethylene glycol dimethacrylate (EDMA) was purchased
from Sigma (St. Louis, MO). Methacrylic acid (MAA),
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azobisisobutyronitrile (AIBN), PVC powders, chloroform and
tetrahydrofuran ( THF) were obtained from Shanghai No. 2
Chemical Reagent Co. Dipyridamole was purchased from
Shanghai No. 6 Medical Reagent Co. All reagents were of
analytical grade except for AIBN, which was of chemical pu-
ity grade. MAA and EDMA were purified by distillation prior
to the use. Double-distilled water was used throughout the ex-

periment .
Apparatus

A 9 MHz piezoelectric quartz crystal (12.5 mm in dian-
eter) with silver electrodes (6 mm in diameter) on both sides
was used in this experiment. The schematic diagram of the
detection system employed was the same as previous repori-
d.” The quariz crystal was fixed to a silicone rubber tube
with HZ-704 silicone adhesive. Only one side of the quartz
crystal, with coated membrane, was allowed to contact the
solution directly. The sensor was connected to a home-made
oscillating circuit supplied by a JWY-30B de voltage regulator
that was set at 4 V. A model S$7200 universal frequency
counter was employed to measure the frequency. The temper-
ature of the sample solution was kept at 25 “C using a thermo-
stat.

Synthesis of molecularly imprinted microspheres

The molecularly imprinted microspheres were prepared
using precipitalion polymerization technique. 0.25 mmol
(0.125 g) of dipyridamole was dissolved in 50 mL of chloro-
form containing 1 mmol (0.086 g) of MAA by sonication
(SB5200, Shanghai Branson) for 10 min at 60 C in a 100
mL of volumetric flask. Then 10 mmol (0.994 g) of EDMA
and 0.1 mmol of AIBN were added. After being purged with
nitrogen gas for 15 min, the flask was sealed under nitrogen
gas and kept in thermostated water bath (60 °C) overnight.
‘The polymer microspheres were obtained by centrifugation at
8000 r/min for 20 min. Then the template was removed from
the polymer microspheres by repetitive rinsing with ethanol-
acetic acid (9:1, V: V) for three times and then with
ethanol until the template molecule could no longer be detect-
ed under UV (A, =286 nm) . Finally, the polymer micro-
spheres were suspended in acetone and allowed Lo setile for 4
h. The fine polymer microspheres, obtained from the suspen-
sions by centrifuging at 8000 r/min, were dried under vacuum.

Non-imprinted microspheres (NIM) were prepared in the
same way as described above except that no template molecule
was added in the polymerizalion stage.

Preparation. of the BAW sensor

The surface modification of the piezoelectric quartz crys-
tal (PQC) was carried out as follows: 25 msg of the fine poly-
mer microspheres prepared by the aforementioned method were
suspended in 20 mL of tetrahydrofuran which contained 10 mg
of PVC powders. About 10 piL of this suspension was spread
over the silver electrode surface of the PQC. After slow evap-

oration of tetrahydrofuran at room temperatare, MIM were
coated on the BAW sensor surface. This procedure was re-
peated 2 or 3 times to get a proper polymer coating on the
sensor surface. Another reference sensor was fabricated in the
same way with NIM. All the sensors were stored in a desicca-
tor when they were not in use.

Procedure

Before the determination of dipyridamole, the BAW sen-
sor was immersed into 10 mL of double-distilled water at 25
C and a steady resonant frequency (f;, frequency shift <3
Hzin S min) was recorded. Then, a standard solution was
added into it and the frequency (f;) was recorded. The fre-
quency shift for each solution was calculated as Af'= f; - f;.
After determination, dipyridamole was removed from the coat-
ing with a series of sequential washes, including the three
washes with ethanol-acetic acid (9: 1, V: V), then two
washes with ethanol, and finally three washes with water.

Scachard analysis

The washed microspheres (10 mg) were placed in a 10
L of conical flask and mixed with dipyridamole standard so-
lution. The concentrations of the standard solutions varied
from 0 to 4.5 mmol-L™!. After incubation for 10-h at 25 C,
the mixture was transferred inlo & centrifuge tube and cen-
trifuged for 10 min at 6000 r/min. Then the supematant was
analyzed using a spectrophotometer at 286 nm. The amount of
dipyridamole bound to the microspheres was calculated by

biracting the of fres dipyridamole from its ini-
tial concentration.

