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Highlights 

 Magnetic MIP networks were synthesized via microemulsion polymerization in 

presence of vinyl-MNPs  

 MMIPs show high selectivity in binding template antibiotics 

 MMIPs can be recovered using a magnet and recycled  

 

 

Abstract 

Adverse effects of pharmaceutical emerging contaminants (PECs), including 

antibiotics, in water supplies has been a global concern in recent years as they 

threaten fresh water security and lead to serious health problems to human, wildlife 

and the environment. However, detection of these contaminants in water sources, as 

well as food products, is difficult due to their low concentration. Here, we prepared a 

new family of magnetic molecular imprinted polymer (MMIP) networks for binding 
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antibiotics via a microemulsion polymerization technique using vinyl silane modified 

Fe3O4 magnetic nanoparticles. The cross-linked polymer backbone successfully 

integrated with 20-30 nm magnetic nanoparticles and generated a novel porous 

polymeric network structure. These networks showed a high binding capacity for both 

templates, erythromycin and ciprofloxacin at 70 and 32 mg/g. Both MMIPs were also 

recyclable, retaining 75% and 68% of the binding capacity after 4 cycles. These 

MMIPs have showed a clear preference for binding the template molecules, with a 

binding capacity 4- to 7-fold higher than the other antibiotics in the same matrix. These 

results demonstrate our MMIP networks, which offered high binding capacity and 

selectivity as well as recyclability, can be used for both removal and monitoring 

hazardous antibiotic pollutants in different sources/samples and food products.  
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1. Introduction 

Water security is now a global issue to humanity as poor supply of clean water in 

developing countries affect the health and lives of over one billion of people, as well 

as the wildlife and the environment. Water pollution can come from industrial and 

agricultural activities.1-4 One class of pollutants being a major hazard to human lives is 

Pharmaceuticals Emerging Contaminants (PECs), including antibiotics and other 

drugs present in fresh water sources (rivers, lakes, underground water sources).5, 6 

These pollutants usually exist in an ultralow concentration (e.g. < ppm level), making 

them difficult to detect with conventional methods (e.g. colorimetric methods), but high 

enough to cause catastrophic problems including Antimicrobial Resistance (AMR), 

which is now one of the top priority in the WHO agenda.7-11 Conventional analytical 

methods including spectrophotometry12, mass spectrometry13, liquid 

chromatography14, solid phase extraction15, capillary electrophoresis16 and 

electrochemical techniques17 have all been used for the detection of antibiotic 

pollutants. These methods all have some disadvantages, e.g. being time-consuming, 

expensive, laborious, and requiring experienced/skillful analysts. Moreover, few 

methods are currently available for selective removal of PECs from water sources.18-

20 Research on new detection systems for antibiotic pollutants needs to focus on 
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developing methods that are sensitive at sub-ppm level, specific, reproducible, cost 

effective, and having fast response time.  

  

Recently, molecular imprinting technique has been developed for the detection and 

removal of these hazardous PECs including antibiotic pollutants.21, 22 Molecularly 

imprinted polymers (MIPs) allow rapid and highly selective adsorption on target 

analytes.23 MIPs are polymers built around the target analytes and the final polymer 

matrix are printed with specific cavities with a three-dimensional structure 

complementary to the shape, size and binding sides of the analytes.24 These MIPs are 

chemical and mechanical stable, have long shelf life and are economical to prepare 

when compared with antibodies and natural receptors. However, many MIP examples 

reported in the literature are based on the preparation of a bulk polymer (e.g. 

monoliths), which usually associates with a low surface area and therefore a low 

binding capacity.25, 26 Recently, MIP nanoparticles have been a solution for this 

problem by enhancing surface area, fast binding kinetics, binding capacity and 

stability.27, 28 Unfortunately, using MIP nanoparticles still have a major obstacle, 

namely inefficient recovery via filtration (significant loss of materials) and centrifugation 

(time consuming and laborious).    

 

Incorporation of a magnetic component to an MIP system will help separation using 

an external magnetic field. Functionalized magnetic nanoparticles (MNPs) have been 

used for separation, isolation and purification of proteins.29-33 However, in order to 

enhance selective binding, more sophisticated methods such as immunobinding may 

be required but this is not applicable to most antibiotics. Magnetic MIP systems, or 
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MMIPs, can be used for binding biomolecules with high specificity and enhanced 

recovery. Despite such advantages, few published research works on the 

development of MMIPs for antibiotic detection were found.34-36 For example, Tong et 

al. demonstrated magnetic imprinted polymers for the solid phase extraction of 

fluoroquinolone antibiotics (ciprofloxacin, lomefloxacin, enoxacin and norfloxacin).  

