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Synthesis, characterization, and theoretical study 
of an acrylamide-based magnetic molecularly 
imprinted polymer for the recognition of 
sulfonamide drugs

Abstract: In this work, a magnetic molecularly imprinted 
polymer (MION-MIP) was prepared for the recognition and 
extraction of sulfadiazine (SDZ). The acrylamide-based 
MIP was imprinted directly onto the surface of 3-(trimeth-
oxysilyl)propyl methacrylate-modified magnetic iron 
oxide nanoparticles. The synthesized MION-MIP with a 
diameter about 100 nm possesses fast adsorption kinetics 
and high adsorption capacity. The results also indicated 
that a higher maximum adsorption capacity (775 μg g-1) 
was achieved by the synthesized MION-MIP. The Lang-
muir adsorption isotherm model was found to describe 
well the equilibrium adsorption data. The results from 
the competitive binding experiment showed that MION-
MIP was not only selective toward SDZ but the adsorp-
tion of sulfamerazine was also dramatically high. SDZ 
and sulfamerazine have an almost similar substructure 
where these two compounds were only differentiated by 
one methyl group. To explain this result, a computational 
study was carried out. From a different level of calculation 
with semiempirical (PM3), Hartree-Fock (HF), and density 
functional theory (DFT) calculation, SDZ and sulfamera-
zine showed similar interaction energy and interaction 
mechanism with the acrylamide monomer. Therefore, 
both SDZ and sulfamerazine could have the same binding 
property with the MION-MIP.
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1  Introduction
Antibacterial sulfonamides (sulfonamides) are a family 
of broad-spectrum synthetic bacteriostatic agents used 
in both human (1) and veterinary medicine (2) for thera-
peutic purposes. In animal feed, sulfonamides are used 
to promote livestock growth (3). Among various classes 
of pharmaceuticals, the presence of antibiotics in the 
environments has been one of the major concerns due to 
its ability to develop antibiotic-resistant bacteria (4, 5). 
Because of their extensive use, sulfonamides have been 
detected in various environments such as wastewaters, 
soils, and surface waters. Therefore, the development of 
a solid phase for the specific extraction of sulfonamides is 
an important consideration.

Molecular imprinted polymers (MIPs) are polymers 
containing designed artificial receptors with a predeter-
mined selectivity and specificity for a given analyte (6). 
Owing to its molecular recognition ability, MIPs have 
appeared as very promising materials for the separation 
of target chemicals from different complex matrices such 
as environmental samples and biological fluids. Recently, 
various types of MIPs have been used as the adsorbent 
for solid phase extraction (SPE). These adsorbents have 
been widely used for the selective separation of various 
environmental pollutants (7–9), drugs and metabolites 
(10, 11), as well as bioactive compounds (12–14). Thus far, 
conventional MIPs are prepared by bulk polymerization 
or precipitation polymerization (8). These MIPs showed 
poor binding capacities and low binding kinetics of the 
target compounds because of the embedded binding sites 
(15). The application of these conventional MIPs as adsor-
bents for SPE also involved additional preparation steps, 
such as crushing and grinding of these polymers into fine 
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powder followed by SPE cartridge packing (14, 16). The 
major disadvantage of this conventional SPE is its extrac-
tion efficiency that is influenced by the uploading rate of 
sample and the eluent.

Recently, various approaches have been developed 
for imprinting MIPs onto the surface of different solid sup-
ports (15). This method can enhance the binding capac-
ity of MIPs through the provided high surface area. In 
this study, acrylamide-based MIP was imprinted onto the 
surface of magnetic iron oxide nanoparticles (MIONs). 
MIONs with small particle size have been considered as 
an ideal solid support that provides a large surface area 
for adsorption (15). As compared to other solid supports, 
MIONs offer an added advantage of being magnetically 
separable, thereby eliminating the requirement of filtra-
tion and SPE cartridge packing.

