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ABSTRACT

A molecularly imprinted polymer (MIP) containing a phenanthrene skeleton was prepared by suspension polymerization with
ethylene glycol maleic rosinate acrylate (EGMRA) as the cross-linker, tetrahydropalmatine (THP) as the template, and
methacrylic acid as the functional monomer. A non-imprinted polymer (NIP) was similarly prepared and treated, but in the
absence of THP. The MIP and NIP were characterized by scanning electron microscopy and nitrogen sorption and thermal
gravimetric analyses. The time taken by the MIP to reach THP (C, = 2.8 mmol L™') adsorption equilibrium was 4.5 h, and the recog-
nition factor of the MIP for THP was 2.09. The change in microcalorimetric heat flow during adsorption revealed that the MIP had
a higher affinity to THP compared with NIP. Selective adsorption experiments demonstrated the high affinity and THP selectiv-

ity of the MIP.
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1. Introduction

Molecular imprinting is a technique for preparing molecular
imprinted polymers (MIP) that contain a large number of cavi-
ties. Cavities are complementary in shape, size and functionality
to a specific target molecule, and can recognize and bind the
target molecule with high selectivity." MIPs are straightforward
and inexpensive to prepare, and are relatively stable.”* They are
used in sample pretreatment,* sensors,”® chromatography’"
and catalysts.”"

MIPs are usually prepared using ethylene glycol dimethacrylate
(EGDMA) as a cross-linker,” but such MIPs generally exhibit
poor rigidity. The irreversible distortion of the molecularly
imprinted holes adversely affects recognition performance
and selectivity. Considerable effort has been focused on improv-
ing the mechanical strength and chemical stability of MIPs.
Developing alternative cross-linkers is likely to facilitate the
synthesis of MIPs with high selectivity and stability.

In this study, the cross-linker ethylene glycol maleic rosinate
acrylate (EGMRA) (Fig. 1) was synthesized from rosin,'* and was
used to prepare a MIP. EGMRA was used as a monomer for affin-
ity separation by introducing the phenanthrene skeleton into
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Figure 1 Structure of EGMRA.

the polymer to improve its mechanical strength and stability. It
overcomes the above-discussed disadvantages of conventional
molecular imprinting technology.

Tetrahydropalmatine (THP) is an alkaloid obtained from
rhizoma corydalis. THP is a traditional Chinese herbal remedy
used as a sedative, antispasmodic, analgesic and decongestant,
and is a pharmaceutical product in the Peoples Republic of
China."” THP is of interest because it is a sedative with low toxic-
ity and addictive properties and so its separation and purifica-
tion is important. There are currently no reports of using MIPs
prepared from EGMRA for the separation of THP.

In this study, a MIP was prepared by suspension polymerization
using EGMRA as the cross-linker, THP as the template and
methacrylic acid (MAA) as the functional monomer. The obtained
particles were characterized by scanning electron microscopy
(SEM), nitrogen sorption analysis with Brunauer-Emmett-Teller
theory (N,-BET) and thermogravimetric analysis (TGA). The
adsorption properties of the MIP were investigated by equilib-
rium adsorption experiments. The quantity of heat adsorbed
was determined via microcalorimetry. The selectivity was eluci-
dated from the different binding abilities of THP and theo-
phylline (TP).
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Figure 2 SEM images (magnification: X1000) of the MIP (a) and NIP (b).

2. Experimental

2.1 Preparation of THP-imprinted Polymers

THP (1.4 mmol), EGMRA (14 mmol) and MAA (42 mmol) were
dissolved in 60 mL of ethyl acetate by sonication. 0.36 g of
azodiisobutyronitrile (AIBN) and 4.5 mL of porogen were
added, and the solution was sonicated to form an organic phase.
The organic phase was added to aqueous sodium dodecyl
sulfate (0.5 mg mL™, 400 mL) under constant stirring, and the
mixture was thermally polymerized at 78 °C for 20 min, and then
at 95 °C for 40 min. The polymer was thoroughly washed with
acetone to remove any unreacted monomer, and was then
thoroughly washed with water until no THP was detected in the
effluent. Anon-imprinted polymer (NIP) was similarly prepared
and treated, but in the absence of THP.

2.2. Template Removal

After the imprinted polymer was prepared, the THP template
needed to be removed, to leave vacant cavities complementary
in shape, size and functionality. Methanol/acetic acid (80:20 v/v)
extraction for 48 h was found to be suitable for quantitatively
removing the THP template. Extraction was repeated until
negligible THP was detected in the washing solution, as shown
by the absorbance at 280 nm, (Shimadzu UV1800, China).