The MMIP was made using acrylic acid as functional monomer and N,N′-

Methylenebis(acrylamide) as cross-linker with an Fe3O4/SiO2 core.  In combination 

with a HPLC, a detection limit of 4.1 – 21.3 µg/L (ppb) was reported.34 Chen et al. also 

prepared MMIPs using a monomer matrix of styrene and divinylbenzene with 

methacrylic acid (MAA) as the functional monomer for the separation of tetracycline 

antibiotics from egg and tissue samples.35 The detection limit was found to be < 0.2 

ng g−1 (or ppb)36 when used in tandem with a LC-MS system. In our work presented 

here, we demonstrated the synthesis of MMIP networks for binding erythromycin 

(ERY) and ciprofloxacin (CPX), chosen as model PECs, via a microemulsion pathway. 

The resultant MMIP materials showed a highly porous structure and are capable of 

selective binding of the target antibiotics. Cross binding tests have also been carried 

out to demonstrate the selectivity of MMIPs. 

 

2. Experimental section   

2.1 Materials  

Ethylene glycol dimethacrylate (EGDMA, 98%), 2-hydroxylethyl methacrylate (HEMA, 

98%), methacrylic acid (MAA, 99%), erythromycin (ERY, BioReagent), polyvinyl 

alcohol (PVA, Mw = 13,000-23,000, 87-89% hydrolyzed), sodium dodecyl sulfate 

(SDS, 99%), ammonium persulfate ((NH4)2S2O8, 98%), and sodium hydrogen sulfite 

(NaHSO3, ACS reagent), Ciprofloxacin (CPX), tetracycline, kanamycin sulfate and 

Jo
ur

na
l P

re
-p

ro
of



7 
 

neomycin sulfate were all purchased from Sigma-Aldrich, UK. 3-butenyltriethoxysilane 

(vinyl silane, 95%) was supplied by Fluorochem UK while magnetite Fe3O4 

nanoparticles (20-30 nm) were supplied by Alfa Aesar. The solvents methylated spirit 

(industrial 74 O.P.), toluene (reagent grade), acetic acid (glacial) and methanol (lab 

reagent grade) were purchased from Fisher Scientific UK Ltd. Toluene was dried by 

mixing the solvent with activated molecular sieves (type 4A, general purpose grade, 

Fisher Scientific UK Ltd.) in a closed container for 24 h. All other chemicals were used 

as received without further purification. All water used was deionized water. All binding 

and cross-binding measurements were triplicated and the standard deviations were 

calculated and plotted in graphs as error bars.   

 

2.2. Synthesis of magnetic molecular imprinted particles (MMIPs) 

Vinyl silane (3-butenyltriethoxysilane) coated magnetic nanoparticles (vinyl-MNPs) 

were prepared using a standard silanization protocol published elsewhere.37 The 

synthesis of magnetic MIPs (MMIPs) with erythromycin as antibiotic template molecule 

was carried out using a two-phase microemulsion polymerization method.38, 39 Three 

solutions were prepared; two aqueous solutions and one organic phase. The first 

aqueous phase was prepared by dissolving polyvinyl alcohol (PVA, 94 mg), sodium 

dodecyl sulphate (SDS, 14 mg) and sodium bicarbonate (12 mg) in 5 mL of deionized 

water. The second aqueous phase was a solution of PVA (50 mg) and SDS (50 mg) 

in 100 mL water. The organic phase was prepared by mixing the co-monomers 

methacrylic acid (MAA, 2.17 mmol) and (hydroxyethyl) methacrylate (HEMA, 1.85 

mmol) with the cross-linker ethylene glycol dimethacrylate (EGDMA, 5.56 mmol) and 

50 mg of vinyl-MNPs. The template molecule erythromycin (136 µmol) was added to 

the organic phase to establish a ratio between the monomers MAA and HEMA and 
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the template in a 16:13.6:1 (MAA:HEMA:ERY) mole ratio. This optimized ratio was set 

based on our prior work.39     

 

The organic phase was then mixed with the first aqueous phase and homogenized 

using an ISOLAB homogenizer at 30,000 rpm (Laborgeräte GmbH). The resultant 

microemulsion was then added to the second aqueous phase while stirring at 600 rpm 

using a mechanical stirrer (IKA Eurostar 20 digital). The final mixture was slowly 

heated to the polymerization temperature of 40°C. When the polymerization 

temperature was reached, sodium bisulfite (125 mg) and ammonium persulfate (125 

mg) were added to initiate the polymerization process. After 24 h, the polymerized 

sample was recovered using a magnet and the magnetic solid was denoted as ERY-

MMIP. The collected ERY-MMIP emulsion was washed five times with a 50% v/v 

ethanol in water solution and then three times with deionized water. The template was 

removed using 20% v/v acetic acid in water. The ERY-MMIP sample was then 

dispersed in deionized water and stored at 4 °C.  