The main objectives of this study were to synthesize 
acrylamide-based magnetic MIP (MION-MIP) with SDZ 
as template, and to investigate the adsorption property 
of MION-MIP toward SDZ. The binding conformation and 
the interaction between SDZ and acrylamide (monomer) 
were studied in detail by using computational methods 
to explain the sulfonamide adsorption. Recently, compu-
tational methods have been frequently used in various 
studies related to MIP (17). However, many studies only 
applied the computational methods for the selection of the 
most suitable monomer for MIP preparation based on the 
interaction between the monomer with the selected tem-
plate (18–20). In this study, a computational method was 
used to explain the binding behavior of the synthesized 
MION-MIP. Based on a literature review, the application 
of core-shell methacrylic acid-based magnetic MIP for the 
adsorption of sulfamethazine has been reported by Kong 
et  al. (3). However, in this study, the acrylamide-based 
MIP was imprinted directly onto the surface of MION; this 
study has not been reported elsewhere. With this method, 
MION-MIP with a higher apparent maximum adsorption 
capacity (QMAX) was produced.

2  Experimental

2.1  Chemicals

Iron (II) chloride tetrahydrate (FeCl2·4H2O, 99%), iron 
(III) chloride (FeCl3, 98%), ethylene glycol dimethacrylate 
(EGDMA, 97.5%), ammonium hydroxide (25%), and all 
solvents used were purchased from Merck (Germany). 
3-(Trimethoxysilyl)propyl methacrylate (MPS, 98%), 
acetic acid (HAc), and benzoyl peroxide were provided by 

Sigma (Missouri, USA). Sulfadiazine (SDZ), sulfamerazine 
(SMR), sulfacetamide (SAA), sulfamethazine (SMZ), 
and sulfamethoxazole (SMO) were obtained from Alfa 
Aesar (UK). Acrylamide (98.0%) was supplied by Fluka 
(Missouri, USA). All chemicals and solvents were used 
without further purification.

2.2  �Preparation of magnetic acrylamide-
based nanoparticles

2.2.1  Synthesis of MION-MPS

MION was synthesized by using a coprecipitation method 
as reported by Karaagac et al. (21). Briefly, FeCl2 and FeCl3 
with a molar ratio of 2:3 were first dissolved in 100  ml 
deionized water. Fifty milliliters of 25% ammonium 
hydroxide was then added to the mixture of FeCl2 and 
FeCl3 under vigorous stirring for 30 min, and MION was 
precipitated by applying an external magnetic field. The 
collected MION was washed with deionized water and 
freeze dried.

Surface modification of MION with MPS was per-
formed as follows: 0.2 g dried MION, 0.4 ml MPS, 0.1 ml 
triethylamine, and 100 ml anhydrous toluene were swirled 
for 10 min under nitrogen atmosphere. The mixture was 
refluxed for 36 h under nitrogen atmosphere and vigorous 
stirring. The MION-MPS was then collected by an external 
magnetic field, rinsed thoroughly with ethanol six times, 
and dried under vacuum at room temperature.

2.2.2  Preparation of MION-MIP

SDZ (95 mg) and acrylamide (135 mg) was mixed in 60 ml 
acetonitrile-toluene with a ratio of 3:1 (v/v), and the mixture 
was refrigerated for 12 h to form a preassembly solution. 
Then, MION-MPS (100 mg), EGDMA (1 ml), and benzoyl 
peroxide (138 mg) were added to the acetonitrile-toluene 
with a ratio of 3:1 (v/v). The mixture was then degassed for 
20 min by sonication and was simultaneously purged by 
nitrogen gas. Then, the preassembly solution was added 
through a cannula under nitrogen atmosphere. This com-
bined mixture solution was heated at 50°C for 6 h, 60°C for 
24 h, and 85°C for 6 h. After polymerization, the MION-MIP 
was separated using a magnet and rinsed with methanol. 
The SDZ (template) in MION-MIP were extracted with 
methanol-HAc (9:1, v/v). The presence of SDZ in metha-
nol-HAc was determined using high-performance liquid 
chromatography (HPLC). Finally, the product was repeat-
edly washed with methanol and dried under vacuum. 
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The non-imprinted polymer (MION-NIP) was prepared by 
using the same procedure without SDZ.

