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ABSTRACT 

 

Fumonisin B1 (FB1) is categorised as a human and animal carcinogen produced by 

Fusarium moulds which occur mainly in corn, wheat and other cereals. For decades, 

immunoassay (ELISA) has been developed as the reference established method for FB1 

determination in food and animal feed. Unfortunately, the current assays are inefficient 

due to factors such as temperature instability of the antibody (recognition element) and 

enzyme elements in the immunoassay, the presence of natural inhibitors in the samples 

tested and high levels of non-specific protein binding. Other important factors are the 

time when results are needed rapidly and the cost of use. This work aims to develop an 

assay and sensor for FB1 using molecularly imprinted polymer nanoparticles (nanoMIPs) 

to overcome these limitations. 

 

Firstly, computational modelling was used to identify the best functional monomers that 

form a complex with FB1. These results were verified by solid phase extraction (SPE) 

experiments. Ethylene glycol methacrylate phosphate (EGMP) was identified as a 

suitable functional monomer for FB1. The nanoMIPs for FB1 have been synthesised by 

solid phase synthesis using the composition based on EGMP. From hot water fraction, 

the nanoMIPs were collected with concentration 0.06 mg mL-1 and particle size 249 ± 29 

nm. The image of nanoMIPs for FB1 was taken by TEM. The phosphate (PO4
3-) and 

carbonyl (C=O) as functional groups of nanoMIPs were identified by FT-IR 

Spectrometer. The dissociation constant of nanoMIPs is 0.2 µM by SPR (Chapter 3). 

 

Development of molecularly imprinted polymer nanoparticle-based assay (MINA) was 

started by producing complex conjugate based on horseradish peroxidase (HRP). HRP 

was complexed with FB1 by carbodiimide reaction using EDC and NHS. After 

optimisation of the concentration of nanoMIPs (0.06 mg mL-1) and HRP-FB1 conjugate 

(1:400), MINA was capable producing satisfactory detection of FB1 in concentration 

range 10 pM – 10 nM. The selectivity and cross-reactivity have been tested. The response 

from commercial monoclonal antibody (mAb) and non-specific imprinted polymer 

nanoparticles (nanoNIPs) have been lower with the same concentration range (10 pM – 

10 nM). Also, the interaction between nanoMIPs and other mycotoxins such as aflatoxin 

B1 (AFB1), citrinin (CTT), deoxynivalenol (DON), fumonisin B2 (FB2), and zearalenone 

(ZEA) were shown to be negligible. The application of MINA has been tested in real 

samples. A total of 18 corn samples has been contaminated by fumonisins with a range 

from 0.02 – 1.29 ppm. From these results, all samples are safe because the concentration 

is lower than maximum residue limit of fumonisins (2 ppm). All samples have been 

further analysed for comparative study with a commercial ELISA kit and HPLC. 

Statistically, t-test has shown that there is significant similarity of the results obtained by 

MINA and commercial ELISA kit (AgraQuant, Romer Lab) (Chapter 4). 

 

Development of a molecularly imprinted nanoparticle-based electrochemical sensor 

(MINES) was fabricated with two types, ferrocyanide-ferricyanide ([Fe(CN)6]
4-/3-) 

labelled MINES and label free MINES. To gain this technology, the platinum working 

electrode was electropolymerised by a Zinc(II)porphyrin (ZnP) and pyrrole (Pyr) and 

immobilised by nanoMIPs using carbodiimide chemicals. The final electrode is 

nanoMIPs/ZnP/Pyr/Pt. The electrode was tested by differential pulse voltammetry (DPV) 

using [Fe(CN)6]
4-/3- for generating the label based MINES and by electrochemical 
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impedance sensor (EIS) for producing label free MINES. In concentration range of FB1 

at 1fM to 10 pM, the linearity and limit detection from EIS (R2 = 0.98, LoD = 0.7 fM) 

and DPV (R2 =  0.96, LoD = 0.03 fM) show the excellent performance of both methods. 

The EIS (0.442 kΩ/M) is two times more sensitive than DPV (0.281 µA/M) (Chapter 5).  

 

In conclusion, the nanoMIPs based assay (MINA) and electrochemical sensor (MINES) 

are a very promising method for the detection of FB1 in food and animal feed at very low 

concentrations with no cross-reactivity offering a fast, cost-effective and reliable 

technique.  
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CHAPTER 1 INTRODUCTION  

 

This work was fully supported and funded by Indonesian Agency for Agriculture 

Research and Development (IAARD), Ministry of Agriculture, Republic of Indonesia. 

IAARD and the Toxicology Group, and Indonesian Research Centre for Veterinary 

Science (IRCVS) are interested in improving food safety throughout Indonesia in 

development of detection techniques for toxins in food and animal feed. 

The research carried out in this thesis is to advance this area by the development of 

molecularly imprinted polymer nanoparticles-based assays and sensors for detection of 

fumonisins found Indonesia. The samples investigated and analysed are corn taken 

randomly from the traditional market in Surabaya, East Java, Indonesia. 

It is expected that this would contribute for supporting human and animal health in 

Indonesia and the rest of the world.   

 

1.1 Background 

 

Fumonisins pose a potential risk to human and animal health being carcinogenic and 

hepatotoxic.1-3  Because of these implications, these compounds are categorised as group 

2B carcinogenic by the International Agency for Research on Cancer (IARC).4 Moreover, 

the maximum level of fumonisins recommended is 2–4 ppm by US Food and Drug 

Administration (USFDA) and European Commission (EC).5,6 The Indonesian 

Government recommends the regulation for the level of fumonisins contamination at 1– 

2 ppm.7 Fumonisin B1 (FB1), which is the most common type of fumonisins,8 is 

implicated in the aetiology of equine leukoencephalomalacia (ELEM) in horse and 

porcine pulmonary oedema (PPE) in pig.9 Consequently, it is considered that Fumonisins 

are harmful compounds which governments should be gravely concerned about. 

 

Furthermore, the occurrence of FB1 in Indonesia has been observed by many researchers 

since 1990s.10-14 In previous studies, it was confirmed that FB1 was found in corn 

consumed by humans and animals. The results showed that 58%-100% of all samples of 

Indonesian corn were contaminated with FB analysed from 1991-2017. This occurrence 

has varied depending on many factors such as temperature, humidity, and storage 
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time.15,16 The lowest concentration was 0.47 µg/kg, during 1991–1995 and the highest 

level was 252.310 µg/kg in 2010 – 2017 as can be seen in Table 1-2. For these reasons 

FB1 contamination of corn could be considered a substantial issue especially in 

Indonesia.  

 

Table 1-1. Distribution of Fumonisin B1 in Indonesia’s corn 1990-2017 

Year 
Contamination (µg/kg) Percentage of samples 

contaminated by FB1 (%) Min Max 

1991 – 1995 226 1,780 58(7/12) 

1996 – 2000 0.47 2,440 94(45/48) 

2001 – 2005 18 3,306 81(25/31) 

2005 – 2010 -* 61,000 -(-/273) * 

2011 – 2017 2880 252,310 100(24/24) 

                 *no data 

 

In addition, the analysis of FB1 in contaminated samples (Table 1-1) gave different results 

depending on the analytical methods used. Mostly, the assessment of FB1 in corn has 

used chromatography and immunoassay techniques. In this case, advancements in the 

reliable determination of FB1 is essential for improving food and feed safety in Indonesia. 

However, the advantages and disadvantages need to consider comprehensively before any 

technology is developed and approved.  

 

1.2 Justification  

 

An overview of the literature from 1991 to 2017 about the determination of fumonisins 

in corn highlights the awareness of researchers about this problem. They have developed 

different advanced techniques specifically to analyse fumonisins in food samples 

especially corn. Commonly, there are three methods which are widely used for 

determination of fumonisins in corn such as HPLC, LC-MS/MS, and immunoassay 

ELISA, as shown in Figure 1-2.  
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Figure 1-1. The total number of publications reporting the application of HPLC, LC-MSMS and 

immunoassay/ELISA for analysis of fumonisins in corn in 1991–2017.  

 

Chromatography has been the most widespread method used since the 1990s for 

determination of Fumonisin in corn. High-Performance Liquid Chromatography (HPLC) 

is the most common technique applied with a limit of detection of 0.025 – 300 ppb 17-34 

followed by Liquid Chromatography-Mass Spectroscopy (LC-MS) or tandem Mass 

Spectroscopy (LC-MS/MS) with a detection limit of 0.002–8 ppb.35-45 MS can improve 

the performance of HPLC removing obstacles such as derivatisation, peak interference, 

and long retention time. Enzyme-Linked Immunosorbent Assay (ELISA) has become a 

newly popular technique for fumonisin analysis since 1996. The detection limit of ELISA 

is lower than chromatography methods (0.03 ppt – 50 ppb).46-58 This immunoassay is the 

preferred technique because its application is more straightforward than HPLC or LC-MS 

in the analysis of fumonisins. 

 

Furthermore, the sensing technology has been developed and applied for detection of 

fumonisins in food although this technique has not been widely used. An excellent recent 

review has covered development of sensors for FB1 since 1996.59  Mostly, the methods 

used in sensors are optical and amperometry. Unlike immunoassays and chromatography 

techniques, the limit of detection for sensing is approximately 0.5 pg L-1 in the working 

range 7- 9 ng L-1.60 
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The immunoassays and sensors are more sensitive and show excellent recovery at 80% 

but they are less reliable than the other analytical methods (Table 1-2). Chromatography 

techniques use sophisticated instruments that would need trained users because of 

complicated operation. The immunoassay and sensors use different methods for sample 

preparation than chromatography that can use not only water but also organic solvents. 

However, selecting the right solvent for extraction and analysis in chromatography would 

be time-consuming and costly. For practical reasons, development of immunoassays and 

sensors will become a favourable and popular direction for research. The focus in this 

work is the development of robust assays and sensors that can work with much diluted 

aqueous samples of food and do not require highly skilled personnel to operate them. 

 

Table 1-2. The advantages and disadvantages of HPLC, LC-MS/MS and ELISA for 

determination of FB1 in corn based on several articles 

Methods Advantages Disadvantages 

HPLC  Recovery is higher than 80%, and 

precision is more top than 95%. 

 

 

 

 Derivatisation with o-phthalide 

aldehyde (OPA) and AccQ-Fluor 

reagent is necessary to increase 

sensitivity and avoid peak 

interference.  

 The trained users are required for 

operating the machine    

 The extraction and cleaning up take 

more time                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                 

LC-MS/MS  High selectivity and sensitivity 

would be achieved because of 

mass detector 

 Recovery is higher than 80%  

 The trained expert is needed to 

operate this instrument. 

 Precision is lower than 90% 

 The extraction and purification of the 

sample are required, such as 

ultrasonic extraction (USE), and 

accelerated solvent extraction (ASE). 

ELISA and 

sensors 

 The amount of sample used is 

smaller, around 100 µL 

 It can be used for screening 

method in the field and industry 

 The procedure is relatively simple 

 Many factors are influencing 

measurements in ELISA such as 

reagent materials, the time for 

incubation, blocking, and washing, 

and interaction with microplate.  

 The antibody is not stable at room 

temperature, often due to 

denaturation process 

 The production of antibody is 

expensive and takes long times.  
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Most immunoassays and sensors use monoclonal or polyclonal antibodies for molecular 

recognition. These substances are expensive because their production uses animals such 

as mice and rabbits. Also, the procedure for obtaining pure antibodies is lengthy. For this 

reason the replacement of the antibody is essential step to improve the performance of 

both, ELISA and sensors, in particular for reducing time and cost of analysis. 

 

Recently, molecularly imprinted polymer nanoparticles (nanoMIPs) have been developed 

which could be more efficient than monoclonal or polyclonal antibodies in terms of the 

time of preparation, cost and stability. To generate nanoMIPs, it is not necessary to use 

animals, such as rabbits. Likewise, the nanoMIPs can be obtained in a short time and have 

a long shelf life and resistance to elevated temperatures and extreme pHs, where antibody 

could be easily denatured. NanoMIPs have the potential to replace antibodies in assay 

and sensor applications for the determination of fumonisins. 

 

1.3 The aims and objectives of the research  

 

The aim of this study is to develop nanoMIPs-based assay and sensor for screening food 

or animal feed for mycotoxin contamination especially FB1 for supporting human and 

animal health in Indonesia. 

 

To achieve this aim, the objectives of this research are to: 

 

1. Find the best functional monomers using computational chemistry (molecular 

modelling) for the synthesis of FB1 imprinted nanoMIPs, 

2. Synthesise FB1 imprinted nanoMIPs using solid phase chemistry by 

immobilisation of FB1 on glass beads, 

3. Test for binding affinity of FB1 imprinted nanoMIPs to FB1 using a nanoMIPs 

based assay (MINA), 

4. Compare the performance of MINA with commercial ELISA kit and HPLC in 

real samples such as corn for detection of FB1, 

5. Test FB1 imprinted nanoMIPs using electrochemical sensor (MINES) using 

differential pulse voltammetry (DPV) and electrochemical impedance 

spectroscopy (EIS) for detection of FB1, 
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6. Optimise assay and sensors for binding affinity and selectivity of FB1 and 

analogues, 

7. Disseminate the results of studies through a presentation at international 

conference and preparation of a paper for submission to peer-reviewed journals. 

 

The thesis includes a literature review (Chapter 2) describing toxicological effects of FB1 

and the interference of FB1 with sphingolipid metabolism. The thesis also provides a brief 

description of nanoMIPs and imprinting approach in general, the composition, and 

polymerisation methods employing solid phase approach. The experiments and results 

are reported in the following three chapters. Chapter 3 show how to develop nanoMIPs 

for FB1, combining simulation and empirical investigations. Chapter 4 and Chapter 5 

describe how synthesised nanoMIPs were employed in assay and sensor applications. 

Chapter 4 shows testing of 18 corn samples in the assay with detail analysis of recovery 

and limit of detection. Finally, the general conclusion and future research were given in 

Chapter 6 as the closing remarks on the thesis. 