 

Magnetic CPX imprinted polymer (CPX-MMIP) was synthesized using the ERY-MMIP 

method above but ciprofloxacin (33.13 mg, 100 µmol) was used as the template with 

a molar ratio of 1:30 (CPX:MAA). Non-imprinted magnetic polymers (MNIP) were 

prepared following the same procedure except for voiding the antibiotic template.  

 

2.3 Characterization of magnetic molecularly imprinted polymers (MMIPs) 

FTIR spectra of vinyl-MNPs, MMIPs and MNIPs were recorded using a Bruker Fourier 

transform infrared spectrometer (Vertex 70v) in the range of 500–4000 cm−1 with a 2 

cm−1 resolution. All samples were washed, dried and without template molecules. TEM 
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images of the particles and polymer network were taken on a Tecnai T20 (FEI) 

operating at 120 kV (Kelvin Nanocharacterization Centre, University of Glasgow, UK) 

to examine the morphologies of MMIPs and MNIP. SEM images were acquired using 

a TESCAN GAIA 3 microscope with an accelerating voltage of 5.0 kV.  

Thermogravimetric analysis (TGA) was performed using a thermobalance (Q500, TA 

Instruments). In a typical experiment, a heating rate of 10°C/min was used to heat up 

a sample to a final temperature of 800°C. The temperature was held isothermal for 60 

minutes at 800°C and then cooled down to room temperature. The resulting weight 

loss profile was used to determine the organic content in the magnetic polymer 

network. 

 

2.4 Antibiotic binding tests  

2.4.1 Determination of binding capacity 

The binding capacity of MMIP and MNIP on ERY and CPX was studied by analyzing 

a range of concentrations, ranging from 8 to 100 mg/mL of the template/target 

molecules (ERY and CPX) in a 4:1 methanol:water solution. The absorbance values 

(Ai) for ERY and CPX at 280 nm and at 275 nm respectively were first measured using 

a Cary 100 Bio UV-Vis Spectrophotometer (Agilent) before incubating the solution (3 

mL) with 28.8 mg of the corresponding MMIP sample for 2 h. The MMIP and MNIP 

samples were then removed using a magnet and the absorbance values of the 

supernatants (Af) were measured again at 280 nm and 275 nm. Concentration values 

(Ci and Cf) were derived from the calibration curve. The binding capacity (Q) values 

were then calculated from the equation36 

𝑄 = (𝐶𝑖 − 𝐶𝑓)
𝑉

𝑚
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where Q is the Binding Capacity (in mg/g of MMIP), Ci and Cf are the initial and final 

concentration of the template molecule (in mg/mL), V is the Volume of the incubated 

solution (in mL), and m is the mass of the MMIP used (in g). The imprinting factor (IF) 

is calculated as  

𝐼𝐹 =  
𝑄𝑀𝑀𝐼𝑃

𝑄𝑀𝑁𝐼𝑃
 

where QMMIP and Q MNIP is the binding capacity using MMIP and non-imprinted 

MNIP samples respectively.40 

 

2.4.2 Time studies (binding kinetics) and recycling  

A time study was also set out to determine the minimum time for a maximum 

adsorption capacity of ERY and CPX by the MMIP samples. The lowest concentration 

(40 mg/mL and 10 mg/mL) showing the maximum binding capacity for ERY-MMIP and 

CPX-MMIPs respectively were used for this study. A similar measurement procedure 

to binding capacity measurement was carried out. The absorbance values of the 

supernatant were measured after removing the MMIPs at time intervals of 10, 20, 40, 

60, 90, 120, 150, 180 min (Af). Concentrations (Ci and Cf) and Q values were 

calculated as mentioned previously. In order to test the reusability of the imprinted 

magnetic nanoparticles, a recycling test was performed using 40 mg/mL ERY solution 

and an NdFeB magnet for recovering the MMIP particles after each cycle. The binding 

sites were regenerated with 20% v/v acetic acid in water. Four cycles in total were 

performed for both ERY-MMIP and CPX-MMIP samples.  