2.3  Binding experiments

2.3.1  Binding experiments of MION-MIP and MION-NIP

All biding experiments were carried out at room tempera-
ture as described by Kong et al. (3). For the kinetic adsorp-
tion experiment, 10  mg of MION-MIP or MION-NIP was 
added to 3 ml of 10 μg ml-1 SDZ solution with acetonitrile 
as solvent. The mixture was vortexed at regular time inter-
vals ranging from 10 to 1800 s. The MION-MIP or MION-
NIP was separated by an external magnetic field, and the 
concentration of the remaining SDZ in the solution was 
measured by using HPLC. For the isothermal binding 
experiment, 10 mg of MION-MIP or MION-NIP were added 
to 3  ml of SDZ solution with the concentration ranging 
from 0.50 to 30 μg ml-1. The mixtures were vortexed for 
20 min at room temperature. The MION-MIP or MION-NIP 
was separated from the SDZ solution by an external mag-
netic field, and the concentration of SDZ in the superna-
tants was measured by HPLC.

2.3.2  Specific recognition of MION-MIP and MION-NIP

Ten milligrams of MION-MIP or MION-NIP was added to 
3  ml acetonitrile containing SDZ, SMZ, SMO, and SMR 
with a concentration of 10 μg ml-1 for each compound. 
After shaking for 10 min at room temperature, the MION-
MIP or MION-NIP was separated from the solution by an 
external magnetic field, and the concentration of selected 
sulfonamide supernatants were measured by HPLC.

2.4  Characterization of MION-MIP

Infrared spectra were recorded using a Perkin-Elmer 
Fourier transform infrared (FTIR) spectrophotometer. 
The IR spectra of samples were collected in transmission 
mode by pressing the particle sample with potassium 
bromide powder to form pellets. A resolution of 2  cm-1 
and a total of 96 scans were applied for the collection of 
IR spectra. Thermal gravimetric analysis (TGA) measure-
ments were performed on a TGA4000 Perkin-Elmer instru-
ment. Each sample was heated between 50°C and 800°C 
(10°C min-1) under air flow (30 ml min-1). The morphology 
of the MION and MION-MIP was obtained by scanning 

electron microscopy (SEM) (Hitachi SU8220). Samples 
were mounted on carbon tape onto aluminum sample 
holders for analysis.

2.5  Instrumental analysis

All HPLC analyses were performed using a Shimadzu 
HPLC system consisting of an LC-20AT pump, an SPD-
M20A diode array detector, an SIL-20AHT autosampler, a 
CTO-20AC column oven, and a CBM-20A communication 
bus module (Shimadzu, Japan). A reversed-phase Supelco 
Ascentis C18 column (150 mm × 4.6 mm; Sigma-Aldrich, 
USA) was used for separation. The mobile phase was a 
mixture of acetonitrile and 0.1% formic acid in deionized 
water. The flow rate was maintained at 1.0 ml min-1 for all 
runs. Isocratic elution was performed with 70% of ace-
tonitrile. The detection wavelength was 258 nm.

2.6  Computational study

Geometrical optimizations for the search of possible 
interactions between the monomer, acylamide with the 
templates (SDZ), and SMR were carried out using sem-
iempirical (PM3), ab initio (HF/6-31G(d)), and density 
functional theory (DFT) using Becke’s three-parameter 
Lee-Yang-Par (B3LYP) functional and 6-31G(d) basis set. 
Then, single point energy calculation was performed on 
the optimized structure to estimate the interaction energy 
(ΔEint) between the template and monomer from the equa-
tion ΔEint = Ecomplex-Etemplate-Emonomer. The optimized structures 
from the B3LYP/6-31G(d) method have been used for scan-
ning the interaction energy between the SDZ and SMR 
with the monomer against the distance from -1.000 to 
+4.000 Å of the distance with the step size of 0.200 Å. All 
the quantum calculations were performed using Gaussian 
09 software.