Results and discussion
Affinity characterization of microspheres

Figs. la and b show that the collected microspheres
possess similar size and spherical appearance under the poly-
merization condition. The average diameter of the micro-
spheres is about 0.2 ym. In order to estimate the binding pa-
rameters of dipyridamole microspheres, Scatchard analysis
was used.? Scatchard equation is as follows:

Q/IDy] = (Quu - Q)/Kp

Where  is the amount of dipyridamole bound to the micro-
spheres, Quu is the apparent maximum number of binding
sites, [Dy] is dipyridamol ion at equilibrium and
Kpis the equilibrium dissociation constant. At first, micro-
spheres-binding isotherm in the aqueous system was deter-
mined by UV-vis spectrophotomelry in the range of 0—4.5
mmol+ L~ initial concentration of dipyridamole. The result is
shown in Fig. 2a, where the amount of dipyridamole bound to
the imprinted polymer is plotted against varied initial concen-
tration of dipyridamole. Then, the obtained binding data were
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Fig. 1 TEM of the molecularly imprinted microspheres in olusters
(a) and separsted particles (b) under 100000 x magnifica-
tion.
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Fig. 2 Binding isotherm of the dipyridamole () and Scatchard plot
0 estimate the alfinity nature of the imprinted polymer (b).

plotted to estimate the dissociation constant and the apparent
maximum number of binding sites according to the Scatchard
equation. A straight line is shown in Fig. 2b. Tt indicates
that the binding sites of MIM are homogeneous with respect to
the affinity for dipyridamole.? The Scatchard regression equa-
tion is:

Q/(Dy]=2.46-0.27x Q (r=0.994)
In Fig. 2b, the slope and intercept are equal to — 1/Kp and
Quax/ Ko, respectively. Hence, from the slape and intercept
of Seatchard plot, the equilibrium dissociation constant Kpy
and the apparent maximum number Qg of the binding sites
can be calculated to be 3.70 mmol*L"* and 9.11 yamol g™
of dry microspheres, respectively.

Sensor performance

In order to avoid the influence of the membranc thick-
ness, the same sensor was used repeatedly throughout experi-
ment. The frequency of this sensor remained stable after be-
ing immersed into double-distilled water over a stabilization
period of about 20 min. A series of standard solution in an
increasing concentration order was injected and frequency re-
sponse of the sensor was recorded . The result is given in Fig.
3. To investigate the influence of the amount of the action
MIM material on the response of sensor, different amounts of
MIM were applied to the sensor surface, and the frequency
shifis were recorded and used to represent the coating
amounts. No significant difference in the sensar response was
observed when the coating amount expressed by frequency
change was in the rang of 8.0—8.3 kHz (Fig. 4). The rela-
tions in the range of the frequency shift of the three represen-
tative sensors and the dipyridamole concentration are also
shown in Fig. 4. Linear calibration curves of log( - Af;)
versus log ¢; from 1% 107% mol-L™" to 1x 10 # mol-L"!
were established:

Sensor 1; log( — Af) =3.13+0.18lg o;  (r=0.994)
Sensor 2: log( - Af;) =3.20+0.19log ¢; (r=0.988)
Sensor 3: log( — Af;) =3.15+0.18log ¢; (r=0.994)

For all the three sensors, the detection limit is 2 x 10™° mol-
L~!. It can also be seen from Fig. 4 that the response of the
MIM sensor to dipyridamole is much higher than that of the
NIM sensor. Therefore, it was found that the MIM coating
showed higher affinity for the dipyridamole than the NIM coat-
ing as expected.