 

2.4.3 Selectivity tests in methanol/water media and milk matrices 

The selective binding capacity of MMIP was tested in the presence of three other 

competing antibiotics (tetracycline, kanamycin sulfate and neomycin sulfate), each at 

Jo
ur

na
l P

re
-p

ro
of



11 
 

a concentration of 40 mg/mL. These three competing antibiotics were selected 

because they are widely used as prescription medicine. Using the derived 

concentration of the template antibiotic for achieving optimal binding capacity and the 

incubation time from the previous time studies, the selectivity studies were performed 

with the optimized concentration of ERY (40 mg/mL) and CPX (10 mg/mL). A 

selectivity test using ERY-MMIPs comprised of two different solutions, methanol/water 

(4:1 v/v mixture) and skimmed milk. Each test solution contained 40 mg/mL of the 

antibiotics and was stirred for 40 min after the addition of ERY-MMIPs. Before the 

incubation period, the absorbance values (Ai) of each emulsion for the specific 

wavelengths of neomycin sulfate (304 nm), tetracycline (365 nm), kanamycin sulfate 

(527 nm) and ERY (280 nm) was determined from a full UV analysis. After incubation 

and extraction of the MMIPs from samples, the absorbance values (Af) of the 

supernatants were measured again to detect any differences. The binding capacities 

(Q) were established by using the same method as stated previously. All experiments 

were repeated in triplicate. Selectivity tests using CPX-MMIP were performed in the 

same manner as the ERY-MMIP studies, but with a concentration of 10 mg/mL for 

each antibiotic (ciprofloxacin, tetracycline, kanamycin sulfate and neomycin sulfate) 

and an incubation time of 60 minutes. The absorbance value of ciprofloxacin (Ai) was 

analyzed at 275 nm. The selectivity factor (SF) is calculated as  

𝑆𝐹 =  
𝑄𝑡𝑒𝑚𝑝𝑙𝑎𝑡𝑒

𝑄𝑐𝑜𝑚𝑝𝑒𝑡𝑖𝑡𝑜𝑟
 

where Qtemplate and Qcompetitor is the binding capacity for the template molecules (ERY 

or CPX) and that for the competitive molecules respectively using MMIP. 

 

Due to the similar wavelength of absorbance between ERY and CPX (280 nm vs 275 

nm), a separate set of cross-binding experiments was set out to assess the selectivity 
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towards the other template. In this experiment, only the other antibiotic candidate was 

dissolved in solution at the concentration achieving the binding capacity for the MMIP 

sample. For instance, in an experiment using ERY-MMIP for binding CPX, 28.8 mg of 

ERY-MMIP sample was suspended in methanol/water or milk matrix with a 

concentration of 40 mg/L of CPX. Absorbance at 275 nm for CPX was measured 

before and after incubation for 40 min. The data was treated as mentioned previously. 

A reverse experiment, CPX-MMIP for binding ERY, was also carried out with the same 

protocol but at 280 nm.    

 

3. Results and Discussion 

3.1 Characterization of MMIPs 

The formation of MMIPs is based on the co-polymerization of MAA and HEMA around 

the template molecules (ERY or CPX), as shown in Figure 1. The vinyl-MNPs became 

part of the polymer network by co-polymerizing with monomers MAA and HEMA. 

EGDMA served as a cross-linker to provide a more rigid polymer structure.  

Figure 1. An illustration for the formation of (a) ERY-MMIP and (b) CPX-MMIP. 
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The chemical structures of the imprinted (MMIP) and non-imprinted (MNIP) samples 

were analyzed using FTIR spectroscopy. The spectra of the MMIP and MNIP particles, 

shown in Figure 2, are almost identical as they are both PMAA-based materials. The 

characteristic bands in the spectra were found at 2950 cm-1, 1720 cm-1, 1250 cm-1 and 

1130 cm-1. Broad bands at 3100 - 3500 cm-1 are typically due to –OH stretching from 

both MAA and HEMA units. The peaks at around 3020 cm-1 and 2950 cm-1 were 

attributed to –CH stretching from alkenes and alkanes respectively. Carbonyl –C=O 

stretching bands were shown at 1720 cm-1 while bands at 1450 and 1380 cm-1 were 

due to –CH3 and –CH2– deformation vibrations.41 The -C-O- single bond stretching 

bands around 1250 cm-1 were assigned to the carboxyl group (-COO–) of MAA and 

HEMA, while the -C-O-  stretching bands around 1130 cm-1 refer to the ester group of 

EGDMA. Bands at 1620 cm-1 were attributed to the C=C stretching from residual 

monomers. Adsorption peaks at around 550 cm-1 were due to Fe3O4 particles. The 

spectra confirmed that all three samples have a PMAA-HEMA backbone with EGDMA 

crosslinking units. 
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Figure 2. FTIR spectra of (a) vinyl-MNP, (b) erythromycin imprinted MMIP (ERY-MMIP), (c) 

ciprofloxacin imprinted MMIP (CPX-MMIP) and (d) non-imprinted MMIP (MNIP). 