    

  



 

7 
 

CHAPTER 2 LITERATURE REVIEW 

 

2.1 Fumonisin B1 

 

2.1.1 Resources, structure, and nomenclature 

 

Fumonisins are produced mostly by Fusarium moniliforme and F. proliferatum. It has 

been reported that fumonisins have over ten compounds with different functional groups 

including Fumonisin A, B, C, and P shown in Figure 2-1 and Table 2-1.61-64 

Table 2-1. Fumonisin analogues 

 

Figure 2-1. Fumonisin backbone (a) 

and 3-hyroxypiridinium (3HP) (b) 

 

 

 

Fumonisin B1 has long IUPAC nomenclature and the structures have ten chiral centres 

(Figure 2-2).65,66 Because of the chirality, FB1 has at least one pair of enantiomers:   

 

 (2R)-2-[2-[(5R,6R,7S,9S,11R,16R,18S,19S)-19-amino-6-[(3R)-3,4-dicarboxybutanoyl]oxy-

11,16,18-tri hydroxy-5, 9-dimethylicosan-7-yl]oxy-2-oxoethyl]butanedioic acid 

 (2S)-2-[2-[(5S,6R,7R,9R,11S,16R,18S,19S)-19-amino-6-[(3S)-3,4-dicarboxybutanoyl]oxy-

11,16,18-trihydroxy-5,9-dimethylicosan-7-yl]oxy-2-oxoethyl] butanedioic acid.65,66 

 

Consequently, drawing structures of FB1 should consider R and S types and these types 

were used in further experiments.  

Fumonisin Side chains of Fumonisins backbone 

R1 R2 R3 R4 R5 

A1 OH OH H NHCOCH3 CH3 

A2 H OH H NHCOCH3 CH3 

B1 OH OH H NH2 CH3 

B2 H OH H NH2 CH3 

B3 OH H H NH2 CH3 

B4 H H H NH2 CH3 

C1 OH OH H NH2 H 

C2 H OH H NH2 H 

C3 OH H H NH2 H 

C4 H H H NH2 H 

P1 OH OH H 3HP CH3 

P2 H OH H 3HP CH3 

P3 OH H H 3HP CH3 
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Figure 2-2. The two-dimension structure of Fumonisin B1 and its ten chiral carbons 

       

In addition, a different type of FB1 structure would have similar physical-chemical 

properties such as melting point, polarity, boiling point, solubility behaviour, 

chromatographic mobility, and index of refractivity, but it has different on polarised light 

(optical activity) and chiral reagent.67 In previous research, it is reported that the (-)-

enantiomer of the insecticide fipronil is less toxic to Ceriodaphnia dubia (water flea) than 

(+)-enantiomer of fipronil. Some experts produce a single enantiomer of fipronil to 

investigate differing toxicity.68 From these reason, probably the enantiomer of FB1 could 

potentially have different toxicity. However, there is no comprehensive information 

describing about it. It can be argued that the chirality of FB1 influences not only physical 

and chemical properties but also toxicity. 

 

2.1.2 Several experimental studies about the effect of FB1 

 

Over the past 28 years, fumonisins have been mentioned because this residue can trigger 

carcinogenesis, equine leukoencephalomalacia (ELEM), and porcine pulmonary edema 

(PPE). One experiment stated that the histopathological change of rat’s liver specimen  

(hydroponic generation, single-cell, and few hyaline droplets) after receiving 1% FB1 for 

33 days.69 A recent experiment on Oreochromis niloticus (Nile tilapia), FB1 could 
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damage liver and kidney, and harm spleen, gill and brain. Figure 2-3 (a) – (e) shows that 

there are many histological changes in many parts of the body of O. niloticus. Having 

exposure of FB1 for six weeks, liver (Figure 2-3 (a)) showed diffuse hepatocyte 

degeneration with focal hepatocyte necrosis, while kidney (Figure 2-3 (b)) indicated 

tubular degeneration and interstitial inflammatory cell infiltration. Likewise, there were 

many signs found in spleen, gill, and brain such as necrosis in lymphocytes, epithelial 

hyperplasia, ischemic neuronal injury and demyelination respectively.70 Therefore, it 

could be revealed that FB1 would affect not only carcinogenesis but also damage organs. 

   

(a) (b) (c) 

  

(d) (e) 

Figure 2-3. Histopathological change of liver (a), kidney (b), spleen (c), gill (d) and brain (e) of 

O. niloticus after exposure FB1 for six weeks  (adapted from Abu-Hassan et al., 2016)71  

 

As indicated previously, ELEM was found in horses that ingested feed contaminated by 

FB1, with the neurologic symptoms.72 The symptoms could be marked by clinical signs 

such as apathy, docility, tremors, pawing emotions, stupidity, incoordination, walking 

into an object, and paralysis of lips and tongue.73 These clinical signs were supported by 

clinical pathology data such as the increase of aspartate transaminase (AST) and glutamyl 

transferase (GGT). Figure 2-4 (a) showed that the peak of AST on nine month-old-filly 

(female horse) was between day 22 and 31. Then, Figure 2-4 (b) illustrates the increase 

of GGT on 14 months-old-colt (male horse) between day 20 to 33.73 Therefore, it is 

indicated FB1 can cause ELEM shown by clinical signs and pathology. 
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(a) 

 

(b) 

Figure 2-4. Clinical and pathological change in the serum of (a) 9 months-old filly and (b) 14 

months old colt dosed FB1 (adapted from Kellerman et al., 1990) 73 

 

Unlike ELEM, PPE cases can be found in pig. The onset of clinical signs of PPE is four 

days in average such as lethargy, dyspnea, cyanosis, posterior weakness, recumbence, 

mild salivation, and moist rales.74 Figure 2-5 demonstrates the change of a healthy pig 

and pig with PPE after ingesting corn contaminated FM. In healthy pigs (Figure 2-5 (a)), 

the liver has the central vein (lower left) that is surrounded by hepatocytes ordered in 

cords separated by sinusoids. On the other hand, the liver of treated pig (Figure 2-5 (b)), 

has disorganised hepatocytes.75 Hence, it seems that the FB1 can affect PPE and damage 

liver.  
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(a) (b) 

Figure 2-5. Liver from a health pig (a) and a pig identified porcine pulmonary oedema (adapted by 

Hascheck et al., 2001)75  
 

2.1.3 The Toxicity Mechanism of FB1 

 

FB1 can inhibit the sphingolipid biosynthesis. This lipid mechanism is an imperative part 

of cells because of many functions such as basic molecule services and regulation of some 

cell functions. Figure 2-6 illustrates the simplified scheme of sphingolipid synthesis. 

Initially, sphinganine is formed by serine and palmitoyl-CoA through 3-

ketosphingannine. Then, it is acylated by ceramide synthase to be dihydroceramide, and 

it is finally desaturated to be ceramide.76 

 

Figure 2-6. Sphingolipid biosynthesis (adapted from Merril Jr et al, 2001)76 
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Unfortunately, the sphingolipid biosynthesis could be disrupted by FB1. One reason is 

the backbone structure of sphingosine is similar with FB1. In this case, FB1 could inhibit 

the acylation reaction between sphinganine and ceramide synthase as shown Figure 2-7. 

Consequently, its impact is the elevation of sphinganine. It will produce sphinganine and 

finally phosphatidylethanolamine as well as some fatty acids. Another reason, FB1 could 

increase ceramide and inhibit sphingosine products. These products, in the same way, 

could increase phosphatidylethanolamine and fatty acids as signalling the disease and 

organ damage. 

 

 

Figure 2-7. Illustration of FB1 interfere to sphingolipid biosynthesis (adapted from Juvala et al, 

2008)77  

 

2.2 Molecularly Imprinted Polymers 

 

According to Alexander et al., 2006, Molecular imprinted polymer (MIP) can be defined 

as follows:  

“the construction of ligand-selective recognition sites in synthetic polymers where a 

template (atom, ion, molecule, complex or a molecular, ionic, macromolecular, assembly, 

including micro-organism) is employed in order to facilitate recognition site formation 
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during the covalent assembly of the bulk phase by a polymerisation or polycondensation 

process, with subsequent removal of some or all of the template being necessary for 

recognition to occur in the spaces vacated by the templating species”. 78 

Historically, the research about MIP has been initiated by a Polyakov’s article in 1931. 

This article mentions the silica owning many pores because of the presence of the additive 

solvent such as benzene, toluene, and xylene.78 This finding indicated that the silica might 

have the capability to uptake the additive agents and this phenomenon would become the 

first invention of molecular imprinting. From this invention, the research could grow up 

focusing on biochemical processes and biomolecule structures. The next experiment was 

later continued by Pauling (1940) even though his objectives were probably different 

from Polyakov. Pauling used the concept of silica imprinting to describe how to produce 

antibody through imprinting antigen even though this original thinking was later proven 

to be wrong. 

“An interesting possible method to generate antibodies from serum or globulin solution 

outside of animal is suggested by the theory. The globulin would be treated with a 

denaturing agent or condition sufficiently strong to cause the chain ends to uncoil; after 

which this agent or condition would be removed slowly while antigen or hapten is present 

in the solution in a considerable concentration. The chain ends would then coil up to 

assume the configurations stable under these conditions, which would be configurations 

complementary to those of the antigen or hapten” 78,79 

 

The Pauling's theory initially has been supported by the results from Dickey’s experiment 

(1949). These results confirmed that the imprinted silica is mimicking antibody, binding 

template dyes such as methyl, ethyl, propyl, and butyl orange. Furthermore, the curiosity 

was extended by conducting imprinting organic polymer and improving the condition of 

the imprinted polymer. 78,79  

 

This section will explain the imprinting approach, the composition of the polymerisation 

of molecularly imprinting, the computational simulation method, and the polymerisation 

methods. 
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2.2.1 Imprinting Approach 

 

The imprinting approach is the principal for the preparation of molecular imprinting. 

There are two common imprinting approaches namely covalent and non-covalent 

methods. Each has advantages and disadvantages depending on what kind of molecularly 

imprinted polymer is made. Also, this stage will explain other imprinting methods such 

as semi-covalent, metal ion mediated, and mixed imprinting methods. 

 

2.2.1.1 Covalent Imprinting Approach  

 

There are three steps in covalent imprinting method. Firstly, the reaction between the 

template and functional monomers to result in a covalent linkage is performed. In this 

stage, it might yield the reversible complex having stability under polymerisation 

condition. Then, this complex is polymerised with crosslinkers to gain polymer matrix. 

Finally, the template should be removed from the polymer matrix to produce cavities that 

can rebind covalently with the previous template. Moreover, this covalent imprinting 

procedure had been applied in the previous experiment obtaining mannose imprinted 

polymer as can be seen in Figure 2-8.    

    

 

 

 

Figure 2-8. Illustration of covalent imprinting approach on mannose imprinted polymer (adapted from 

Shen and Ren, 2014)80  
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From Figure 2-8 we can see that 3-acrylamidophenylboronic acid (APBA) as a functional 

monomer and mannose as a template. First is the formation of complex APBA and 

mannose. Then, the complex is polymerised by precipitation polymerisation with 

crosslinker and initiator conducted in situ with the essential condition. Lastly, the 

mannose leaves the polymer resulting cavities.80  

 

2.2.1.2  Non-covalent Imprinting Approach 

 

Unlike covalent imprinting, there is no pre-polymerisation in non-covalent imprinting 

approach. Self-assembly could form the binding between template and monomer during 

the polymerisation step. It appears that this method is an easy way to produce molecular 

imprinting so that this approach is frequently used. Non-covalent interactions would 

happen during polymerisation, including electrostatic, hydrophobic, coordination 

covalent, and Van der Waals interactions. After polymerisation, the template is finally 

removed by fixed solvent from the polymer matrix.     

 

 

Figure 2-9. Illustration of non-covalent imprinting approach on atrazine imprinted polymer 

(adapted from Matsui et al., 1995)81  
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Figure 2-9 demonstrates how the non-covalent imprinting approach is performed. In the 

first step, the polymerisation happens between methacrylic acid, and crosslinkers in the 

presence of atrazine to form the complex between the polymer  binding  sites and 

template. Then, the adducts will release atrazine reversibly. 

  

Furthermore, the difference between the covalent and non-covalent imprinting 

approaches are not the only precondition before polymerisation but also other parameters 

such as polymerisation conditions, guest binding and guest release, removal of the 

template after polymerisation and structure of guest binding sites as shown Table 2-2. 

 

Table 2-2. Comparison between Covalent and Non-covalent Imprinting Approach 

Factors Covalent Non-covalent 

Synthesis of monomer-template conjugation Necessary Unnecessary 

Polymerisation condition (temperature, pH, 

polarity,) 

Wide variety Restricted 

Guest binding and guest release Slow Fast 

Removal of template after polymerisation Difficult easier 

Structure of guest binding site Clearer Less clear 

 

 

2.2.1.3  Other Imprinting Approaches 

 

Recently, other imprinting methods have been widely explored such as semi-covalent, 

metal coordination, and the combination of the methods. The semi-covalent imprinting 

methods use both covalent and non-covalent binding in producing a MIP. Generally, in 

this case, covalent binding is used on polymerisation, and non-covalent binding is 

employed on rebinding the template. Figure 2-10 shows the process of polymerisation of 

4-chlorophenol imprinted polymer with two routes. Firstly, the 4-chlorophenyl (4-vynil) 

phenyl carbonate (4-CPC), which is a template, was synthesised from 4-vynilphenol, 

which is from hydrolysis of p-acetoxy styrene, and 4-chlorophenyl chloroformate.  Then, 

4-CPC and 4-vinylpyridine (4-VP), as a functional monomer, are polymerised by 

ethylene glycol dimethyl acrylate (EGDMA) and 2,2-azobisisobutyronitrile (AIBN) as 

crosslinker and initiator. Finally, the template was removed by hydrolysis polymer matrix 

obtaining 4-vynilphenol imprinted polymer completed by binding site for rebinding 4-

vynilphenol non-covalently.82  
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a 

 

 

 

Figure 2-10. Illustration of semi-covalent imprinting approach on the 4-chlorophenol imprinted 

polymer, a. Template synthesis b. Polymer preparation (adapted from Qi et al., 2010) 82  

 

 

Also, the metal ion mediated imprinting approach is used in several studies especially to 

select enantiomer of a compound. Figure 2-11 shows mechanism molecularly imprinted 

polymer formed to attach L-histidine as a precursor of histamine. Since histidine has 

enantiomer, L- and D- histidine, preparing complex compound by Cu2+ is probably an 

alternative method to separate them. In the first step, L-histidine as a template is reacted 

with Cu2+ and 2-aminoethyldihydrogen phosphate (AEDP) as a metal ion and functional 

monomer to obtain Cu(II) monomer-template complex. Then, the complex is polymerised 

by adding Ethylene glycol dimethyl acrylate (EGDMA) and multiwalled carbon 

nanotubes (MWCNTs) under UV light. Finally, L-histidine is removed reversibly from 

the polymer matrix, but this polymer is not specific on D-histidine.83  
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Figure 2-11. Illustration of metal ion mediated imprinting approach on L-histidine imprinted 

polymer (adapted from Prasad et al., 2011) 82  

 

2.2.2  Composition 

 

Next factor for obtaining MIPs is how to prepare an appropriate composition for it. The 

effective synthesis of molecular imprinting depends on the template84,85 (a target 

compound), functional monomers86,87, crosslinkers,88,89 initiator90, and solvent91,92. 