3  Results and discussion

3.1  Characteristic of MION-MIP

In this study, MION-MPS was first synthesized via surface 
modification of MION using MPS in order to introduce 
the vinyl group onto the surface of MION. During surface 
modification, the hydroxyl groups on the surface of the 
MION reacted with the methoxy group of MPS, leading to 
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the addition of 3-methacryloyloxypropyl group onto the 
surface of MION through Si-O bonding (Figure 1). Then, 
MIP shell was fabricated through copolymerization of 
the acrylamide (monomer) and EGDMA (cross-linker) 
with BPO and SDZ as the radical initiator and template, 
respectively. The surface modification of MION and MIP 
shell fabrication were confirmed using IR spectroscopy 
(Figure  2A). For MION, an intense peak at 583  cm-1 was 
attributed to Fe-O. For MION-MPS, a few new absorption 
peaks appeared in the range of 800–1700 cm-1. The char-
acteristic peaks of the Si-O-Si group appeared at about 
1018 cm-1 and the carbonyl group at 1717 cm-1. These peaks 
indicated that MPS was successfully grafted onto the 
surface of MION. In addition, the peak at around 2934 cm-1 
was attributed to C-H stretching. This peak further showed 
the presence of MPS on the MION. For MION-MIP, the 
peaks around 2980 and 1725 cm-1 were more intense. This 
result indicated the presence of the MIP shell on MION. 
Also, the peak at 1717 cm-1 was shifted to 1725 cm-1, indi-
cating the formation of a polymer through the reaction 
between the double bond of acrylamide and vinyl groups 
of MPS.

The result from the TGA showed that the weight loss 
for MION-MPS was greater than that for MION (Figure 2B). 
This result indicated that MPS was successfully added 
onto the surface of MION. MION-MIP showed the great-
est weight loss as compared to MION and MION-MPS. 
This result showed that polymerization was successfully 
imprinted onto the surface of MION-MPS. The size and 
shape of MION-MPS and MION-MIP were examined by the 
SEM technique. It was observed that the diameter of MION 
and MION-MPS was about 10 nm (Figure 2Ci and 2Cii). As 
reported by Tay et al. (22), the morphology of MION is not 
influenced by the surface modification of MION by using 
silane derivatives. After the formation of MIP, the diameter 
of MION-MIP was increased to about 100 nm (Figure 2Ciii).

3.2  Binding properties

3.2.1  �Adsorption kinetic studies of MION-MIP and 
MION-NIP

According to Kong et  al. (3), the adsorption of sulfona-
mides in acetonitrile produced the highest adsorption 
capacity, whereas the presence of water and methanol 
can disturb the binding effect of the magnetic MIPs by 
destroying the hydrogen bond. Therefore, in this study, all 
adsorption experiments were carried out in acetonitrile 
in order to evaluate the performance of the synthesized 
MION-MIP. An adsorption kinetics test was carried out to 
study the adsorption capacity of MION-MIP and MION-NIP 
with adsorption time (Figure 3A). The result showed that 
the MION-MIP showed a fast adsorption rate in the first 
150  s and then increasing slightly to reach equilibrium 
after 400 s. This was probably due to the template mol-
ecules that were captured in the cavities on the surface of 
the polymer at the first stage and after most of the cavities 
were occupied, the target molecules had to be penetrated 
into the deeper part of the polymer, which would be more 
time consuming (3). Moreover, the maximum adsorption 
capacity of MION-MIP toward SDZ was found to be three 
times higher than that of MION-NIP. This result showed 
the contribution of the cavities of MIP to the adsorption of 
template molecules.