 

The morphology of the ERY-MIP and CPX-MIP were examined using transmission 

electron microscopy (TEM). TEM images shown in Figure 3a.i and 3a.ii depicted the 

porous network nature of both MMIP materials. While the magnetic nanoparticles of 

around 20 - 30 nm were embedded in the polymer, there are pores ranging from 10 - 

>100 nm in the polymer structure. This is likely to be caused by homogenizing the 

emulsion. Such a porous structure indeed provides a higher surface area for antibiotic 

binding and facilitating drug diffusion towards the recognition sites. The non-imprinted 

material (MNIP, Figure 3a.iii) showed a remarkably similar structure, suggesting that 

the addition of a template (target) molecule did not alter the porous morphology of the 

polymer. Figure 3b.i, 3b.ii and 3b.iii are SEM images for ERY-MMIP, CPX-MMIP and 

MNIP respectively.  No significant difference was observed in morphology.       

 

In order to quantify the polymer content in MMIP and MNIP samples, 

thermogravimetric analyses (TGA) were carried out in flowing air; the results are 

shown in Figure 3c. All three samples showed a very similar TGA weight loss profile, 

with the main weight loss recorded between 250 and 450°C. This weight loss is caused 

by the combustion of the PMAA polymer. The remaining weight percentage are due 

to the Fe3O4 remains that have been oxidized to Fe2O3. The results suggested that a 

total content of 16% and 21% of Fe3O4 in the ERY-MMIP and CPX-MMIP samples. 

The non-imprinted MNIP sample showed a similar weight loss profile, with a final 

residual weight of 14%. These amounts of magnetic nanoparticles in the MIP polymer 

Jo
ur

na
l P

re
-p

ro
of



15 
 

network allow the materials to get separated, recovered, and recycled through the 

application of a magnetic field.  

 

 

Figure 3. TEM images of (a.i) ERY-MMIP, (a.ii) CPX-MMIP and (a.iii) MNIP. All 

showed the morphology of a porous polymer network. SEM images of (b.i) ERY-MMIP, 

(b.ii) CPX-MMIP and (b.iii) MNIP. The while arrows depict the magnetic nanoparticle 

aggregates embedded in a polymer matrix. The TGA weight loss profiles of (c.i) ERY-

MMIP, (c.ii) CPX-MMIP and (c.iii) MNIP are shown with residual weight caused by the 

magnetic Fe3O4 component (14 – 21%). 
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3.2 Binding capacity and recycling of MMIP samples 

The binding capacities for the template (or target) molecules (ERY and CPX) were 

established by performing binding experiments in a concentration range from 8 – 100 

mg/mL. Results depicted in Figure 4a and b showed that ERY-MMIP and CPX-MMIP 

networks have a maximum binding capacity of 70 mg/g and 32 mg/g respectively. 

These binding capacities showed a considerable improvement when comparing with 

a bulk polymer material imprinted with roxithromycin, which showed a binding capacity 

of around 12 mg/g.42 While CPX-MMIP achieved a maximum adsorption at the lowest 

concentration of 10 mg/mL, the binding capacity of ERY-MMIP peaked at 40 mg/mL. 

In the same experimental setup non-imprinted polymers showed a max binding 

capacity of 20 mg/mL and 10 mg/mL respectively. This equals to only 30% of their 

imprinted counterpart, or imprinting factors of 3.28 and 3.37, and is proved that 

functional binding sites for the desired target molecules were printed on the MMIP 

networks. Since the same synthesis method was used to prepare imprinted and non-

imprinted MIPs albeit use of a template, both polymer networks showed a similar 

structure and porosity. The binding kinetics were examined by conducting the time 

study on binding the target molecules at the optimal template concentrations of 40 

mg/mL (ERY) and 10 mg/mL respectively (CPX). The time curves shown in Figure 4c 

and 4d suggested that a maximum binding capacity can be achieved from both MMIP 

samples within 40 – 60 minutes after exposure. In all curves, after the binding capacity 

reaching a peak, there is a small reduction on binding capacity at a higher 

concentration, which causes a higher error in absorbance. None the less, we have 

observed the maximum binding that each set of experiments can achieve. The binding 