Therefore, all these components of the MIP will be mentioned in this section because the 

composition would affect the physical and chemical properties of MIPs, such as particle 

size, solubility, selectivity, stability and rigidity.    

  

2.2.2.1  Template 

 

Definition of the template could be small or large compounds, metals, proteins, or 

microorganisms.  Besides that, the template could be a synthetic molecule, as Steinke et 
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al., 1995 pointed out.85 Unfortunately, not all molecules could be a template depending 

on their functionality, size and stability.   

 

One of the essential characteristics of the template is its functionalities. These could be 

the group of hydroxyl, carbonyl, carboxyl, and amide or double bonding. These factors 

would affect the interaction between the template and functional monomers either 

covalent or non-covalent interaction. Sometimes, a template has two or more 

functionalities, as called multiplicity of functional groups. This template could produce 

molecular imprinting with many active sites. In this research, the template used is FB1 

(Figure 2-12) having four carboxyl groups, three hydroxyl groups, and one amino group. 

Thus, it tends that molecular imprinting obtained would have a cavity with many binding 

sites. 

 

 

Figure 2-12 The structure of Fumonisin B1 

 

Another significant aspect of the template is its size and stability. The size would have an 

influence on polymerisation and removal process. Also, the size can affect the size of 

molecular imprinting.  The bigger template would produce the bigger molecular 

imprinting site. Lastly, the stability is an essential typical of the template in the synthesis 

of molecularly imprinting. The template is hoped to be inert during polymerisation 

process. Also, the template can adapt to the environment of polymerisation process. 

Therefore, although all compounds can be used as a template, the functionalities, size and 

stability would be a consideration. 
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2.2.2.2 Functional Monomers 

 

The interaction between functional monomers and template could be a crucial factor in 

the preparation of MIPs. This interaction would initiate a cavity in advance. The stronger 

the template-monomer interaction, the higher the selectivity of the MIPs. The strength of 

interaction depends probably on the functionalities of functional monomers.  

 

i ii iii iv v Vi 

 

 

i ii iii iv v Vi 
 

 

i ii iii Iv 
 

 

Figure 2-13. Several functional monomers with different types, acid (a) i : methacrylic acid 

(MAA), ii: p-vinyl benzoic acid , iii: acrylic acid (AA), iv: itaconic acid, v: 2-(trifluoromethyl)-

acrylic acid (TFMAA) vi: acrylamide-(2-methyl)-propane sulfonic acid (AMPSA); base (b) i : 4-

vinylpyridine (4-VP), ii: 2-vinylpyridine (2-VP), iii : 4-(5)-vinylimidazole, iv: 1-vinylimidazole, 

v: allylamine, vi : N,N_-diethyl aminoethyl methacrylamide (DEAEM); and neutral (c) i : 

acrylamide, ii : methacrylamide, iii : 2-hydroxyethyl methacrylate (2-HEMA), iv : trans-3-(3-

pyridyl)-acrylic acid   (adapted from Cormack & Elorza, 2004)93  

 

The functional group could be hydroxyl, carbonyl, carboxyl, and amide that will interact 

with the template. Because of having different functional groups, the functional 

monomers are divided into three parts such as acid, base and neutral.  Acid monomers 

have mostly hydroxyl, carbonyl, or carboxyl group whereas base monomers have mostly 

amide or amine while the neutral monomers have sometimes both of functional groups as 

can be seen in Figure 2-13.  
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The type of functional monomers could be negative for acid or positive for the base. This 

charge cause electrostatic or dipole-dipole interactions with the template. Unlike acid and 

base functional monomers, neutral type of charge gives Van der Waals interaction. 

Consequently, the three types of functional monomers could be considered to react with 

the template. 

 

The ratio of functional monomers to the template can affect the selectivity of the 

imprinted polymer. It is reported that the excess of the template could decrease the 

selectivity of bipyridyl to nicotine (k’NIC/k’BIPY). Figure 2-14 (a) shows that the ratio of 

functional monomer and template to the selectivity of molecularly imprinted polymer to 

nicotine. The composition of P6 shows the lowest selectivity because of the highest 

concentration of template.87 Similarly with the template, the functional monomers should 

have appropriate composition because it could reduce the selectivity of the imprinted 

polymer. Figure 2-14 (b) illustrates that the highest concentration of functional monomers 

could decrease the selectivity of molecularly imprinted polymer to 3H-theophylline.94 

Hence, the formulation of functional monomers could calculate correctly to obtain the 

higher selectivity of the imprinted polymer. 

 

2.2.2.3  Crosslinkers 

 

Maintaining the template-functional monomers interaction, the crosslinkers is used to 

obtain the rigid matrix of the polymer. Some researcher state that the crosslinkers are like 

the glue that has two or more double bond to form the rigid crosslinked network.  

 

Crosslinkers have at least three functions, controlling the morphology of polymer, 

stabilising the binding sites of the polymer and conveying the mechanical stability of 

matrix polymer. Thus, the performance of molecular imprinting could be affected by 

crosslinkers.  

 

The crosslinkers could be influenced on the morphology of polymer, as Wong et al., 2015 

pointed out, such as swelling and mesh size. It is reported that the higher concentration 

of pentaerythritol tetra acrylate (PETRA), as a cross-linking agent, significantly reduce 

the percentage of swelling of polyethylene oxide (PEO) hydrogels. 
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(a) 

 

(b) 

Figure 2-14. (a) Selectivity (k’NIC/k’BIPY ) for nicotine and bipyridyl by different M/T ratio (b) 

Binding isotherms of 3H-theophylline binding to imprinted polymers prepared with M : T of 4 : 

1, 12 : 1, 100 : 1 and 500 : 1. (adapted from Yilmaz et al., 1999 and Andersson et al., 1999) 87,94  

 

 

Figure 2-15 (a) shows that 1%w/w of PETRA imparts the highest proportion of swelling 

of PEO. These results will be influenced by mesh size of PEO as can be seen in Figure 2-

15 (b). The upper concentration of cross-linker reduces the distance between two adjacent 

crosslinkers.95 Therefore, it seems that the pore size of the particle is relatively smaller 

weather adding the less concentration of crosslinkers.  
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(a) 

 

(b) 

Figure 2-15. (a) Effect of PETRA concentration on the % swelling values of PEO hydrogels (b) 

SEM images of freeze-dried PEO hydrogels.  (A) PEO-PETRA 1% w/w, (B) PEO-PETRA 2.5% 

w/w, (C) PEO-PETRA 5% w/w, (D) PEO-PETRA 10% w/w (adapted from Wong et al., 2015) 95  
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Furthermore, the essential function of crosslinkers is to stabilise the binding sites of the 

polymer. This feature would keep template-functional monomer interaction. In this case, 

the crosslinker is used for making the matrix of the imprinted polymer. Consequently, the 

cavity of the polymer could be formed containing the strongly binding site. The variation 

of crosslinker concentration, called the degree of cross-linking, could influence the 

interaction with the template. One study stated that around 50 – 75% is the best interval 

degree of crosslinkers for the synthesis of polymers.(sellergen) Another study claimed 

that the best range is between 62.5 – 75%.96 However, both of results are not ideal formula 

because the current study obtains that the best result for the degree of cross-linking is 

around 83.3%.88 Hence, the best degree of crosslinkers for the synthesis of the 

molecularly imprinted polymer could be 50 - 85%.  

 

Besides stability and morphology, the crosslinkers could impart the mechanical stability 

of the imprinted polymer such as area surface, pore volume, pore size, particle size, 

thermal gradation, glass translation, and polymer swelling.97 Despite that many reports 

stated about this function, there is less information for supporting connected to the 

performance of the imprinted polymer directly. In general, it is mentioned that the 

mechanical stability would be affected by the quality of molecularly imprinted polymer.  

 

Many chemical materials could be a cross-linker. Mostly, crosslinkers have many vinyl 

groups to prepare matrix. Figure 2-16 demonstrates the commonly crosslinkers used in 

several previous experiments. However, not all of them can be compatible for generating 

the imprinted polymer. Thus, using the different type of crosslinkers would obtain the 

different of the performance of molecular imprinting.  
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xviii Xix xx 
 

Figure 2-16. Selection of crosslinkers used for molecular imprinting. i: p-divinylbenzene (DVB); ii: 1,3-

diisopropenyl benzene (DIP); iii: ethylene glycol dimethacrylate (EGDMA); iv: tetramethylene 

dimethacrylate (TDMA); v: N,O-bisacryloyl-l-phenylalaninol; vi: 2,6-bisacryloylamidopyridine; vii:1,4-

phenylene diacrylamide; viii: N,N-1,3-phenylenebis(2-methyl-2-propenamide) (PDBMP); ix: 3,5-

bisacrylamido benzoic acid; x: 1,4-diacryloyl piperazine (DAP); xi: N,N_-methylene bisacrylamide 

(MDAA); xii: N,N_-ethylene bismethacrylamide; xiii: N,N_-tetramethylene bismethacrylamide; xiv: 

N,N_-hexamethylene bismethacrylamide; xv: anhydroerythritol dimethacrylate; xvi: 1,4;3,6-dianhydro-d-

sorbitol-2,5-dimethacrylate; xvii: isopropylenebis(1,4-phenylene) dimethacrylate; xviii: trimethylpropane 

trimethacrylate (TRIM); xix: pentaerythritol triacrylate (PETRA); xx: pentaerythritol tetraacrylate 

(PETEA) (adapted from Cormack & Elorza, 2004)93  
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2.2.2.4 Initiator 

 

The best initiator is an important part of polymerisation composition because there is not 

reaction without any initiator. The initiator is employed in propagation and termination 

on polymerisation. These parts are a crucial moment because the polymerisation would 

be working.  Several initiators can be seen in Figure 2-17.  

 

 

i ii Iii 
 

 

iv v 
 

Figure 2-17. Structure of initiators: i: azobisisobutyronitrile (AIBN); ii: 

azobisdimethylvaleronitrile (ABDV); iii: dimethylacetal of benzil; iv: benzoylperoxide (BPO);v: 

4,4_-azo(4-cyanovaleric acid) (adapted from Cormack & Elorza,2004) 93  

 

Commonly, the initiator can be working optimally under light, thermal, or chemical 

condition and become a free radical component. Figure 2-18 illustrates the example of 

two initiators in the previous study, 1,1-azobis(cyclohexane-1-carbonitrile) (ACC) and 

2,2-dimethoxy-2-phenylacetophenone (DMPA). These initiators have different 

decomposition process. To be a radical compound, AAC uses the Azo group, -N≡N-, to 

stabilise the radical site under thermal or UV condition. Unlike ACC, DMPA uses 

benzene ring and oxygen to produce the benzyl ketal radical and the methyl radical under 

UV condition. Thus, it seems that the initiator could be a radical component by different 

method depending on the functional group owned.90,98,99  
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(a) 

 

 

(b) 

 

Figure 2-18. Decomposition of AAC (a) and DMPA (b) (adapted from Mijangos et al., 2006) 90  

 

It is said that the thermal initiation is better than photoinitiation to produce a powerful 

polymer.90 However, Piletsky et al., 2004 claimed that low temperature could produce 

stronger template-functional monomer complex.100 After that, the concentration of 

initiator can affect the polymerisation. It is stated that the higher amount of initiator can 

interfere the template-functional monomer interaction and yield many radicals. other said 

that the higher concentration of initiator would obtain the imprinted polymer with the 

large surface.90 Therefore, it is possible that the temperature and concentration of initiator 

are an essential parameter and could control during polymerisation.    
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2.2.2.5  Solvent 

 

The solvent is the last component to generate the molecularly imprinting successfully. 

The solvent would facilitate media for polymerisation. According to polarity, the type of 

solvent could be polar and nonpolar. Then, the polar solvent could be divided into protic 

and aprotic based on the abundance of O-H and N-H. Protic polar has more O-H and N-

H than aprotic polar. This structure will impact to interaction with other components in 

polymerisation. One effect of this property of solvent is binding capacity or interaction 

between the template and functional monomer. Figure 2-19 demonstrates the different 

response of binding OTA to imprinted polymer in a various solvent.  

 

 

Concentration of buffer (mmol) 

(a) 

 

Concentration of Acetonitrile (%) 

(b) 

Figure 2-19. Percentage of binding 100 ppb Ochratoxin (OTA) to Imprinted polymer in buffer (a) 

and acetonitrile (b) solution (adapted from Turner et al., 2004)101 
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The positive results are happened in buffer solution otherwise in acetonitrile medium.101 

Unlike the previous experiment; the organic solvent gave the effective response. The 

reason is that there are many interactions between solvent unpredictable with template-

polymer such as electrostatic force, van der Waals force, and hydrogen bonding.90,102 

Despite that there is less certain data about the effect of solvent accurately and steadily, 

the solvent will impact the performance of the imprinted polymer. 

As previously stated, the solvent also has a contribution to a mesh size of the polymer. It 

is because of the conformation of polymer to solvent. A study reported that the particle 

size of polymer in a water medium is larger than in buffer solution.91 Therefore, the 

selection of solvent is an important factor to synthesis molecularly imprinted polymer. 

 

2.2.3 Polymerisation 

  

Having discussed the composition of MIP, polymerisation would be mentioned in this 

section. The MIP is categorised in copolymers based on monomer composition including 

functional monomers and crosslinkers. Also, since this composition of MIP includes 

functional groups and double bonds, both condensation and addition polymerisation 

methods could be used to generate the MIP. 103 

 

Polymerisation is a process to connect among template, functional monomers, and 

crosslinkers in a solvent helped by an initiator to be an imprinted polymer. This process 

could be an important step requesting ideal condition such as temperature. Either low or 

high temperature would result different the quality of molecular imprinting. Mostly, the 

polymerisation method used is free radical polymerisation having three steps such as 

initiation, propagation and termination.  

 

Firstly, free radicals are produced by either thermal, light, electron transfer (redox) 

processes. This process is called initiation. After generating free radical compound, the 

functional monomers are attacked. Then, this monomer will react with crosslinkers to 

form a polymer which attaches the template to form molecular imprinting. Lastly, the 

polymerisation will be stopped by deactivating the free radical polymerisation. This 

process is called termination owning three types such as combination, disproportionation, 
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and radical transfer to the monomer. The illustration of this mechanism can be seen in 

Figure 2-20. 