2.3. Characterization of Materials

Scanning electron microscopy: the morphologies of the
obtained polymers were determined via SEM (Hitachi S-3400N,
Japan). Prior to visualization, a small section of the polymer was
placed on the SEM sample holder and was then sputter-coated
with gold.

Nitrogen adsorption desorption isotherms were collected on a
Micromeritics ASAP2020M instrument at 77 K after the sample
had been degassed in a flow of N, at 373 K overnight. The
Brunauer-Emmett-Teller (BET) method was utilized to calculate
the specific surface area; pore volume and pore diameter distri-
bution was derived from the adsorption isotherms by the
Barrett-Joyner-Halenda (BJH) model.

Thermogravimetric analysis (TGA) was performed on
chitosan and modified chitosan by usinga NETZSCH STA-449F3
Jupiter instrument. Experiments were performed with 4-5 mg of
the sample under a dynamic nitrogen atmosphere flowing at a
rate of 50 mL min™ and at a heating rate of 10 K min™.

2.4. Adsorption Experiments

0.25 g of MIP (or NIP) was placed in a 100 mL conical flask, with
a known concentration of THP (defined as C,) in 50 mL of
ethanol/water (50:50 v/v). The flask was agitated at 30 °C for4.5 h,
and the solution centrifuged. The THP concentration of the

| <.
50,00t ['S73H00N 30

solution was determined by measuring the absorbance at
280 nm, using a spectrophotometer. The sorption quantity Q,

(mmol g™) was calculated from:"

i :VX(CO _Ce), (1)
m(1-X)

where Gy and C. are the initial and equilibrium THP concentra-

tions, respectively (mmol L™), Vis the THP solution volume (mL)

and m is the MIP (or blank sample) weight (g).

2.5. Specific Adsorption Experiments

2.0 mmol L™ solutions of THP and TP were prepared. The Q, of
the MIP and NIP for these three analytes was obtained by the
method in section 2.3.

The specific recognition properties of the MIP were evaluated
with the distribution coefficient (K) and recognition factor
(0). K was calculated from:"

Q
K==, 2
¢ @
where the units of Kare L g™'. 6 was calculated from:
0= Kue , 3)
KNIP

where Kyir and Ky are the distribution coefficients of the MIP
and NI respectively.

2.6. Selectivity Adsorption Experiments

The selectivity of the MIP was evaluated from competitive
binding studies, using a solution containing 2 mmol L™ of THP
and TT, at optimum adsorption conditions. The THP and TP
concentrations remaining in solution were determined by high
performance liquid chromatography (HPLC, Shimadzu
LC-15C, China). Prior to analysis, the supernatant was filtered
through a 0.45 um membrane. The HPLC conditions were:
mobile phase, methanol; flow velocity, 1.0 mL min™; wave-
length, 280 nm; column temperature, 30 °C; sample volume,
20 L.

2.7. Microcalorimetry

The energy evolution of adsorption was measured by a
Setaram C80 microcalorimeter with a mixing cell. Energy
changes in the adsorption of THP were detected at 298.15 K.
The THP concentration and volume were 2.0 mmol L™ and
1.0 mL, respectively. The mass of the MIP (or NIP) was 0.25 g.

3. Results and Discussion
3.1. Polymer Characterization

SEM images of the MIP and NIP are shown in Fig. 2a and 2b,
respectively. The images reveal the loose structure of the MIP
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Table 1 Textural properties of the MIP and NIP volume of pores
1.7-300 nm in diameter; ‘d, = BJH desorption average pore diameter.

Sample Sper/m* g? Vp/x107 cm® g'* d,/mm
MIP 0.35 3.02 61.65
NIP 0.75 4.24 51.49

@ St = Surface area determined by N,-BET,

b V}, = Barrett-Joyner-Halenda (BJH) adsorption.volume of pores 1.7-300 nm in
diameter;

©d, = BJH desorption average pore diameter.

100 NIP
754
501
25!

0
2100+

754

50+

25-
0]

MIP

Weight (%)

100 200 300 400 500 600 700
Temperature (°C)

Figure 3 TGA curves of the MIP and NIP.

particles, and the numerous cavities and channels present on
the particle surface. By contrast, the structure of NIP was more
compact. This difference probably resulted from the different
template and porogen molecules used in the polymerization.”

The textural properties of the MIP and NIP are given in Table 1.
The MIP exhibited a much smaller surface area and pore volume
than the NIP. The average pore diameters were > 50 nm, so
the MIP and NIP structures were predominantly constituted of
macropores.

The TGA results in Fig. 3 show that the TGA curves of MIP
and NIP were not significantly different. The addition of
the THP template did not appear to significantly affect the
thermal properties of the MIP. The principal chains of the
cross-linked MIP (or NIP) began to degrade at ~280 °C, and the
final decomposition temperature was ~470 °C.