capacity of the ERY-MMIP and CPX-MMIP prepared in this work is compared with 

other related studies from the literature in Table 1. Data from the literature showed 
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that the binding capacity of an antibiotic-templated MIP ranges from 2.4 – 190.1 mg/g 

for various antibiotics. In a related study, an MIP system showing 18.7 mg/g of binding 

capacity for enrofloxacin, followed by an HPLC-MS/MS analysis, recorded a detection 

limit 5 – 1000 μg/kg, which is at ppb level.14 However, the detection limit is highly 

dependent on the complimentary technique for quantifying the target antibiotics. Since 

our MMIP networks have a binding capacity a comparable level, we expect the same 

range of detection limit if a similar quantification system (HPLC-MS/MS) is used. 

Analyte 
Monomers/ 
Cross-linkers 

Binding 
capacity 
(mg/g) 

Imprinting 
factor 
(MIP/MNIP) 

Magnetic 

(Yes/No) 
Real sample Ref. 

Ampicillin MAA, EGDMA 13.50  3.2 N Milk, Blood 43 

Cephalexin 
MAA, EGDMA, 
PMDETA 

36.86 2.5 Y 
Tap water, 
Milk  

44 

Cephalexin 
TFMAA, 
EGDMA 

3.62 2.6 N Milk 45 

Cephalexin MAA, EGDMA 11.89  2.0 Y 
Marine 
sediments, 
Sea water 

46 

Chloramphenicol MAA, EGDMA 146.50 2.9 Y Blood, Egg  47 

Enrofloxacin MAA, EGDMA 2.36 2.3 Y Fish  48 

Erythromycin MAA, EGDMA  38.39  1.6 Y 
No real 
sample 
tested 

49 

Florfenicol MAA, EGDMA 190.10 4.3 Y Blood, Egg  47 

Ofloxacin 
GMA, MAA, 
EGDMA 

80.67  1.9 N 
Bovine 
serum  

50 

Tulathromycin MAA, EGDMA 54.10  2.4 N Pork 51 

Erythromycin MAA 70.0 5.5 Y Milk  
Present 
work 

Ciprofloxacin MAA 32.0 4.3 Y Milk  
Present 
work 

Table 1. A summary of binding capacity and imprinting factor for key antibiotic-

templated MIP systems reported in the literature. (PMDETA = N,N,N′,N′,N″-

pentamethyl diethylenetriamine, TFMAA = 2-(Trifluoromethyl)acrylic acid, GMA = 

Glycidyl methacrylate)Jo
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In order to compare the imprinting property of the MMIP networks, the imprinting factor 

(IF) of ERY-MMIP and CPX-MMIP against the MNIP was presented in Table 1 and 2. 

Both materials showed an IF 3.28 – 5.45, which are comparable with values reported 

in the literature (see Table 1). Incorporation of magnetic nanoparticles into the MIP 

networks did not affect the imprinting property. In general, the binding capacity and 

imprinting factor can be affected by the measuring conditions such as pH and 

temperature of the medium. From related studies in the literature, the optimum pH for 

binding is around neutral.52 This is because at an extreme pH environment, acid 

groups will be protonated (at low pH) while basic groups will be deprotonated (at high 

pH). As such electrostatic interaction between template molecules and binding sites 

will diminished, leading to a lower binding capacity. Regarding the effect of 

temperature, a higher solution temperature will increase the kinetic energy of 

molecules, leading to an increase in non-specific interaction and binding.53 Therefore, 

a lower specificity will be recorded (imprinting factor and selectivity factor). Also, at an 

elevated temperature, the polymer networks are expected to be less rigid and more 

relaxed. The shape recognition property may reduce and non-specific binding can 

therefore increase.      
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Figure 4. Binding capacity (Q) vs concentration of template molecules for (a) ERY-

MMIP and (b) CPX-MMIP and time studies on binding capacity for (c) ERY-MMIP and 

(d) CPX-MMIP. The dotted lines depict the binding capacity of non-imprinted MNIP 

materials vs template concentration (a and b) and time (c and d). Recycling of (e) ERY-

MMIP and (f) CPX-MMIP in binding the template molecule. MMIP samples were 

recovered using an NdFeB magnet after each cycle. 
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MMIP network sample ERY-MMIP CPX-MMIP 