 

 

Figure 2-20 Mechanism of free radical polymerisation: (1) initiation, (2) propagation, (3) chain 

transfer, (4) termination via (a) disproportionation and (b) combination (adapted from Belyazit et 

al., 2016)104  

 

2.2.3.1  Solid Phase Method   

 

After defining the polymerisation process, the solid phase protocol for generating 

molecularly imprinted polymer nanoparticles (nanoMIPs) is discussed. Traditionally, 

several polymerisation techniques have been applied in many research such as Bulk, 

solution, suspension, and emulsion for producing a polymer.105 However, it would be 

very hard to produce polymer nanoparticles having characteristics as a high selectivity 

antibody.  

 

Solid phase synthesis use solid materials to immobilise a target compound, such as glass 

beads, in order to obtain a single particle of polymer specifically to template. By contrast, 

many traditional methods, such as bulk polymerisation, is not through immobilisation 

process. As a result, the formed polymers have binding sites heterogeneity.106 Because of 

this different technique, it could be argued that polymer synthesised by solid phase 

method is more selective than by traditional polymerisation.  



 

31 
 

CHAPTER 3 DEVELOPMENT OF MOLECULARLY IMPRINTED POLYMER 

NANOPARTICLES FOR FUMONISIN B1  

 

3.1 Introduction 

 

The performance of molecular imprinted nanoparticles (nanoMIPs) depends on the 

composition of the polymer, especially functional monomers, as mentioned in Section 

2.2.2.86,87 In previous reports, nanoMIPs for fumonisin B2 (FB2) have been produced 

from several functional monomers, such as N-(3-aminopropyl) methacrylamide 

hydrochloride (NAPMA), N-isopropylacrylamide (NIPAm), acryl amide (AA) and N-

tert-butylacrylamide (TBAm).107 This study would be the first study describing the use of 

nanoMIPs based ELISA for mycotoxins, FB2.  

 

In this chapter, the functional monomers of nanoMIPs for fumonisin B1 (FB1) were 

identified by combining empirical studies and computational modelling. It was expected 

that this combination would generate nanoMIPs with enhanced affinity to FB1. Three 

monomers were taken from a previous study (NAPMA, NIPAm, TBAm)107, and another 

monomer was taken from a simulation using molecular mechanics.    

 

Molecular mechanics (MM) is a well-known method for identifying useful monomers for 

producing molecularly imprinted polymers.108-111 This simulation uses the energy 

potential from empirical data collected from X-ray crystallography and NMR 

experiments. The empirical evidence is represented by the energy of force field 

components such as bond stretching, angle bending, torsion term, and non-bonded 

interactions (electrostatic and van der Waals) as can be seen in Equation 3-1 and Figure 

3-1.97,112 Furthermore, the binding energy of molecules could be calculated by the change 

of Gibbs free energy (∆G) described in Equation 3-2. This equation is the same as 

previous equation (3-1) but the energy would be represented as the average of Gibbs free 

energy of molecular mechanics force field of the complex formed by the template and 

functional monomers. Besides that, MM has been used for many targets.113 Therefore, it 

could be concluded that the molecular mechanics can be applied in this study to find the 

best functional monomer for Fumonisin B1.  
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Figure 3-1 Illustration of molecular mechanics force field: bond stretching, angle 

bending, torsion term, and non-bonded interaction (adapted from Leach, 1996)114  

 

 

∆Gbind       =   ∆Gt+r+∆Gr +∆Gh +∆Gvib +Σ∆Gp +∆Gconf + ∆GvdW (3-2)

  

 

∆Gbind = complex formation,∆Gt+r = translational (energy associated with the motion) and 

rotational (energy associated with rotation);∆Gr = restriction of rotors upon complexation; 

∆Gh = hydrophobic interactions; ∆Gvib = residual soft vibrational modes; Σ∆Gp = the sum of 

interacting polar group contributions; ∆Gconf = adverse conformational changes; and 

∆GvdW = unfavourable van der Waals interactions. 
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In this section, the best functional monomer was identified using Sybyl 7.3 software using 

MM methods and LEAPFROGTM algorithm as used in preceding research by Piletsky’s 

group.115 Furthermore, LEAPFROGTM was used in this work to obtain information of the 

interactions between template and 26 functional monomers shown by the binding energy 

score from the calculation of inter and intramolecular binding. In the end, the monomers 

were ranked based on energy of their complex with the template. 

 

Firstly, the enantiomer of FB1 was drawn. The potential energy of FB1 was then 

minimised in two conditions (vacuum and water) by using MM to find the most stable 

energy minimised structure of FB1. The LEAPFROGTM algorithm was employed for 

obtaining a database of energy interaction between functional monomer and FB1. The 

two best monomers identified by their high binding score to FB1 were ethylene glycol 

methacrylate phosphate (EGMP) and N,N-diethylamino ethyl methacrylate (DEAEM). 

These results were confirmed by affinity chromatography using polymer solid phase 

extraction (SPE). Production of nanoMIPs was achieved using solid phase synthesis 

method.116 Dynamic light scattering (DLS) was used for identifying  size of nanoparticles 

confirmed by transmission electronic microscopy (TEM), while  FT-IR spectrometer was 

used for identifying functional group, and surface plasmon resonance (SPR) was used for 

obtaining dissociation constant values. This chapter aims to develop high-affinity 

nanoMIPs for FB1.  

 

 

3.2 Materials and Methods 

 

3.2.1 Materials 

 

Fumonisin B1 (FB1) was purchased from ChemCruz, USA. Ethylene glycol methacrylate 

phosphate (EGMP), N,N-diethylamino ethyl methacrylate (DEAEM), N-

isopropylacrylamide (NIPAm) N,N’- methylene-bis-acrylamide (BIS), N-tert-

butylacrylamide (TBAm), ammonium persulfate (APS), tetramethylethylenediamine 

(TEMED), Phosphate buffered saline (PBS), sodium hydroxide (NaOH), glutaraldehyde 

(GA), bovine serum albumin (BSA), horseradish peroxidase (HRP), 3,3’,5,5’-

tetramethylbenzidine (TMB), Tween 20, 2-[morpholino]ethanesulfonic acid (MES), 
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acetone, and [3-(2-aminoethyl amino)propyl] trimethoxysilane were purchased from 

Sigma-Aldrich, UK. N-(3-aminopropyl)methacrylamide hydrochloride > 98% (NAPMA) 

was purchased from Polyscience Inc., UK.  Solid phase cartridges loaded with polymeric 

ethylene glycol methacrylate phosphate (EGMP) and N,N-diethylamino ethyl 

methacrylate (DEAEM), were synthesised through bulk polymerisation by members of 

Biotechnology group, Department of Chemistry, University of Leicester. Flat bottom 

polystyrene 96 well microplates were purchased from Elkay Laboratory Products, UK. 

Double-distilled ultrapure water (Millipore, UK) was used for the experiments. 

SPHERIGLASS® A-Glass 2429 (70 – 100 µm diameter, >70% SiO2) were from Potters 

Industries LLC. All chemical and solvents were analytical or HPLC grade and used 

without any purification.  

 

3.2.2 Equipment 

 

Polypropylene solid-phase extraction (SPE) tubes 6 ml, disposable plastic syringes, filter 

membrane, 0.22 μm, magnetic stirrer hot plates, sintered disc filter funnel, buchner filter 

flasks, buchner filter cones, flat-bottom glass vessel 200 ml, amicon ultra-15 centrifugal 

filter units, glass vials, UV-visible spectrophotometer, dynamic light scattering (DLS) 

from Malvern Instruments Ltd, Biacore 3000 from GE Healthcare Life Sciences, plastic 

cuvettes 10 × 10 × 45 mm, oven, ultra-sonication bath, and vacuum pump, transmission 

electronic microscopy (TEM) from Gatan and microplate reader from Hidex Sense. 

 

3.2.3 Computational design 

 

There were several steps in finding a suitable monomer capable of interacting with FB1. 

Initially, an enantiomer of Fumonisin B1 structure was selected from Database PubChem 

based on its chirality such as R and S types.65,66 These structures were then drawn in three-

dimension using Sybyl 7.3 and charged by the Gasteiger-Huckel computational 

procedure. The potential energy of 3D structure of Fumonisin B1 was then minimised to 

0.001 Kcal mol-1 and refined by molecular mechanics.108,115,117 This procedure was done 

in two conditions treated in two different dielectrics constant, such as vacuum (ɛ = 1) and 

water (ɛ = 80). In the last step, a LEAPFROGTM algorithm was used to screen a virtual 

library of 26 functional monomers and select the two best functional monomers which 

can interact with FB1 according to high binding energy score.108,115,117 
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3.2.4 Testing of polymer binding  

 

After modelling, two functional monomers were selected according to their binding 

scores: EGMP and DEAEM. To verify the affinity of the functional monomers to the 

template experimentally, we have used chromatography separation.  For that, solid phase 

extraction (SPE) cartridges were loaded with 50 mg of the polymer made of EGMP and 

DEAEM. After that, FB1 standard solution was loaded and non-bound material eluted 

from the SPE.  The binding was assessed by measuring the absorbance of the solution 

before (ABE) and after elution (AAE) at 282.5 nm. The binding efficiency was calculated 

as shown in Equation 1.   

Binding (%) =
𝑨𝑩𝑬−𝑨𝑨𝑬

𝑨𝑩𝑬
𝒙𝟏𝟎𝟎%        3-3 

 

 

3.2.5 Synthesis of nanoMIPs for FB1 

 

There are two steps in the synthesis of nanoMIPs using solid phase method: 

immobilisation of FB1 on glass beads and polymerisation of nanoMIPs. In general, the 

procedure used here followed Canfarotta et al., 2015.116 

 

(1) Immobilisation of FB1 on glass beads  

 

Before immobilising FB1, 60 g of glass beads were activated by boiling in 1 M NaOH 

(0.8 ml of solution per g of glass beads) for 15 min. Glass beads were then rinsed by 

deionized water (eight times with 200 ml) and PBS (300 ml) to neutralise the base, and 

washed three more times with deionized water to remove salt residues. The glass beads 

were rinsed with acetone (twice with 200 ml) and dried at 80 °C for 3 h.  Dried glass 

beads were incubated in [3-(2-aminoethylamino)propyl] trimethoxysilane solution 2% 

(v/v) in anhydrous toluene (0.4 ml of solution per g beads) overnight at room temperature 

in a bolted container of suitable volume. Next the glass beads were decanted onto a 

sintered disc filter funnel and rinsed with at least eight volumes of acetone and one 

volume of methanol. Finally, the activated glass beads were dried under vacuum and 

moved to a container of suitable volume. 
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For immobilising FB1, the activated glass beads were then incubated in 7% (vol/vol) GA 

solution in 0.01 M PBS, pH 7.2 for 2 hours, filtered, and washed with deionized water. 

These beads were then incubated in 0.01 mg mL-1 FB1 in 0.01 M PBS, pH 7.4, overnight 

at room temperature. The FB1 functionalised beads were treated with 1 mg mL-1 sodium 

cyanoborohydride in PBS 0.01 M (0.4 mL of solution per g of glass beads) for 30 min at 

room temperature. Finally, the FB1-immobilised glass beads were filtered, rinsed with 

double-distilled ultrapure water, dried, and stored in a glass container of suitable volume. 

 

(2) Synthesis of nanoMIPs 

 

The monomer mixture containing 39 mg NIPAM, 2 mg BIS, 33 mg TBAm dissolved in 

2 mL ethanol, 67.2 mg EGMP (selected monomer from molecular modelling), and 2.2 

mg NAPMA, was dissolved in 100 mL double-distilled ultrapure water and sonicated for 

5 min. This solution (5 mL) was afterwards degassed with nitrogen for 1 hour and added 

to 6 g glass beads bearing the immobilised FB1. The polymerisation was initiated 

chemically by adding and shaking gently 0.5 mL APS (60 mg mL-1) containing TEMED 

(30 µL). The mixture was polymerised at room temperature overnight. After this time, 

the beads were transferred into an SPE cartridge (5 mL) fitted with a 20 µm porosity PE 

frit. Unreacted monomers and other low-affinity materials were removed by eluting with 

cold water at 4 oC (10 x 3 mL). The cartridge was then put in a water bath at 70 0C, and 

eluted with hot water (10 x 3 mL) producing fraction of high affinity at 60 0C. 

 

 

3.2.6 Characterisation of nanoMIPs imprinted with FB1 

 

(1) Concentration and particle size 

 

The concentration of nanoMIPs was determined by measuring absorbance at 197 nm and 

comparing with a standard solution of nanoMIPs prepared (appendix 1). The 

hydrodynamic size of nanoMIPs for FB1 was then characterised by a ZetaSizer Nano ZS 

(Malvern Instruments Inc, UK) with dynamic light scattering (DLS). About 2 mL 

nanoMIPs of FB1 was sonicated homogeny and analysed by DLS.  
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(2) Image   

 

Transmission Electron Microscopy (TEM) images of nanoMIPs were taken using a JEOL 

JEM 1010, 100 kV high contrast TEM equipped with a Gatan SC1000 Orius CCD camera 

(Gatan, Abingdon Oxon, UK). Samples for the analysis were prepared by depositing a 

drop of the nanoMIPs dispersion, previously filtered through a 1.2 μm PES syringe filter, 

on a carbon-coated TEM copper grid (400 mesh), and leaving them to dry at room 

temperature. 

 

(3) Functional groups 

 

The nanoMIPs in solid and solution phase were prepared and measured by Spectrum One 

FT-IR Spectrometer, PerkinElmer at 4000-500 cm-1.  

 

(4) Dissociation constant 

The experiments were performed on SIA Au SPR gold chips (GE Healthcare) modified 

with mercaptoundecanoic acid. Bare gold chips were first cleaned by hydrogen plasma at 

50 W for five minutes with an Emitech K1050X Plasma Cleaner (Emitech) and then 

placed in ethanol containing 2.2 mg/ml mercaptoundecanoic acid, overnight in a sealed 

vial. After surface modification, chips were rinsed with ethanol and dried under a stream 

of N2, assembled in the holder following the manufacturer instructions and docked in the 

SPR instrument (Biacore 3000, GE Healthcare). For ligand coupling, the chips were 

activated by injection of 50 µl EDC 0.2 M and NHS 0.05 M in water at 5 µl/min, followed 

by 1 injection of FB1 (at 0.1 mg/ml) in phosphate buffer at 5 µl/min until around 1000 

RU were reached. Remaining NHS esters were deactivated by injection of 100 µl of 

ethanolamine hydrochloride (0.1 M) at 10 µl/min in PBS. The nanoMIPs were then 

separately injected onto the FB1-modified chip in concentrations ranging from 378 nM 

to 12 µM. A control channel passivated with ethanolamine was used as a control. The 

analysis was performed in 1× PBS at pH 7.4. Kinetic analysis of the sensorgram was 

performed with the BiaEvaluation software v4.1 assuming a 1:1 Langmuir binding model. 
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3.3 Results and Discussion 

 

3.3.1 Modelling - minimisation of the energy of FB1 

 

The minimisation of energy was conducted for enantiomer, R and S. Thus, both R and S 

type were drawn as 3D structure in two conditions: vacuum and water, and their energy 

refined by a molecular mechanics.115 This would be interesting to check whether FB1 has 

different minimised energy according to its chirality in a different environment.  