Effect of pH. and the ratio of MIM to PVC

The binding ability of the MIM to dipyridamole can be
related to the hydrogen bond and ionic adsorption between
carboxyl group and dipyridamole. Therefore, the solution pH
may affect the interaction between the analyte and the car-
boxyl group. To study the effect of solution pH, the sensor
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Fig. 3 Course of the observed frequency shift response of the sen-
sor to each concentration of dipyridamole. (1) In water;
(2) in dipyridamole salution. A, 0; B, 1x 10°% mol+
L4 G, 5%10  mol*L™'; D, 1x 1077 mol- L~ E,
2x1077 mol'L™; F, 1x 107 mol-L~'; G, 3x 1076
mol'L™"5 H, 5x 10~ mol-L™'; I, 1x 10"% mol-L"";
J, 2107 mol-L~'; K, 1x 10# mol-L1.
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Fig. 4 Typical response of the PQC sensor. Semsor 1, with
= Afyea = 8120 Hz; Sensor 2, with — Afipey = 8072 Ha;
Sensor 3, with — Af ey = 8240 Hz.

was immensed in 1 x 1075 mol+L~" dipyridamole solution and
the solution pH value was adjusted using 0.1 mol* ™' NaOH
solution or 0.1 mol+L ™! HCI solution. The results are shown
in Fig. 5. When pH value is in the range of 5—9, the fre-
quency responses of the sensor ate not significant affected by
solution pH. When pH >9 ar pH <5, the frequency shift in-
creases, which can be explained by enhancement of the ionic
adsorption. In the following experiments, pH 7 was used.
PVC was selected as matrix in this study. It has been
found that the weight ratio of MIM 1o PVC in the modified
material affects the frequency response of the sensor to dipyri-
damole (Fig. 6). With the increase of the weight ratio of

Froquency shift, - A7 (Hz)

pH value

Fig. 5 Relation of frequency shifis vs. pH. 0.1 moi-L~" HQl so-
Tution or 0. 1 mol* L~ NaOH solution was used to adjust
PH value. The concentration of dipyridamole in the matrix
was 1% 107 mol+L™!.

Frequency shifl, -4 (Hz)

TIIImsr rIT

.

N

MIM/PVC

Fig. 6 Relation between frequency shift and the weight matio of
MIM/PVC in 1 x 10~ mol* L~ dipyridamole standard so-
Tution.

MIM to PVC, the frequency shift increases. However, when
the ratio is over 3, the coaling flakes off easily and the repro-
ducibility is poor. Therefore, in this study, the weight ratio

of 2.5 was employed.
Influence of ethanol and harsh treatments on sensor response

Dipyridamole can not be dissolved easily in water,
hence, ethanol was employed as solvent in the course of
preparation of the standard solution so that dipyridemole can
be dissolved completely. The influence of ethanol concentra-
tion on the response of sensor was tested and the result is
shown in Table 1. Tt can be seen that the amount of ethanol
has no significant effect on the determination.

As a new sensor, it is important to test its stability and
durability. In order to study the stability of the new sensing
material, which was fabricated by preeipitation polymerization
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method, the sensor was treated in harsh environments, in-
cluding heating (60 °C, 1 h), acidic solution (pH 4, 1 h)
and basic solution (pH 9, 1 h). The sensor responses calcu-
lated as the frequency shift ratio of the treated sensor to the
untreated one were 98.5% , 93.7% and 92.1% , respective-
ly. The result exhibits that the harsh environment has no sig-
nificant effect on the sensor response.

Table 1  Influence of ethanol

Etharol concentration Frequency of the sensor  Frequency shift
{mol L") (MHz) (Hz)

) 8.981578 o
2.2%107° 8.981586 8
4.4x10°° 8.981582 4
1.1x107% 8.981573 -5
2.2x10°% 8.981570 -8
4.4x107° 8.981580 2
1.3x10°* 8.981576 -2

Selectivity of the sensor

The biomimetic MIM have good selectivity to template
molecule. It is more important for dipyridamole because it can
not be used with many phamaceuticals together in clinical
practice. In the selectivity study of the sensor, The concen-
tration of dipyridamole and the interfering substance was kept
at 110" mol°L™". k; = Afi/Af, is defined as the selec-
tivity coefficient, where, Af; is the frequency shift of the
MIM sensor to the interfering substance and Af; is the fre-
quency shift response to dipyridamole.. The results in Table 2
exhibit that the investigated substances, including the various
inorganic compounds and the organic compounds, cause o
significant interference. It is reasonable to suppose that the