Testing medium MeOH/H2O milk MeOH/H2O milk 

Imprinting factor (IF) vs MNIP 3.28 5.45a 3.37 4.32a 

Selectivity factor (SF) vs     

Erythromycin (ERY) - - 7.93 9.43 

Ciprofloxacin (CPX) 4.71 3.53 - - 

Tetracycline (TET) 8.37 8.99 6.55 4.39 

Kanamycin sulfate (KAN) 10.06b 12.66 b 3.59 3.10 

Neomycin sulfate (NM) 5.99 b 9.34 b 6.62 10.69 

 

Table 2. A summary of imprinting factors (IF) and selectivity factors (SF) for ERY-

MMIP and CPX-MMIP networks. The numbers were calculated as IF =  QMMIP/QMNIP 

and SF = Qtemplate/Qcompetitior. a Imprinting factors measuring with competitive antibiotics. 

b Selectivity factors against the competitive antibiotics are possessing structural 

similarity (with two glycosides) but not in the same structural analogue as the template 

antibiotic. 

 

The key feature of MMIPs over non-magnetic MIP materials is that they can be 

recovered and reused using a magnetic field. Common separation techniques of bulk 

MIPs include filtration or centrifugation, but of both them have their drawbacks. 

Filtration can cause a significant loss of materials, in particular for nano-scaled 

materials, while centrifugation is usually laborious and time consuming. Magnetic 

separation can circumvent these problems. A series of recycling experiments using 

magnetic separation had been carried out to establish the reusability of MMIP 

samples. Figure 4e and 4f show that both ERY-MMIP and CPX-MMIP are recyclable 

and retained 75% and 68% of the binding capacity for their corresponding template 

molecules after 4 cycles. Reduction in binding capacity can be attributed to two 

reasons: (1) <100% recovery efficiency from a simple magnetic separation, and (2) 

<100% regeneration of binding sites. The former can be improved by developing a 
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more sophisticated magnetic separation system with a stronger magnetic field, e.g. 

use of an electromagnet. The latter depends on the regeneration method and the MIP 

structure. In this work, we use a mild acid (acetic acid) to remove bound antibiotic in 

order to avoid damages on the delicate MMIP network structures. In theory, a stronger 

acid such as HCl may improve the regeneration efficiency, but this may also increase 

non-selective binding upon damaging the shape of the binding sites.      

 

3.3 Selective binding and cross-binding in methanol-water and milk matrices 

One distinct advantage of MIPs is their specific recognition of molecules based on 

their shape and surface functionalities. To demonstrate this on our MMIP networks, a 

series of experiments were set out using ERY-MMIP and CPX-MMIP to selectively 

bind the target antibiotic molecules in a methanol/water medium in the presence of 

three other antibiotics (neomycin sulfate, tetracycline and kanamycin sulfate), which 

are selected because they are widely prescribed in medicine and likely to be a 

pollutant. The ERY- (Figure 5a) and CPX-imprinted (Figure 5b) polymer networks 

show a clear preference towards their imprinted target/template molecules with a 

selectivity factor of 3.59 – 10.06 against the competing antibiotics. Among these 

competing antibiotics, two possess structural similarity (with two glycosides) to 

erythromycin but no specific improvement was observed, compared with selectivity 

factors against other competing antibiotics.  Non-imprinted MNIP samples showed no 

particular selectivity or binding affinity to any of the used antibiotics. This result 

suggested both ERY-MMIP and CPX-MMIP were imprinted with template specific 

binding sites and can be used for highly selective binding.  
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Figure 5. Selectivity of ERY-MMIP and CPX-MMIP for their respective template 

molecules in a methanol/water (a, b) and milk matrix (c, d). In addition to the target 

molecules (erythromycin and ciprofloxacin), all solutions contained the three 

competing antibiotics neomycin sulfate, tetracycline and kanamycin sulfate. All graphs 

show the selectivity of the MMIP () and non-imprinted MNIP () samples. 

 

More importantly, such selective binding property was not limited to the simple 

methanol/water medium.  Figure 5c and 5d showed the results of similar experiments 

carried out in a milk matrix and the selectivity of both ERY-MMIP and CPX-MMIP was 

retained. Milk was selected for two reasons; (1) its complexity allows us to validate the 

selective binding property of MMIP networks in a realistic environment, and (2) it can 
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be used as a model food product since antibiotic contamination in food is a growing 

concern. This shows the versatility and practicality of these MMIP samples in binding 

and removal of antibiotics from different media.  Results from the experiments in a milk 

matrix were also significant. One major source of antibiotic pollution was due to misuse 

of antibiotic in agricultural activities, such as cattle and poultry farming. Excessive use 

of antibiotics to these animals will leave traces of residues in their meat, eggs (for 

poultry) and milk products (for cattle). Since these traces can be in a very small amount 

(<ppb level), detection and monitoring can be difficult. The selective binding of these 

MMIP samples showed that pre-concentration of antibiotic residues from milk, as well 

as other animal products, can be possible. This will enhance monitoring of antibiotic 

pollutants in farmed animals, safe-guarding the food security, and hence helping to 

tackle the global problem of “antimicrobial resistance” AMR.    