 

Table 3-1. The minimised potential energy of FB1 structure in vacuum and water by 

molecular mechanics 

Condition 

 

Type 

Energy (kcal mol-1) 

BS A T OPB 1-4vdW vdW 
1-4 

Elec 
Elec Total 

Vacuum 
R 3.68 18.40 13.17 0.07 9.62 -12.70 -26.37 -21.61 -15.74 

S 3.56 16.16 10.84 0.10 8.90 -13.68 -24.79 -20.60 -19.51 

Water 

 

R 3.47 16.28 16.61 0.04 5.61 -12.34 -0.33 -0.55 +28.79 

S 3.54 16.19 15.57 0.08 6.50 -23.75 -0.32 -0.26 +17.56 

BS: Bond Stretching Energy; A: Angle Bending Energy; T: Torsional Energy; OBP: Out of Plane Bending Energy; 1-

4 vdW: 1-4 van der Waals Energy; vdW: van der Waals Energy; 1-4Elec:1-4 Electrostatic Energy; Elec: 

Electrostatic Energy 

 

 

Table 3-1 shows that R and S enantiomer of FB1 in vacuum have slightly different 

potential energy especially in part related to angle bending, torsional, and electrostatic 

energy. The energy total of S enantiomer (-19.51 kcal mol-1) is lower than R type (-15.74 

kcal mol-1). Unlike in vacuum, the potential energy of FB1 is hugely different in water 

(Table 3-1). These results are similar to these observed earlier for alanine.118,119 

Moreover, the structure of FB1 could change to zwitterionic at pH 7 (Figure 3-2) and 

reduce intramolecular interactions.120 

 

Despite that FB1 is charged in water, the trend for total energy of FB1 in water is similar 

to vacuum. The energy for S enantiomer (+17.56 kcal mol-1) is lower than for R 

enantiomer (+28.79 kcal mol-1) (see Table 3-1). It suggests that S type is more stable than 

R type in both conditions. Accordingly, the S type was used for the next experiment to 

observe its interaction with the functional monomer in water (see in Section 3.3.2). Also, 

the water was employed for next experiment because the synthesis of nanoMIPs for FB1 

was in aqueous conditions (see Section 3.3.4).   
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Figure 3-2. The influence of pH or pKa to changing of FB1 structure (adapted from 

https://chemicalize.com/#/calculation)120  

 

The 3D structure of each enantiomer is presented in Figure 3-3 and 3-4. As discussed 

earlier modelling results show that R and S enantiomers have different energy and 

different appearance in 3D images. It is unclear whether this difference is real and whether 

it would affect to design of nanoMIPs. For obvious reasons, it would be necessary to test 

it by synthesising corresponding nanoMIPs and testing its binding properties.  

 

 

(a)                                                                             (b) 
Figure 3-3. Three-dimensional structure of the R enantiomer FB1 in (a) vacuum and in (b) water 

(hydrogen: cyan, oxygen: red, nitrogen: blue, carbon: white) 

 

https://chemicalize.com/#/calculation
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(a)                                                            (b) 
Figure 3-4. Three-dimensional structure of the S enantiomer FB1 in (a) vacuum and in (b) water 

(hydrogen: cyan, oxygen: red, nitrogen: blue, carbon: white) 

 

 

 

3.3.2 Binding energy between FB1 and functional monomers 

 

LEAPFROGTM algorithm is straightforward tool used to find a monomer with high 

affinity to FB1 (Table 3-2). According to Table 3-2, DEAEM (+) has the lowest binding 

energy followed by EGMP (-) and AMPSA (-) (Figure 3-5). The binding energy between 

DEAEM and FB1 in water is -69.94 kcal mol-1. This energy proves that DEAEM should 

have excellent binding to FB1. Experimentally, DEAEM has been used in solid phase 

extraction of fumonisins with great results.121 The binding energy of DEAEM is similar 

to EGMP (-60.93 kcal mol-1). It means that both DEAEM and EGMP have similar chance 

to bind FB1. Because of these, the binding polymer testing is an essential to step for 

deciding which of the functional monomers is the best for generating nanoMIPs for FB1 

(see Section 3.3.3).  

 

   
EGMP (-) AMPSA (-) DEAEM 

 

Figure 3-5. The structure of three monomers interacted with FB1 
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Table 3-2. The binding energies of complexes between the monomers and FB1 minimised 

in water  

Rank Monomer 
Binding energy 

(kcal mol-1) 

1 DEAEM (+) -69.94 

2 EGMP (-) -60.93 

3 AMPSA (-) -49.77 

4 Trifluoromethacrylic acid (-) -42.36 

5 Itaconic acid -40.68 

6 NN’-Methylene bis acrylamide -40.49 

7 4-Vinylpyridine (+) -38.24 

8 Acrylamide -37.82 

9 EGMP -36.55 

10 Itaconic acid (-) -36.40 

11 NPEDMA -34.70 

12 2- Vinylpyridine (+) -30.83 

13 Acrylic acid -29.94 

14 2-(Diethylamino)ethyl methacrylate -29.83 

15 Acrylamine -28.59 

16 Trifluoromethacrylic acid -25.73 

17 Ethylene glycol dimethacrylate(EGDMA) -24.20 

18 1-Vinylimidazole -23.83 

19 Acrylic acid -23.78 

20 2-Hydroxyethyl methylacrylate -22.90 

21 1-Vinylimidazole (+) -20.12 

22 4-Vinylpyridine -8.05 

23 2- Vinylpyridine -7.97 

24 m-Divinylbenzene -6.94 

25 Styrene -6.88 

26 p-Divinylbenzene -6.76 

 

 

DEAEM and EGMP interact with FB1 differently. DEAEM (+) interacts with carboxyl 

group of FB1, while EGMP (-) forms bond with amine group of FB1 as demonstrated in 

Figure 3-6 and 3-7. Therefore, this information is justification for conducting binding 

study to find an appropriate monomer for synthesis of FB (see Section 3.3.3).  
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Figure 3-6. The illustration of FB1 (minimised in water) complex with DEAEM (+). (hydrogen: 

cyan, oxygen: red, nitrogen: blue, carbon: white, H-bonds: grey) 

 

 

 

 

 

 

Figure 3-7. The illustration of FB1 (minimised in water) complex with EGMP (-). 

(hydrogen: cyan, oxygen: red, nitrogen: blue, carbon: white, H-bonds: grey) 
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3.3.3 Binding analysis 

 

The binding experiments showed that polymers containing both monomers demonstrate 

binding of FB1 higher than 80%. As can be seen from Table 3-3, EGMP based SPE shows 

slightly higher binding than DEAEM based SPE. It turns out that interaction of EGMP to 

FB1 is slightly stronger than DEAEM.  

 

Table 3-3 Filtration of Fumonisin B1 in standard polymer-based SPE 

SPE Binding 

Energy kcal 

mol-1 

Before (B) After (A) B-A Percentage 

Binding 

Filtration 1 

DEAEM -69.94 0.0133 0.0018 0.0115 86.47 % 

EGMP -60.93 0.0171 0.0014 0.0157 91.81 % 

Filtration 2 

DEAEM -69.94 0.0135 0.0019 0.0116 85.92 % 

EGMP -60.93 0.0131 0.0005 0.0126 96.18 % 

 

Surprisingly, this result is contrary to Section 3.3.2 where DEAEM shows lower binding 

energy. These results prove that there is not precise correlation between the simulation 

and experimental study as concluded earlier.124  Presumably, it is possible to conclude 

that the results from LEAPFROGTM show only single interaction of functional monomer 

to a single site of FB1. In experimental studies, monomer can form more than one 

interaction point with the template which is not accounted in standard LEAPFROGTM 

protocol. Therefore, due to data obtained in practical tests, EGMP was selected as 

monomer for preparation of nanoMIPs for FB1.  

 

3.3.4 Synthesis and characterisation of nanoMIPs 

 

The schematic description of nanoMIPs synthesis can be seen in Figure 3-8. The 

procedure followed Canfarotta and colleagues with several modifications in particular on 

the amount of chemicals used due to their costs and availability.118 Two steps, 

immobilisation of FB1 on glass beads and polymerisation of nanoMIPs, are essential in 

nanoMIP preparation as explained in Section 3.2.5.  
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The silanol groups on the surface of glass beads were activated by NaOH. The activated 

glass beads were then linked to [3-(2-aminoethylamino) propyl] trimethoxysilane to 

produce amine derivatised glass beads. This step is vital for connecting with FB1 helped 

by glutaraldehyde. This part would determine how many nanoMIPs would be produced.  

 

 

Figure 3-8. Scheme of solid phase synthesis for generating nanoMIPs for FB1. (1) 

immobilisation of FB1 onto glass beads (2) glass beads based solid phase used for 

polymerisation (3) initiation by TEMED in APS (4) removal low-affinity nanoMIPs and 

unreacted monomer by cold water (5) elution high-affinity nanoMIPs by hot water. 

 

Moreover, the nanoMIPs were synthesised by adding the solution of functional monomers 

and cross-linkers to a solid phase and initiating polymerisation chemically by TEMED in 

APS. The selected monomer EGMP was used to replace acrylic acid (AA) in the previous 

experiment.110 EGMP was mixed with the other functional monomers, such as N-

isopropylacrylamide (NIPAm) and N-(3-aminopropyl) methacrylamide (NAPMA). This 

way, we expected to obtain nanoMIPs with high specificity for FB1. Also, the nanoMIPs 

were created by a non-covalent approach exploring electrostatic, hydrophobic, and Van 

der Waals interactions. It could be considered that the nanoMIPs would interact with FB1 

structure in many ways and the interaction cannot be mentioned obviously because it still 

needs more explanation theoretically and empirically.  

 

Furthermore, not only high-affinity nanoMIPs would be produced during polymerisation 

but also the low-affinity nanoparticles. In addition, some quantity of unreacted monomers 

would remain in solution. Thus, to remove these particles, we have used cold water (4 

oC). The hot water (60 oC) was used to disrupt the interaction of nanoMIPs and FB1 and 

obtain fraction of high-affinity nanoMIPs. Although the temperature of water is 60 oC, 
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there would not be degradation of FB1 since FB1 is resistant to high temperature of up to 

100 oC.125 

 

 

 

Figure 3-9 Washing fractions in cold water (blue line) and elution fractions in hot 

water (red line) 

 

 Unlike the preceding study, in this experiment, fractions eluted with cold water and hot 

water were divided into ten fractions and every fraction was measured by UV 

spectrophotometer at 197 nm. As expected not only hot water fractions but also cold water 

fractions showed some absorption (Figure 3-9). Also, since the distribution of nanoMIPs 

in every fraction is not the same, it would be easy to choose which fraction would be 

collected. However, the performance of nanoMIPs from all fraction would be same.   

 

Deciding from results shown in Figure 3-9, the nanoMIPs are present in fraction one to 

seven. These nanoMIPs were measured spectrophotometrically at 197 nm and analysed 

by DLS. As results, the concentration of nanoMIPs obtained from this experiment is 0.06 

mg mL-1, and the particle size is 249 ± 29 nm with PDI 0.692 (Figure 3-11). The DLS 

analysis of cold water fraction shows multi-peaks and the long interval particle size, 179 

± 33 to 482 ± 69 nm (Figure 3-10). The image of nanoMIPS taken by TEM can be seen 

in Figure 3-12. 
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Figure 3-10. Diagram of the size distribution by intensity for cold water fraction at 4 °C 

 

 

Figure 3-11. Diagram of the size distribution by intensity for hot water fraction at 60 °C 

 

  

(a) (b) 

Figure 3-12. TEM image of nanoMIPs for Fumonisin B1 at 500 nm (a) and 200 nm (b) 

magnification 

 

The FT-IR spectrogram of nanoMIPs in the range 4000 to 500 cm-1 can be seen in Figure 

3-13 and Figure 3-14. Figure 3-13 showed the spectra of nanoMIPs on a solid phase. The 

phosphate group (PO4
3-) has been found by observing bands of absorption of symmetric 

vibration 784 and 956 cm-1 and asymmetric vibration 1050 cm-1.126 Furthermore, the IR 
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spectra of nanoMIPs in acetonitrile can be seen in Figure 3-14. The strong band peaked 

at 1633 cm-1 is predicted to stretching vibration of carbonyl (C=O) in amide group.127  

 

Figure 3-13. FT-IR spectra of nanoMIPs in solid 

 

 

Figure 3-14.  FT-IR spectra of acetonitrile (red line) and nanoMIPs in acetonitrile (blue 

line) 

 

The interaction between nanoMIPs and FB1 specifically can be assessed by the value of 

a dissociation constant (Kd). In this work, the Kd for nanoMIPs of FB1 is 0.2 µM 

calculated from the Biacore data using SPR (Figure 3-15). This Kd is higher than Kd 

measured in prior study.108,128 
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Figure 3-15. The binding affinity of nanoMIPs-FB1 complex measured using the BIAcore 

method. Gradient concentrations (ranging from 0.38 to 12 µM) of nanoMIPs were injected 

through flow cells with immobilised FB1. The kinetic profiles are shown. The dissociation 

constant (KD) of the nanoMIPs-FB1 complex was calculated to be 0.2 µM 

 

3.4 Conclusion 

 

In this work, the molecular imprinting of FB1 has been achieved successfully. By 

computer simulation and experimental study, EGMP was identified as suitable functional 

monomer for FB1. The nanoMIPs for FB1 have been synthesised by solid phase synthesis 

using the composition based on EGMP. From hot water fractions, the nanoMIPs were 

collected with concentration of nanoMIPs 0.06 mg mL-1 and particle size 249 ± 29 nm. 