3.2.2  Binding isotherm

The binding isotherm of MION-MIP and MION-NIP was deter-
mined using SDZ solutions with the concentration ranging 
from 0.5 to 30 μg ml-1. The amount of SDZ bound to MION-
MIP increased sharply with increasing SDZ concentration 
from 0.5 to 20 μg ml-1 (Figure 3B). However, the curve was 
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flattening after the concentration of SDZ was  > 20 μg ml-1. 
The MION-NIP curve also showed an increasing tendency; 
however, the adsorption ability is not so obvious. Appar-
ently, MION-MIP possessed a higher loading ability toward 
the template as compared to the MION-NIP. The result 
suggested that the existence of imprinting cavities differ-
entiated the binding ability of MION-MIP as compared to 
MION-NIP. To further study the binding mechanism of SDZ 
onto the MION-MIP, Langmuir analysis was performed by 
using data of the binding isotherm. The equation for Lang-
muir adsorption isotherm model is as follows (3):

[ SDZ ] 1 [ SDZ ] ,
MAX D MAXQ Q K Q

= +

where Q represents the amount of SDZ bound to MION-
MIP, KD is the dissociation constant, QMAX represents the 
apparent maximum adsorption capacity, and [SDZ] is the 

free SDZ concentration at equilibrium. The value of KD 
and QMAX can be obtained from the slope and intercept 
of Figure 3C. The result showed that the experimental 
data were fitted to Langmuir adsorption isotherm model 
with the correlation coefficient (R2) of 0.9952. Therefore, 
based on the Langmuir adsorption isotherm model, the 
adsorption of SDZ occurred uniformly on the active site 
of the MION-MIP. Once the SDZ occupied the active site, 
no further adsorption could take place at this site. Accord-
ing to the slope and intercept of Figure 3C the QMAX and KD 
of the high-affinity sites were 775 μg g-1 and 0.047 μg ml-1, 
respectively. The QMAX obtained from this study was almost 
two times larger than the QMAX value obtained by Kong 
et al. (3) from the adsorption of SMR by using core-shell 
MIP. This result might be due to the smaller size of MION-
MIP, which provided a larger surface area for the adsorp-
tion of template molecule.
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3.2.3  �Selective adsorption of MION-MIP and binding 
mechanism

The competitive binding test was applied to determine 
selectivity of MION-MIP toward the adsorption of SDZ. 
Five sulfonamides (SDZ, SMR, SAA, SMZ, and SMO) were 
selected for this study. As shown in Figure 3D, the adsorp-
tion of MION-MIP toward SDZ and SMR was dramatically 
higher than that toward SAA, SMZ, and SMO. However, 
the adsorption of MION-MIP toward SMR was found to 
be slightly higher than that toward the template (SDZ). To 
further investigate the root reason for such a result, com-
putational modeling was carried out to imitate the molecu-
lar interactions between the monomer and SDZ and SMR.

It has been reported that the adsorption of template 
molecule by MIP mimics the natural recognition path-
ways of natural recognition elements such as enzymes 
(23). Therefore, the optimized structures between the 
selected sulfonamides and acrylamide (AA) are expected 
to mimic the interaction of SMO with dihydropteroate 
synthase found in the protein databank (Figure 4A). The 
X-ray crystal structure of dihydropteroate synthase-SMO 
complex (PDB ID: 3TZF) shows that SMO was bound 
to two amino acids [serine (SER) and threonine (THR)] 
through hydrogen bonding at the sulfonyl and amine 

group of SMO. Presumably, SDZ and SMR also have a rela-
tively similar interaction pattern as THR and SER with 
SMO in the dihydropteroate synthase-SMO complex; the 
calculation was focused at the AA1 and AA2 positions, as 
indicated in Figure 4B and C.