 

A separate experiment set was carried out to test cross-binding of the ERY-MMIP and 

CPX-MMIP networks in methanol/water media and milk matrices. This could not be 

performed simultaneously with the other antibiotics because the absorbance of ERY 

and CPX in the UV-vis spectra overlaps, with maxima at 280 nm and 275 nm 

respectively. Results in Figure 6a show that, in MeOH/water media, CPX-MMIP binds 

CPX over 5-fold higher than ERY while ERY-MMIP has a shown a selectivity nearly 8-

fold towards ERY. Similar results were observed in milk matrices (Figure 6b) where 

CPX-MMIP has a 3-fold selectivity towards CPX and ERY-MMIP is 9-fold more 

selective towards its template ERY. These results further affirmed the selectivity of 

both ERY-MMIP and CPX-MMIP samples. 
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Figure 6. Cross-binding of ERY and CPX target molecules with CPX-MMIP and ERY-

MMIP samples in (a) methanol/water media and (b) milk matrices. Measurements on 

samples spiked with CPX () and ERY () were carried out separately. 

 

Results from selectivity and cross-binding studies show that both ERY- and CPX-

MMIPs are capable for binding, detecting and removing the target template molecules. 

The high selectivity is crucial as antibiotic contamination can be complex and difficult 

to detect. These two network materials also allow pre-concentration of antibiotic 

contaminants from samples, enhancing downstream detection. Unlike bulk MIPs, our 

“MIP network structures” offer a high surface area and hence elevated binding 

capacities and accessibility for the target molecules. More importantly, these magnetic 

MIPs enable simple magnetic separation and recycling. In the literature, MIP 

nanoparticles have been reported with enhanced binding capacity53-55 but separation 

(using centrifugation for example) and recycling can be problematic. Particularly if the 

water samples for detection is full of silt or other solid particulates, magnetic separation 

for precious MIP materials offer a viable solution for recycling. 
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To further improve the performance of these MMIP systems, two possible further 

developments could be seen in future. As discussed earlier, materials recovery using 

a simple magnet is likely to be below 100%. More advanced recovery set up (e.g. 

circulation) with a stronger magnetic field, possibly with a high gradient magnetic 

separation (or HGMS) system could improve percentage of recovery.56 The second 

direction is to enhance the production of this MMIP materials to a commercial scale. 

Currently, the synthesis requires a high-speed homogenization and the batch size is 

limited to a level < 1g. Large-scale high-pressure homogenization (HPH)57, 58 may be 

a possible solution but was never tested in MIP synthesis.    

 

Water pollution due to PECs, including antibiotics, has been a challenging issue and 

highlighted in recent reports.36 Existing water treatment facilities seem to be 

inadequate to deal with these emerging hazardous pollutants and their concentrations 

are usually at sub-ppm level, making them difficult to be detected. Such problem is 

likely to be much more severe in countries with strong agricultural sectors where mass 

use of antibiotics is a common practice and can be poorly regulated. Antibiotic 

pollutants in aquatic environment had already been identified as a major contributor 

Antimicrobial Resistance (AMR). Detection and removal of antibiotic pollutants must 

be improved in order to effectively tackle AMR. The MMIP network materials 

developed from this work could help to enhance both detection and removal of 

antibiotic pollutants, making an impact on the global catastrophe of AMR.  
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4. Conclusion 

In this work, magnetic MIP networks were successfully prepared using erythromycin 

(ERY) and ciprofloxacin (CPX) as templates. Both MMIP networks show high binding 

capacity (70 and 32 mg/g) and achieve maximum capacity within 60 min. Moreover, 

both samples are recyclable via magnetic separation/recovery and retained 68-75% 

binding capacity after 4 cycles. More importantly, both MMIPs showed high selectivity 

towards the template molecules, in both methanol/water media and milk matrices. 

These MMIP networks can be used for removal and monitoring hazardous antibiotic 

pollutants in fresh water sources/samples and food products. The unique magnetic 

property allows separation using an external magnetic field instead of laborious 

centrifugation. The protocol of synthesis can be adapted for other antibiotic pollutants 

and pharmaceuticals, helping to tackle the problem of pharmaceutical pollution in 

aquatic environments.      
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