The image of nanoMIPs for FB1 is taken by TEM. The phosphate (PO4
3-) and carbonyl 

(C=O) as functional groups of nanoMIPs were identified by FT-IR spectrometer. The 

dissociation constant of nanoMIPs is 0.2 µM. In further experiment, the performance of 

nanoMIPs will be tested by immunoassay technique as described in Chapter 4 including 

determination FB1 in corn samples. Several attempts to develop electrochemical sensor 

using different pulse voltammetry (DPV) and electrochemical impedance spectroscopy 

(EIS) will be described in Chapter 5. 
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CHAPTER 4 DEVELOPMENT OF MOLECULARLY IMPRINTED POLYMER 

NANOPOLYMERS-BASED ASSAY FOR FUMONISIN B1 AND 

ITS APPLICATION IN CORNS 

 

4.1 Introduction 

 

Historically, several applications for molecularly imprinted polymers (MIP) were 

reported near the end of 1980s. Thus, MIPs were applied for enantiomer separation of 

amino acid derivatives,129,130 and recognising template or target in assay and sensor 

techniques.131-134 However, the production of MIP could be time-consuming, produces 

significant wastes and it is costly.135 These drawbacks encourage many researchers to 

improve the performance of the MIP on nanoscale level. The molecularly imprinted 

polymer nanoparticles (nanoMIPs) have been introduced since 2000s. Unlike MIPs, the 

nanoMIPs were used not only for assay and sensor approaches and separation purposes, 

but also for biological purposes such as drug delivery, clinical diagnostic, and biomedical 

imaging.109,136-140  

 

In this study, the interactions between nanoMIPs (produced in Chapter 3) and fumonisin 

B1 (FB1) were tested using enzyme-linked immunosorbent assay (ELISA) technique. 

Herein, the nanoMIPs replaced monoclonal or polyclonal antibody as molecular 

recognition tools for FB1. Most conventional steps in ELISA such as immobilisation of 

antibody in a microplate, blocking and washing step, and the addition of substrate and 

stop solution, were still used with some modifications.141 For instance, the immobilisation 

of the nanoMIPs was conducted at 40 oC by evaporating water suspension of 

nanoparticles. Otherwise, antibodies could not survive at high temperature.142 Therefore, 

this application is named molecularly imprinted polymer nanoparticles-based assay 

(MINA). 

 

Preparing MINA needs an enzyme conjugate. Horseradish peroxidase (HRP) has been 

applied for many experiments as an enzyme conjugate.143 In this section, FB1 was 

conjugated with HRP to obtain an HRP-FB1 conjugate through carbodiimide reaction 

using 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and N-

hydroxy succinimide (NHS). The conjugate was reacted with subtrate - 3,3’,5,5’-

tetramethyl benzidine (TMB). The colourimetric reaction between conjugate and 
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substrate play important role for investigating interactions between FB1 and nanoMIPs. 

Moreover, HRP interference testing was investigated to anticipate the side reaction 

between HRP and nanoMIPs.    

 

The optimisation of condition of MINA is an essential factor in order to create a 

trustworthy MINA assay. In this study, the concentration of HRP-FB1 and nanoMIPs 

were optimised. The other parameters such as the solution and incubation time of 

blocking, washing, and substrate addition followed preceding research.109,110,144,145  From 

Chapter 3, the concentration of nanoMIPs obtained was 0.06 mg mL-1 and this nanoMIPs 

was diluted two times until 0.006 mg mL-1 being four series concentration of nanoMIPs 

(0.006 - 0.06 mg mL-1). The HRP-FB1 conjugate was used in the dilution interval 1:12800 

– 1:400. From these results, one optimum concentration of nanoMIPs and HRP-FB1 

conjugate was selected. Eventually, the protocol MINA for FB1 was set for determination 

of FB1 in standard solution and sample extracts. 

 

The performance of MINA was tested by interacting nanoMIPs between FB1 standard 

and HRP-FB1 conjugate competitively.  The concentration range of FB1 used was 10 pM 

to 10 nM and the dilution of HRP-FB1 conjugate employed was 1:400 based on 

optimisation results. The results showed that the MINA is very sensitive because the 

concentration range used here allowed detection of FB1 at levels lower than required 2 

ppm.5-7 The comparison study was conducted by replacing nanoMIPs with monoclonal 

antibody (mAb) and unspecific imprinted polymer nanoparticles (nanoNIPs). These 

studies proved that the selectivity of nanoMIPs to FB1 is higher than mAb and nanoNIPs. 

Moreover, the other mycotoxins, such as fumonisin B2 (FB2), aflatoxin B1 (AFB1), 

citrinin (CTT), deoxynivalenol (DON), and zearalenone (ZEA) were employed for 

identifying the cross-reaction of MINA. Finally, the MINA was applied in 18 samples of 

corn taken randomly in the traditional markets). Also, the similar samples were analysed 

by commercial ELISA kit and HPLC. The results of sample analysis from MINA, ELISA 

kit and HPLC were compared statistically by t-test at the end. Therefore, the objection of 

this chapter is to develop MINA for determination of FB1 and its application in corm 

samples.  
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4.2 Materials and Methods 

 

4.2.1 Materials and Equipment 

 

Bovine serum albumin (BSA), 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide 

hydrochloride (EDC), horseradish peroxidase (HRP), sodium hydroxide (NaOH), N-

hydroxysuccinimide (NHS), phosphate buffered saline (PBS), 3,3’,5,5’-tetramethyl 

benzidine (TMB), tween 20, 2-[morpholino]ethanesulfonic acid (MES), aflatoxin B1 

(AFB1), deoxynivalenol (DON), citrinin (CTT), zearalenone (ZEA), sulfuric acid 

(H2SO4), and methanol were purchased from Sigma-Aldrich, UK. Fumonisin B1 (FB1) 

and fumonisin B2 (FB2) were purchased from ChemCruz, USA. Monoclonal antibody 

for FB1 from BioTeZ Berlin Buch GmbH, German. AgraQuant total fumonisins test kit 

(0.25 – 5 ppm) from Romer Labs, Austria. Double-distilled ultrapure water (Millipore, 

UK) was used for the experiments. Polystyrene 96 well, flat bottom plate were purchased 

from Elkay Laboratory Products, UK. All corns were used as samples in this study. All 

corn samples (18 samples) were taken from traditional markets randomly. All chemicals 

and solvents were analytical or HPLC grade and used without any purification. 

 

Magnetic stirrer, hot plates, Sigma 3-16 centrifuge, filter paper (Whatmann 1, 4 and 

GF/A), immunoaffinity column (IMA) for fumonisin B1, filter funnel, flat-bottom glass 

vessel 200 ml, amicon Ultra-15 centrifugal filter units, Polystyrene 96 well, flat bottom 

plate were purchased from Elkay Laboratory Products, UK and microplate reader. 

 

4.2.2 Preparation of HRP-FB1 

 

10 mg HRP were diluted in 1 mL MES buffer 0.1M (pH 6) and added 0.4 mg EDC and 

0.6 mg NHS for 15 minutes. This solution was then filtered by ultrafiltration on a 

millipore amicon ultra centrifugal filter unit (30 kDa MWCO). The activated HRP was 

then accumulated and instantly incubated with 5 mg FB1 in 10 mL PBS buffer 0.01 M at 

pH 7.4 for 2 hours. The HRP−FB1 conjugate was then washed to remove free FB1 on a 

millipore amicon ultra centrifugal filter unit (30 kDa MWCO). For this procedure, 10 

washes with 5 mL PBS were performed. After that, the conjugate was dissolved in 2 mL 
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deionised water, calculated its concentration by comparison with the enzymatic activity 

of the free enzyme, and stored in the fridge at −18 °C until further used. The HRP-FB1 

conjugate was employed as the stock solution and used in optimum dilution.  

 

4.2.3 Optimisation of HRP-FB1 and nanoMIPs concentration 

 

The concentrations of nanoMIPs and HRP-FB1 conjugate were optimised, while others 

such as blocking, washing, TMB and stop solution were carried out based on previous 

protocols. 109,110,144,145 

 

The concentration of HRP-FB1 conjugate. 40 µL nanoMIPs (0.03 mg mL−1) were added 

to microplate and evaporated at 40 oC, for 24 h. Wells were washed with 3 x 250 µL PBS, 

blocked with 250 µL PBS including 0.1% BSA and 1% Tween 20, and washed with 3 x 

250 µL PBS. 100 µL HRP-FB1 conjugate were added at different dilutions : 1: 12800 – 

1:400, washed with 3 x 250 µL PBS, added 100 µL TMB substrate,  were added following 

added stop solution (by 50 µL H2SO4 0.05M), and measured the absorbance of each well 

at 450 nm using a microplate reader. 

 

The concentration of nanoMIPs. 40 µL nanoMIPs with variation concentrations from 

0.006 to 0.06 mg mL−1 were added to a microplate, followed by evaporating the solvent 

from nanoMIPs at 40 oC, 24 h, washing with 3 x 250 µL PBS, blocking with 250 µL PBS 

including 0.1% BSA and 1% Tween 20, washing with 3 x 250 µL PBS, adding 100 µL 

HRP-FB1 conjugate 1:800, washing 3 x 250 µL PBS, adding 100 µL TMB substrate, 

adding stop solution by 50 µL H2SO4 0.05M, and measuring the absorbance of each well 

at 450 nm using a microplate reader.  

 

4.2.4 Competitive assay  

 

The protocol for analysis of FB1 using the nanoMIPs based assay was prepared for 

constructing a calibration curve of standard solution and analysing corn samples. In 

general, the step of the protocol of MINA comprised: coating 100 µL nanoMIPs (0.06 mg 

mL−1) into microplate, evaporating the solvent from nanoMIPs at 40 oC, 24 h, washing 

with 3 x 250 µL PBS, blocking with 250 µL PBS including 0.1% BSA and 1% Tween 

20, washing with 3 x 250 µL PBS, adding 100 µL HRP-FB1 conjugate 1:400 and the FB1 
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standard solution with concentration range 10pM – 10nM, washing 3 x 250 µL PBS, 

adding 100 µL TMB substrate, adding stop solution by 50 µL H2SO4 (0.05M), measuring 

the absorbance of each well at 450 nm using a microplate reader, and finally preparation 

the calibration curve and linearity.   

  

4.2.5 MINA selectivity and cross-reactivity  

 

The selectivity of nanoMIPs-based assay for FB1 was evaluated by replacing nanoMIPs 

to nonimprinted polymer nanoparticles (nanoNIPs) into a microplate. The nanoNIPs was 

produced by using the same composition of nanoMIPs in Section 3.2.5. However, the 

template of nanoNIPs was melamine instead of FB1. The nanoNIPs was used as a control 

for nanoMIPs. Also, the assay was tested for other mycotoxins such as aflatoxin B1 

(AFB1), citrinin (CTT), deoxynivalenol (DON), fumonisin B2 (FB2), and zearalenone 

(ZEA), for cross reactivity test.  

 

4.2.6 Sample preparation  

 

The protocol of sample preparation followed AOAC Official Method 2001.06.146 Corn 

(25 g) was weighed into a blender, added 125 mL extraction solvent, methanol 70% (v/v) 

in water, blended 2 min at high speed, and filtered through Whatman No. 1 filter paper. 

Then, 100 µL of the filtrate was diluted in 790 µL PBS solution (1:80 dilution). Finally, 

the sample solution was analysed by MINA. 

 

4.2.7 Sample analysis  

 

The protocol of MINA for sample analysis comprised : coating 100 µL nanoMIPs (0.06 

mg mL−1) into a microplate, evaporating the solvent from nanoMIPs at 40 oC, 24 h, 

washing with 3 x 250 µL PBS, blocking with 250 µL PBS including 0.1% BSA and 1% 

Tween 20, washing with 3 x 250 µL PBS, adding 100 µL mix solution of HRP-FB1 

conjugate and the corn extraction, washing 3 x 250 µL PBS, adding 100 µL TMB 

substrate, adding stop solution by 50 µL H2SO4 (0.05M), measuring the absorbance of 

each well at 450 nm using a microplate reader, and finally plotting the absorbance to 

calibration curve for obtaining the cocentration of sample solution.    
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4.2.8 Sample preparation and analysis by commercial kit ELISA 

 

The procedure for sample analysis followed the manual of the AgraQuant total fumonisin 

test kit (0.25 – 5 ppm) from Romer Labs.  Corn 25 g was weighed into a blender and 

added 125 mL of extraction solvent, methanol 70% (v/v), blended 2 min at high speed, 

and filtered by Whatman No. 1. Afterwards, 100 uL of the filtrate was diluted in 1.9 mL 

water (1:20 dilution), and analysed by kit and read by microplate reader at 450 nm.  

 

4.2.9 Sample preparation and analysis by HPLC 

 

The procedure followed AOAC Official Method 2001.04.147 10 g of corn were extracted 

with 50 mL of acetonitrile:methanol:water (25:25:50),  shaked by blender for 1 hour and 

filtered by Whatman no 4. 10 mL of extraction solution was diluted with 40 mL of PBS 

and filtered through glass microfibre filter Whatman GF/A.  10 mL of diluted extract was 

purified through IMA column. Afterwards, the IMA column was washed with 10 mL of 

water and eluted with 2 mL methanol and followed by 2 mL water. Then, the eluted 

sample was dried and reconstituted with 800 µL of acetonitrile: water (30:70). Finally, 

50 µL of the extract solution was injected to HPLC and compared with a calibration curve 

of FB1.147,148   

 

4.3 Results and discussion 

 

4.3.1 Optimisation of HRP-FB1 conjugate and nanoMIPs concentration 

 

The optimisation of HRP-FB1 conjugate used variation of conjugate concentration as 

follows: 1:400; 1:800; 1:1600; 1:3200; 1:6400 and 1:12800, in 0.01 M PBS solution. This 

concentration range was similar to previous research.109 The fixed concentration of 

nanoMIPs was prepared at 0.03 mg mL-1 and used in coating the microplates in three 

replications. The certain HRP-FB1 conjugate concentration giving the highest response 

was used in the MINA protocol. 

 

The HRP-FB1 absorbance at 450 nm against HRP-FB1 concentration was shown in 

Figure 4-1. The results showed that the interaction of nanoMIPs with concentration 0.03 
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mg mL-1 would produce good results with HRP-FB1 conjugate. Moreover, the testing of 

the blank well with HRP-FB1 conjugate was conducted in order to analyse the systematic 

error from non-specific response. Figure 4-1 showed that the response of HRP-FB1 

conjugate to blank well as quite modest for dilutions 1:12800 to 1:400. These responses 

would come from the non-specific binding which could potentially be observed for 

MINA. From these results, we can see that there is no significant interaction between 

conjugate and microplate. Therefore, it is believed that the absorbance obtained comes 

from the interaction between the HRP-FB1 conjugate and nanoMIPs.  

 

 

Figure 4-1. Plot HRP-FB1 absorbance at 450 nm against HRP-FB1 concentration. Microplates 

were coated with a fixed nanoMIPs concentration (0.03 mg mL-1), the blocking solution was 

incubated for 2 h, TMB substrate was incubated for 5 min, and then quenched with sulfuric 

acid.  The control experiment was performed without nanoMIPs. 