Table 2 Selectivity of the sensor

Interfering substance Ky = M/D,
Magnesium sulfate No response
Sodium chloride No response
Potassium chloride No response
Ammonium sulfate No response
Cane sugar 0.05
Lactose 0.04
Sodium DL-aspartate 0.07
DL-o-Alarine 0.06
Mennitol 0.06
D-Glucose 0.16
Resorcinol No response
o-Aminophenal No response
2-Naphthol 0.02
Tris. 0.06
Sodium 2-hydroxy-3-naphthoste 0.05
8-Hydroxyquinaline 0.05
Sodium amidotriscetste 0.05
Vitaniin C 0.07

sensor selectivity is related not only to the affinity of the func-
tional monomers to the tested substance, but also to the com-
patibility of the cavity shape with the tested substance.

Application. of the sensor

The sensor was applied to the determination orl dev-n—
damole in water and urine. Tests of the recovery iencies
for known amounts of dipyridamole in water and urine were
aperated. Series of dipyridamole samples were prepared by
adding known amount of a standard solution of dipyridamole.
After appropriate dilution, the sample was placed in the de-
tection cell, and processed as mentioned in the experimental
section. Table 3 shows that the results are satisfactory .

Table 3 Apglication of the sensor to the determination of dipyridamole

Sample Added (mg)  Found®(mg)  R*(%) R.S.D. (%)
1.51 1.48£0.02  98.0 -
2.2 1.95£0.027 9.5

Urine  2.52 2.49:0.031 988 0.9
3.02 3.11x0.018 103.9
4.54 4.37£0.021  %6.2
9.07 8.6310.034  95.1
1.51 1.49£0.018  98.7
2.02 2.13£0.031 105.4

Water 2.5 25120021 9.6 131
3.02 2.9650.057  98.0
4.54 4.5120.033 9.3
9.07 8.7820.035 %8

“ Means + standard deviations (r=3): * recovery.

Comparison with other methods for the determination dipyri-
damole

Comparison of the present method with some other detec-
tion techniques is summarized in Table 4. It is shown that the
MIM by precipitation polymer method has some advantages
with lower determination limit, easier fabrication and cheaper
instrumentation than other methods. The spectrophotometric
method is not so sensitive and its detection range is only down
to 100—500 pg/mL level. Morcover, it is lime-consuming in
the extraction step. The detection limit of the polarographic
method is al micromolar level, so its application is limited
only for tablets. HPLC method requires tedious sample clean-
up procedure, including the required preliminary extraction
and purification.

Conclusion

In this work, MIM-BAW sensor, which was synthesized
with precipitation polymerization, was developed. The study
showed that the MIM-sensor has high selectivity and sensitivi-
ty for dipyridamole in liquid phase. It has been applied suc-
cessfully to the determination of dipyridamole in human rine
and water. As a new kind of method for detection of dipyri-
damole, the MIM-sensor possesses advantages in easy fabrica-
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Table 4 Comparison of the present method with other methods for determination of dipyridamole

Detection limit Linear R.S.D. .
et (oot (o1 e (%) R Appliaim
Fluarescence spectrometry 2x 1071 - 96.8—110 0.8—2.5 2 Compound
Voliammetry - 9.9x10°™—2x107°  100.5—101.2 1.5—2.2 % Tablet
FIA 4.3%10°%  9.9%1075—7.9x10-7 — 1.4—11.5 25 Phamaceuticel
Chemiluminescence 111077 4x107"—1.6x10"7 — 1.2—1.4 26 Tablet and water
Tiquid chromatography 3x1071° 10-5—10-° — 3.7 21 Drugs
Potentiometry 10°¢ 10-2—10"¢ 9.7 0.6 2 Phamaceutice]
Spectrophotometry — — 9.9 0.6 20 Drugs
MIM 2x107° 10-‘—10-* 95.1—105.4 1.0—-1.3 Water, urine

tion, cheap instrumentation, satisfactory recovery and low de-
tection limit. Therefore, it is possible to apply the MIP-sen-
sor widely in pharmaceutical, medical and biological fields.
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