3.2. Adsorption Kinetics of THP on the MIP

Figure 4 shows the dynamic curve for THP (C, = 2.8 mmol L)
adsorption on the MIP particles. Adsorption capacity increased
with increasing contact time. The adsorption rate was initially
very fast, with about 50 % of adsorption having been reached
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Figure 4 Adsorption kinetics of THP on the MIP,
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Figure 5 Adsorption isotherms of THP on the MIP and NIP.

within 60 min. The adsorption capacity subsequently increased
more slowly with increasing contact time, reaching a plateau
at 4.5 h. THP preferentially adsorbed on the MIP surface sites,
and adsorption was faster at the beginning. Increasing adsorp-
tion of THP on the MIP surface decreased the binding sites avail-
able for further adsorption. Consequently, the adsorption rate
decreased with increasing surface coverage.

3.3. Adsorption Isotherms

The binding characteristics of the MIP were determined via
the equilibrium adsorption from fixed THP concentration solu-
tions. The adsorption isotherm on the MIP was determined
at THP concentrations from 1.3 to 4.2 mmol L™. The results are
shown in Fig. 5.

Figure 5 shows that the adsorption capacity of the MIP and
NIP increased with increasing THP concentration. The amount
of adsorbed THP on the MIP was much larger than that of
the NIP at the same THP concentration. This indicated that
the MIP was capable of specifically adsorbing the template,
because the imprinted cavities are complementary to the tem-
plate in size, shape and spatial arrangement of functional
groups. However, the NIP could not form specific recognition
sites in the absence of the template.”

3.4. Specific Recognition of the MIP

The competitive adsorption of the MIP for THP with respect
to TP was carried out, as described in section 2.3. The results are
shown in Table 2. 8 was found to obey the trend 6,,,, > 0.,. The
adsorption quantity and distribution coefficient of the MIP
for THP were much larger than those for TP. The MIP exhibited a
high affinity to the template, because the polymers have cavities
of complementary size, shape, and functionality to the template.
TP is smaller than the template, so its adsorption by the MIP is
nonspecific.

3.5 Selectivity of the MIP

Figure 6 shows that the adsorption peak area at pre- and
post-adsorption changed significantly. The TP content decreased
by 15.7 %, and the THP content decreased by 8.1 %. This indi-
cated the high selectivity of the MIP for THP in the presence
of TP

3.6. Microcalorimetry

Microcalorimetric heat flow curves for adsorption by
the MIP and NIP are shown in Fig. 7. The initial thermal distur-
bance was caused by the loading of the stainless steel sample
cells. The subsequent flat region (t, = 0-830 s) indicated negligi-
ble thermal events. The curve during this period was taken
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Table 2 Specific recognition of the MIP for THP and TP.

Analyte Qup/mmol g Qup/mmol g Kyp/L g1 Kyp/L g7 0
THP 0.30 0.15 0.17 0.08 2.09
TP 0.01 0.04 0.01 0.02 0.30
300.0 5
a ] b 1exo MIP
250.0- 1 0
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_200.0- 2 5
£150.0- ; N
< 3 410
=100.0- w
-15-
50.0-
0.0 -201
0 2 4 6 80 2 4 & & 0 1000 2000 3000 4000
Time (min) Time (s)

Figure 6 HPLC chromatogram of the solution before (a) and after
(b) adsorption. 1 = TP; 2 = THP

as the baseline for the subsequent thermal peaks.

All physical and chemical processes are accompanied by heat
exchange. Strong endothermic peaks and relatively weak exo-
thermic peaks were observed in the two curves. The adsorption
of the MIP and NIP was endothermic and exothermic,
respectively, with a AH,;, = 4.4675] and AH,, = 4.9693 ]. When
the polymers and solutions were mixed, adsorption began and
the total energy rapidly decreased, with subsequent endother-
mic peaks. The endothermic peak area of the NIP was much
larger than that of the MIP. With increasing adsorption, the
endothermic event gradually changed into an exothermic event,
and exothermic peaks appeared. The heat flow curves eventu-
ally stabilized when adsorption equilibrium was reached. The
heat flow curves indicated that the adsorption of THP by
the MIP and NIP was of a different nature, and that the MIP
more easily adsorbed THP than the NIP.

4. Conclusions

A MIP that targeted THP was prepared through the polymer-
ization of an EGMRA cross-linker, THP template and MAA func-
tional monomer. The MIP exhibited a loose, porous structure
and high thermal stability. The adsorption of THP by the MIP
required 4.5 h to reach equilibrium at the initial THP concentra-
tion was 2.8 mmol L™, and the recognition factor of the MIP
was 2.09. The MIP could be used to separate THP extracts in
pharmacology applications.
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Figure 7 THP adsorption heat flow curve at 298.15 K.
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