 

 

The comparison between nanoMIPs coated well and bare well was used to choose the 

optimal concentration of HRP-FB1 for further experiments. The highest ratio was 1:800 

dilution with ratio 1:7 followed by 1:1600 and 1:400 dilution with 1:5 and 1:4 

respectively. However, the 1:400 dilution was selected for MINA protocol because the 

absorbance was approximately one. Interestingly, the 1:400 dilution used in this study 

was more efficient than the previous study using the 1:200 dilution.109  
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Thereafter, the concentration of nanoMIPs was optimised by testing the different amounts 

of nanoMIPs added to microplate from 0.006 to 0.06 mg mL-1 (Figure 4-2). Similar to 

optimisation of HRP-FB1 conjugate, each concentration was measured in a microplate in 

three replications. Figure 4-2 demonstrated that concentrations 0.015 and 0.03 mg mL-

had slightly different responses. However, the responses for those concentrations were 

too low. Therefore, the concentration of nanoMIPs selected was 0.06 mg mL-1 for MINA 

protocol.  

 

 

Figure 4-2. Optimisation of nanoMIPs concentration.  Microplate was coated with 

nanoMIPs concentration ranging from 0.006 to 0.06 mg mL -1.  The HRP-FB1 conjugate 

was used at 1:800 dilution, the blocking agent was incubated for 2 h, TMB substrate was 

incubated for 5 min, and reaction quenched with sulfuric acid. 

 

Table 4-1 The Procedure of MINA for FB1 

Step Solution 

1. NanoMIPs immobilisation 100 µL nanoMIPs 0.06 mg mL-1 (24 h at 40ºC) 

2. Washing with buffer solution 0.01 M PBS (3 times × 250 µL) at pH 7.4 

3. Addition of blocking agent 0.1% BSA, 1%Tween 20 in 0.01 M PBS (250 µL, 2 

h) 

4. Washing with buffer solution 0.01 M PBS (3 times × 250 µL) at pH 7.4 

5. Addition of target and conjugate  100 µL of the HRP-FB1 conjugate (1:400 dilution, 1 

h) 

6. Washing with buffer solution 0.01 M PBS (3 times × 250 µL) at pH 7.4 

7. Addition of substrate 100 µL of commercial TMB solution, 5 mins. 

8. Addition of stopover solution 50 µL of 0.05 M H2SO4, 10 s. 
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The protocol for MINA is shown Table 4-1. The protocol relied on the concentration of 

HRP-FB1 conjugate (1:400) and nanoMIPs (0.06 mg mL-1) optimised as described 

earlier. Overall, the optimisation of MINA is straightforward and reproducible. The 

washing and blocking steps followed protocols described earlier.109,110,144,145 The 

optimisation of assay is an important stage for each analytical protocol. Unfortunately, 

many published articles omit the details of assay optimisation and assay conditions (Table 

4-2). The use of concentration of HRP-FB1 conjugate in MINA seems to be more efficient 

than the conventional competitive direct ELISA. However, the concentration of 

nanoMIPs used in MINA is higher than the antibodies used in traditional ELISA. This is 

most likely due to the difference in size or affinity between antibody and nanoMIPs.149   

 

Table 4-2. The optimisation of comparison between MINA and other competitive direct 

ELISA or immunoassays for Fumonisin determination 

Molecular 

recognition 

Concentration 

(µg mL-1)   
Conjugate 

Concentration 

(µg mL-1) 

(dilution) 

Ref. 

mAb 50-150 HRP-FB1 
2  

(-) 

Azcona-Olivera et 

al, 1992150 

mAb - HRP-HFB1 - 
Maragos&Miklaz, 

1996151 

pAb 10 HRP-FB3 
0.8 

(1:500) 

Christensen et al, 

2000152 

mAb 3 HRP-FB1 
0.25  

(1:500) 

Savard et al, 

2003153 

nanoMIPs 60 HRP-FB1  
0.22  

(1:400) 
This study 

mAb: monoclonal antibody, pAb: polyclonal antibody, nanoMIPs: molecularly imprinted 

polymer nanoparticles, HFB1: hydrolysed fumonisin B1, FB3: fumonisin B3 

 

4.3.2 Study of HRP interaction  

 

The HRP has been widely used for signal amplification in fumonisin assays for two 

decades.154-156 The HRP reacts enzymatically with TMB as a substrate. This reaction 

changes the colour to be yellow obtained by reducing TMB. For measurement accuracy 

the reaction is terminated by adding sulfuric acid. The colour represents the concentration 

of FB1 in standard solution and sample extraction.   

 

Unfortunately, the interference of HRP in the binding of HRP-FB1 conjugate could be 

substantial. This problem was not stated explicitly in preceding reports.109 To understand 

this, the binding of HRP-FB1 conjugate to nanoMIPs was compared with HRP (Figure 
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4-3). The dilutions of HRP and HRP-FB1 were used from 1:12800 to 1:400 in PBS 0.01 

M. 

 

 

Figure 4-3. HRP interference in MINA. (1) Firstly nanoMIPs are deposited for coating of 

microplates.  (2) Then, some wells were added by HPR-FB1 conjugate and others were 

added by HRP.  (3) After that substrate, TMB was added.  (4) Afterwards, the stopover 

solution was added.  Finally, absorption was measured at 450 nm using microplate reader.  

 

 

Figure 4-4. Plot of absorbance at 450 nm for HRP and HRP-FB1 concentrations in a binding to  

nanoMIPs.  The concentration used of HRP and HRP-FB1 were dilutions from 1:12800 to 1:400.  

Microplates were coated with a fixed nanoMIPs concentration (0.06 mg mL-1), the blocking 

solution was incubated for 1 h, TMB substrate was incubated for 5 min and the reaction quenched 

with sulfuric acid. 

 

 

The results showed that the absorbance of HRP-FB1 conjugate increased gradually from 

1:12800 to 1:400 dilution. Nevertheless, the HRP showed similar absorbance for all 

concentrations (Figure 4-4). It could be argued that the interference of HRP is small 

compared to the absorbance of HRP-FB1 conjugate. Therefore, the interaction between 
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HRP and nanoMIPs is negligible and nanoMIPs only reacted with FB1. Unfortunately, 

there is no more explanation about it and further experiment is needed to a structure 

changing of HRP during complex reaction with FB1.  

 

In this study, the concentration of HRP-FB1 conjugate produced was calculated by 

comparing signal with calibration curve of HRP (Figure 4-5). As a result, the 

concentration of HRP-FB1 produced is 0.09 mg mL-1 and used in the MINA protocol is 

0.22 µg mL-1 (1:400) concentration.   

 

 

 

Figure 4-5. Calibration curve of HRP 0.15 - 1.2 µg mL-1 

 

Table 4-3 The calibration curve procedure of MINA for FB1 

Step Solution 

1. Immobilisation of nanoMIPs  100 µL nanoMIPs 0.06 mg/mL (24 h at 40ºC)  

2. Washing with buffer solution 0.01 M PBS (2 times ×250 µL) at pH 7.4 

3. Addition of blocking agent 0.1% BSA, 1%Tween 20 in 0.01 M PBS (250 µL, 2 h) 

4. Washing with buffer solution 0.01 M PBS (3 times ×250 µL) at pH 7.4 

5. Addition of target and 

conjugate  

100 µL mix solution between 1:400 diluted HRP-FB1 

conjugate and FB1 standard solution (10 pM – 10nM) 

6. Washing with buffer solution 0.01 M PBS (3 times ×250 µL) at pH 7.4 

7. Addition of substrate 100 µL of commercial TMB solution, 5 min. 

8. Addition of stopover solution  50 µL of 50 mM H2SO4, 10 s. 
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4.3.3 MINA calibration curve and its comparison with monoclonal antibody 

  

The performance of competitive assay followed the protocol in Table 4-3 and Figure 4-

6. The procedure is more efficient because the use of HRP-FB1 is 100 times smaller than 

in the previous study.157 The calibration curve (Figure 4-7, top line) showed better fit 

indicating the reliable competitive binding to FB1 at 10 pM – 10 nM (0.007 – 7.22 ng 

mL-1) concentrations when plotted on logarithmic scale. The sensitivity achieved is 

similar to the previous study.109  

 

 
Figure 4-6. MINA protocol, (1) firstly nanoMIPs are deposited onto microplates wells. (2) Then, 

competitive assay between HPR-FB1 conjugate and FB1 standard was performed.  (3) After that 

substrate TMB was added.  (4) Afterwards, the stopover solution was added.  Finally, absorption 

was measured at 450 nm using microplate reader. 

 

In the same way, the non-specific imprinted nanoparticles (nanoNIPs) were tested with 

FB1 as a control for comparing with nanoMIPs. Despite that the composition of nanoNIPs 

was the same as the composition for nanoMIPs, their responses to the HRP-FB1 conjugate 

was different (Figure 4-7, bottom line). Therefore, itcan be argued that the nanoMIPs 

have high affinity to FB1. Furthermore, the calibration curve was compared to that of 

commercial monoclonal antibody (mAb) for Fumonisins. The response of mAb used was 



 

61 
 

lower than nanoMIPs (Figure 4-8). Apparently, the nanoMIPs have higher affinity to FB1 

than mAb and nanoNIPs.  

 

 

Figure 4-7. Calibration plot for FB1, measured using MINA and the respective control 

using nanoNIPs.  The concentration for nanoMIPs and nanoNIPs was 0.06 mg mL -1. All 

experiments were performed using FB1 standard solutions ranging from 10 pM to 10 nM 

(in 0.01 M PBS), HRP-FB1 conjugate dilution at 1:400, blocking solution (incubation 2 

h), TMB substrate (incubation 5 mins) and then quenched with sulfuric acid.  

 

 

 

Figure 4-8. Calibration plot for FB1 measured using conventional ELISA, the concentration of 

mAb used was 0.006 mg mL-1.  All experiments were performed using FB1 standard solutions 

ranging from 10 pM to 10 nM (in 0.01 M PBS), HRP-FB1 conjugate dilution at 1:400, blocking 

solution (incubation 2 h), TMB substrate (incubation 5 mins) and then quenched with sulfuric 

acid. 
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4.3.4 MINA cross-reactivity  

 

The cross-reactivity of MINA was also investigated to other mycotoxins. Fumonisin B2 

(FB2) generated signal in MINA with regression linear 0.568 compared to other targets 

(Figure 4-9). This result is not surprising because the backbone structure of FB2 is 

relatively the same as FB1158-162. However, the cross-reactivity in MINA is low for this 

compound. Unlike FB2, aflatoxin B1 (AFB1), citrinin (CTT), deoxynivalenol (DON), 

and zearalenone (ZEA) showed no interaction with nanoMIPs (Figure 4-9). Coherently, 

it could be argued that the binding of nanoMIPs to other mycotoxins are inconsequential. 

 

 

Figure 4-9. MINA response to FB1, flatoxin B1 (AFB1), citrinin (CTT), deoxynivalenol 

(DON), and zearalenone (ZEA). For the experiments microplates were coated with 

nanoMIPs (0.06 mg mL-1), HRP-FB1 conjugate dilution was 1:400, standard solution 

concentration ranged from 10 pM to 10 nM. 
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Table 4-4. MINA response comparison and linear equation values for calibration curves for 

mycotoxins 

Target compounds Absorbance = slope x Ln C (Molar) + intercept 

Slope Intercept R2 

FB1 -0.058 0.173 0.990 

 

FB2 0.031 1.852 0.568 

 

AFB1 0.012 1.128 0.068 

 

CTT -0.036 0.067 0.240 

 

DON -0.019 0.271 0.444 

 

ZEA 0.013 0.800 0.081 

 

 

The response for other mycotoxins is much smaller than for FB1 (Figure 4-9).  Figure 4-

10 proved that the nanoMIPs are only selective to FB1 but not to other mycotoxins.   

 

 

Figure 4-10. MINA and HRP response to other mycotoxins. For the experiments 

microplates were coated with nanoMIPs (200 ul, 0.03 mg mL -1), HRP-FB1 and HRP 

conjugate dilution was 1:800, standard solution concentration ranged for each compound 

10 pM. 
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4.3.5 Analyte recovery and limit of detection 

 

For sample analysis MINA should be validated against several parameters. In this work, 

recovery test and limit of detection were analysed. The limit of detection could be 

obtained through interpolation of three-time value of the blank response against a 

calibration curve of MINA. The blank response was obtained measuring STD for zero 

concentration of FB1. The calculated limit of detection (LoD) of MINA is 1.9 pM (0.001 

ng mL-1). This LoD is almost ten times lower than standard analytical methods (Table 4-

4).  

 

Table 4-5. Comparison between MINA and other FB1 determination techniques 

Molecular 

recognition 

Method Linear range 

(ng mL-1) 

Limit of 

detection 

(LOD) 

(ng mL-1) 

Ref. 

Polyclonal 

Antibody 

Immuno-

chromatographic 

 - 8 Urusov et 

al, 2017163 

Polyclonal 

Antibody 

ELISA 0.1 – 100 0.6 Urusov et 

al, 2017163 

Peptide Microarray-

based 

immunoassay 

17.3 – 79.6 11.1 Peltomaa et 

al, 201751 

Monoclonal 

Antibody 

ELISA 0.08–1.38 0.32 Tang et al, 

2017 

Monoclonal 

Antibody 

Immunostrip 15 – 500 11.24  Yao et al, 

2017164 

Molecularly 

imprinted polymer 

nanoparticles 

MINA 0.007 - 7.22  0.001 This study 

 

Table 4-6 Recovery test 

Samples Concentration in 

spiked samples 

Concentration determined 

with MINA 

Recovery 

Sample 1 55 nM 59.47 ± 0.1 nM 108.13% 

Sample 2 55 µM 62.57 ± 0.2 µM 113.76% 

 

Furthermore, the reliability of the MINA analysis could be proven by recovery test. In 

this part, the corn samples were spiked with FB1 (55 nM and 55 µM). The corn was then 
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extracted by the standard method as described in AOAC 2001.06.146  The recovery test 

showed that the MINA could attain the FB1 in real sample from 108.13 to 113.76 % 

(Table 4-5). It could be argued that the MINA is able to analyse FB1 accurately in corn. 