The interaction energy between SDZ and SMR with 
acrylamide was compared with three different levels of 
calculations (Table 1). SMR had a slightly stronger inter-
action with acrylamide than SDZ (template) by about 
3.50 kcal mol-1 with PM3, and almost the same inter-
action with the HF and DFT method. With B3LYP, the 
binding energies between SDZ and SMR with monomers 
were slightly different by 0.29 kcal mol-1. The interaction 
energies between AA1 and SDZ were also very similar to 
SMR, which are -133.30 and -132.07 kcal mol-1, respectively. 
However, the interaction energies between AA2 and the 
selected sulfonamides were slightly higher by about 3.04 
and 3.37 kcal mol-1 with HF and B3LYP, respectively. From 
this result, acrylamide at AA2 position bound stronger 
than that at AA1, and contributed to SDZ and SMR rec-
ognition. Based on the optimized structures, the inter-
action energy between the template and each monomer 
was investigated by scanning the distance of AA1 and AA2 
along the O···H distance for SDZ and SMR (Figure 5). The 
lowest point in the graph represents the lowest interaction 

SMR-AA1-AA2 SDZ-AA1-AA2 

SER

THR

AA1

AA2 

AA1

AA2

SMO-THR-SER

A

B C

Figure 4: The interaction between the template and the monomer in comparison of the crystal structure of sulfonamide drug (SMO) from 
the protein database (PDB ID = 3TZF).
The dashed line shows the hydrogen bonding interaction.
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Table 1: The interaction energy between the templates and monomers with three different basis sets calculations.

Complex Interaction energy (kcal mol-1)

PM3 HF/6-31G(d) DFT/B3LYP/6-31G(d)

SDZ-AA1-AA2 ESDZ/AA1-AA2 -92.19 -150.95 -137.20
ESDZ-AA2/AA1 -86.77 -147.02 -133.30
ESDZ-AA1/AA2 -92.75 -159.34 -143.96

SMR-AA1-AA2 ESMR/AA1-AA2 -95.69 -150.72 -137.49
ESMR-AA2/AA1 -89.28 -144.92 -132.07
ESMR-AA1/AA2 -97.53 -162.38 -147.23

SMO-THR-SER ESMO/THR-SER -211.87 -661.36 -641.99
Relative interaction energy between 
SDZ and SMR with monomers

ESDZ/AA1-AA2-
ESMR/AA1-AA2

3.50 -0.23 0.29

Relative interaction energy between 
SDZ and SMR with AA1

ESDZ-AA2/AA1-
ESMR-AA2/AA1

2.51 -2.10 -1.23

Relative interaction energy between 
SDZ and SMR with AA2

ESDZ-AA1/AA2-
ESMR-AA1/AA2

4.78 3.04 3.27
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Figure 5: Interaction energy plotted against the O-H distance for (A) SDZ and AA1, (B) SDZ and AA2, (C) SMR and AA1, and (D) SMR and AA2.

energy structure, and the interaction between the SDZ and 
SMR with the monomer was similar to each other. Thus, 
SDZ and SMR can bind to MION-MIP through a similar 
interaction during the extraction process.

Another possible reason for the poor recogni-
tion toward these two sulfonamides might be due to 
the smaller size effect of MION-MIP, which creates the 

larger absorption surface area for the template. Besides 
the interaction energy and surface effect, the swelling 
behavior, which depends on the solvents, as reported by  
Koohpaei et al. (24) and Faizal et al. (25), would also cause 
the difference in the three-dimensional configuration of 
the functional groups that result in poorer capacity for site 
recognition between SDZ and SMR.
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4  Conclusion
In this work, MION-MIP was prepared for the recognition 
and extraction of SDZ. By imprinting the acrylamide-based 
MIP onto the MPS-modified MION, the size of MION-MIP 
was around 100 nm. The result showed that the obtained 
MION-MIP possessed fast adsorption kinetics with only 
400  s to reach equilibrium. The maximum adsorption 
capacity of MION-MIP was 775 μg g-1. The results from the 
competitive binding test indicated that the adsorption of 
MION-MIP toward SDZ and SMR was dramatically higher 
than that toward other selected sulfonamides. The result 
from the interaction energy calculation showed that the 
energies between SDZ and SMR are similar and could have 
the same binding property in the MION-MIP.
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