 

4.3.6 Sample analysis and comparative study with commercial kit ELISA and 

HPLC 

 

For samples analysed by MINA and ELISA, all corns (18 samples) were extracted by 

methanol 70% as described in AOAC Official Method 2001.06.146 Extraction solvent for 

samples which were analysed by HPLC methods used acetonitrile: methanol: water 

(1:1:2) [AOAC Official Method 2001.04].148 MINA and HPLC has similarity on dilution 

factor (80) whereas dilution factor for ELISA is 20. Moreover, the protocol of sample 

analysis for HPLC are totally different with MINA and ELISA using microplate (Figure 

4-15). Extraction solvent, dilution factor, and sample analysis procedure probably 

influence in the sample analysis obtained from among MINA, ELISA and HPLC (Table 

4-6). 

 

 

Figure 4-11. MINA protocol, (1) firstly nanoMIPs are deposited in microplates.  (2) Then, 

competitive assay between HPR-FB1 conjugate and sample extracts was performed.  (3) 

Substrate TMB was added.  (4) Afterwards, the stopover solution was added.  Finally, 

absorption was measured at 450 nm using a microplate reader. 

 

Table 4-7. Comparison of sample preparation and analysis from MINA, ELISA, and HPLC 

Methods 

Sample preparation Sample analysis 

Solvent 
Dilution factor 

(times) 

Concentration range 

(ppm) 

Mean 

(ppm) 

Toxicity 

(%) 

MINA M:W (7:3) 80 0.26 - 1.29 0.60 0 (0/18) 

ELISA M:W (7:3) 20 0.18 - 3.30 0.53 5.6 (1/18) 

HPLC A:M:W(1:1:2) 80 0.05 - 1.29 0.34 0 (0/18) 

A = acetonitrile, M = methanol, W = water 
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The results of samples analysis (Table 4-6) showed that the lowest concentration of 

sample can be found in HPLC method (0.05 ppm) and the highest concentration of sample 

can be found in ELISA method (3.30 ppm). It can be argued that the concentration of all 

samples examined by MINA (0.26 – 1.29 ppm) can be observed in the concentration 

range both ELISA and HPLC. Furthermore, MINA and ELISA has slightly different 

average of concentration. There was no toxicity detected sample in MINA and HPLC. 

While, ELISA method obtained one sample (C13) which higher concentration than the 

level of maximum residue limit of fumonisins (> 2 ppm) as shown in Figure 4-16. 

 

 

Figure 4-12. The distribution of fumonisins in corn samples by MINA, commercial 

ELISA kit, and HPLC. 

 

Distribution of fumonisins in corn samples in Figure 4-16 showed most samples have 

concentration lower than 2 ppm. It seems that all methods provide similar results. Most 

samples are safe to be consumed. In addition, 50% of sample analysed by MINA is 

correlated with HPLC, R2 = 0.93 (Figure 4-17 (a)). This percentage of sample is higher 

than ELISA results which is 30% of sample correlated with HPLC results, R2 = 0.96 

(Figure 4-17 (b)). Despite the correlation between MINA and ELISA showed different 

percentage of sample correlated with HPLC, t-test showed that the MINA results (t = 

1.36, P = 0.056) is significant with ELISA results (t = 0.67, P = 0.25). It can be argued 

that both MINA and commercial ELISA kit have the same accuracy.       
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(a) (b) 

Figure 4-13. Correlation sample analysis of MINA-HPLC (a) and ELISA-HPLC (b) 

 

4.4 Conclusion 

 

Development of molecularly imprinted polymer nanoparticle-based assay (MINA) has 

proved that the molecularly imprinted polymer nanoparticle (nanoMIPs) are able to 

replace antibodies as molecular recognition tools for FB1. After optimisation of the 

concentration of nanoMIPs (0.06 mg mL-1) and HRP-FB1 conjugate (1:400), MINA was 

capable producing satisfactory detection of toxin in the concentration range 10 pM – 10 

nM. 

 

The selectivity and cross-reactivity have been tested. The response from commercial 

monoclonal antibody (mAb) and non-specific imprinted polymer nanoparticles 

(nanoNIPs) was not significant. Also, the interaction between nanoMIPs and other 

mycotoxins such as aflatoxin B1 (AFB1), citrinin (CTT), deoxynivalenol (DON), 

fumonisin B2 (FB2), and zearalenone (ZEA), was negligible. 

 

The application of MINA has been tested in real samples. The total of 18 corn samples 

have contaminated fumonisin with a range from 0.26 ppm to 1.29 ppm. Afterwards, 

several samples have been selected for further analysis by commercial kit ELISA and 

HPLC for comparative study. Statistically, t-test has shown that there is significant 

similarity of the results obtained by MINA and commercial kit ELISA and 50% sample 

analysed by MINA correlating positively with HPLC.      
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CHAPTER 5 DEVELOPMENT OF AN ELECTROCHEMICAL SENSOR FOR 

FUMONISIN B1 DETERMINATION BASED ON 

MOLECULARLY IMPRINTED POLYMER NANOPARTICLES 

 

5.1 Introduction 

 

Previously in Chapter 4, replacing monoclonal and polyclonal antibodies to molecularly 

imprinted polymer nanoparticle (nanoMIPs) in assay application for was described. The 

technique is called nanoMIPs based assay (MINA). MINA has been applied for 

determination of fumonisin B1 (FB1). The results revealed that limit of detection (LoD) 

for MINA is lower than conventional ELISA.51,162-164 Additionally, MINA uses fewer 

chemicals and reagents, resulting in a more efficient assay than immunoassays.150-153 

Currently, MINA presents several advantages compared to conventional ELISA, such as 

sensitivity, selectivity and efficiency. Besides, MINA offers high reliability due to 

nanoMIPs.  NanoMIPs can survive on harsh conditions, and they are simple to fabricate, 

thus allowing low-cost assays due to the antibody replacement. Unfortunately, MINA is 

still time-consuming and tedious because the MINA protocol involves more steps as 

ELISA (e.g. washing, blocking, and stop reaction steps). Moreover, some chemical 

reagents used in MINA are similar to ELISA such as TMB and HRP.  Therefore, a method 

that does not require sample preparation and tedious steps is required for mycotoxin 

analysis. To overcome these problems, the electrochemical sensor method was also 

tested. 

 

Herein, Chapter 5, the performance of nanoMIPs was studied in electrochemical sensors. 

The main advantages of electrochemical sensors are easier on preparation and application, 

lower of cost production, more portable and faster.163-166 The electrochemical sensor 

combines a molecular recogniser (antibody, aptamer, nanoMIPs) and transducer system 

(amperometric, potentiometric, conductometric, impedimetric) transforming from 

chemical to electroanalytical signal.167,168 The mechanism how electrochemical sensor 

works comes from electron transfer contribution. The migration of electron is occurred 

on solution trough three electrode surfaces used: working, counter and reference. From 

these pathway, the chemical responses can be translated to analytical signals.   
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In this work, the nanoMIPs was used as recognition element in an electrochemical sensor 

for fumonisin B1 (FB1) determination using different pulse votammetry (DPV) and 

electrochemical impedance spectroscopy (EIS) methods. Thus, the technique is named 

nanoMIPs based electrochemical sensors (MINES).  

 

MINES were prepared on platinum electrode surfaces. The nanoMIPs were attached to 

the electrode surface using an anchoring electro-conducting polymer.  For that, the 

electroconducting polymer was synthesised by electro-polymerisation of pyrrole (Pyr) 

and a Zinc (II) porphyrin (ZnP). Afterwards, nanoMIPs were immobilised on the 

electrode using carbodiimide chemistry. For FB1 determination, MINES used two 

electrochemical methods: electrochemical impedance spectroscopy (EIS) and differential 

pulse voltammetry (DPV). For the EIS technique, redox labelling is not needed.  

Conversely, a redox couple such as ferricyanide ([Fe(CN)6]
3-) and ferrocyanide 

([Fe(CN)6]
4-) is needed for DPV analysis. 

 

The main advantages of MINES are the reduction of time for analysis, easier for 

fabrication, the simplicity on application and reduction of chemical reagents, such as 

blocking solution, washing solution, enzymatic conjugate (HRP complex), the enzymatic 

substrate (TMB) and stop solution (sulfuric acid).  In that sense, MINES technology is 

more efficient than MINA.  

 

The performance of MINES was evaluated in an FB1 concentration range from 1 fM to 

10 pM.  Notably, the concentration range for analysis is lower than MINA (10 pM – 

10nM).  Moreover, the cross-reactivity was evaluated by evaluating the MINES response 

to other mycotoxins such as aflatoxin B1 (AFB1), citrinin (CTT), deoxynivalenol (DON), 

fumonisin B2 (FB2), and zearalenone (ZEA). Hence, in this chapter the development of 

an electrochemical sensor based on molecularly imprinted polymer nanoparticles 

(MINES) for FB1 is presented.  
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5.2 Materials and Methods 

 

5.2.1 Materials 

 

5,10,15,20-tetrakis(4-aminophenyl)-porphyrin-Zn(II) was provided by Porphyrin 

Systems (Germany). Tetra-(n-butyl)-ammonium tetrafluoroborate ((C4H9)4NBF4), 

acetonitrile (ACN), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride 

(EDC), N-hydroxysuccinimide (NHS), phosphate buffer saline (PBS), potassium 

ferrocyanide (K₄[Fe(CN)₆]·3H₂O), potassium ferricyanide (K₃[Fe(CN)₆]) and pyrrole 

were procured from Sigma-Aldrich (Poland).  Platinum (Pt) electrode was used as a 

working electrode (WE) and counter electrode (CE).  A silver chloride electrode 

(Ag/AgCl) was used as a reference (RE).  

 

5.2.2 NanoMIPs based sensor fabrication for FB1  

 

Firstly, platinum working electrode was polished with 0.3 and 0.05 micron alumina 

powder, then rinsed with distilled water.  Afterwards, the electrode was cleaned by 

piranha solution H2O2: H2SO4 (1:3,v/v) for 3 min and then rinsed with distilled water and 

acetone.  Subsequently, the electro-conducting polymer ZnP/Pyr was deposited on the 

platinum surface (WE) by electro-polymerization of pyrrole (0.14 M) and Zinc (II) 

porphyrin (46.84 µM) in 0.1 M (C4H9)4NBF4 acetonitrile using cyclic voltammetry (CV) 

at the potential range of -1.1 to 1.3 V (vs Ag/Ag+), scan rate of 50 mV s-1and 8 cycles. 

The structure of pyrrole and Zinc (II) porphyrin can be seen in Figure 5-1.  

 

 
5,10,15,20-(tetra-4-aminophenyl)porphyrin]zinc(II), (ZnP) 

 

 

 

 

 

 

 

 

 
Pyrrole (Pyr) 

Figure 5-1. Chemical structure of ZnP and Pyr monomers 



 

71 
 

 

NanoMIPs were successively covalently immobilised in two steps: (1) the 

electropolymerization of ZnP/Pyr on the platinum electrode surface (WE) and the (2) 

immobilisation of nanoMIPs on the ZnP/Pyr polymer (Figure 5-2).  For that, nanoMIPs 

(0.06 mg mL-1) were incubated in 0.7 M EDC and 0.01 M PBS for 5 min. Then, 0.6 M 

NHS was added and incubated for 5 min. Subsequently, the ZnP/Pyr polymer was 

immersed in the solution containing nanoMIPs (0.06 mg mL-1), 0.7 M EDC and 0.6 M 

NHS in 0.01 M PBS for 24 h.  Lastly, the obtained sensor was washed with distilled water.  

 

 

 

Figure 5-2. FB1 nanoMIPs sensor fabrication: (1) electropolymerization of 5,10,15,20-

tetrakis(4-aminophenyl)-porphyrin-Zn(II) and Pyrrole (ZnP/Pyr) in a solution of 0.1 M 

tetra-(n-butyl)-ammonium tetrafluoroborate (C4H9)4NBF4 in acetonitrile. (2) 

Immobilisation of nanoMIPs through carbodiimide chemistry (incubation in 0.7 M EDC 

and 0.6 M NHS in 0.01 M PBS during 24 h).  

 

5.2.3 Characterisation of ZnP/Pyr polymer 

 

(1) Image   

 

Additionally, the polymer was imaged by Atomic force microscopy (AFM), MultiMode 

8 AFM microscope operated by the Nanoscope V Bruker controller (Germany).  Images 

were obtained in a Scan Asyst mode using a probe hq-nsc35 with a cantilever B with 

nominal spring const. k = 16 N/m. 

 

(2) Functional groups 

 

Infrared spectra were obtained using Fourier-transform infrared (FTIR) spectroscopy 

imaging in ATR (Attenuated Total Reflection) mode measured using a Spectrum One 

FT-IR Spectrometer, PerkinElmer at 4000-500 cm-1.  
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5.2.4 Development of labelled sensor using differential pulse voltammetry (DPV) 

 

DPV was applied using a µAutolab potentiostat Type II (Eco Chem B.V, Utrecht, 

Netherland) controlled by General Purpose Electrochemical System software (GPES) 

software, system version 4.9.  The potential range employed was -0.25 to +1.10 V and 

modulation amplitude at 0.05 V.  The measurement was carried out in 0.01 M PBS (pH 

~7) and 0.005 M [Fe(CN)6]
3-/4- .170 

 

5.2.5 Development of a free label sensor using electrochemical impedance 

spectroscopy (EIS) 

 

EIS determination experiments were recorded using a Potentiostat EC-lab VMP3 

instruments version 9.9 and controlled and modelled using EC-Lab software V10.39, 

2014 by Bio-Logic-Science Instruments.  The experiments were conducted at Institute of 

Physical Chemistry of the Polish Academy of Sciences, Warsaw, Poland and at the 

Department of Chemistry, University of Leicester, UK.  

 

The EIS applied conditions (potential, AC amplitude, and frequency) were +0.5 V (vs 

Ag/AgCl), 25 mV, 50 mHz to 200 kHz, respectively (35s/scans).  Nyquist plots displayed 

impedance data.  The impedance data were then fitted (Z-fit) to an equivalent circuit 

(Figure 5-3) by using EC-Lab software.  For the Z-fit, Nyquist plots were fitted using a 

randomise method, stopped on 10,000 iterations and the fit stopped on 5,000 iterations. 

The fitting was dependent on the form of the semi-circle curves obtained in the Nyquist 

plot.  The selection of the equivalent circuit was dependent upon the interfaces of the 

Nyquist plot to produce the smallest error that was expressed in the standard deviation 

(X2).   

 

Figure 5-3.Equivalent circuit employed for EIS fitting. Rs is the solution-phase resistance, 

Ret is the electron transfer resistance, Cdl is the double-layer capacitance, and Zw is the 

Warburg impedance. 
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5.3 Results and discussion 

 

5.3.1 The electropolymerisation of ZnP/Pyr  

 

The ZnP/Pyr polymer was electropolymerised using cyclic voltammetry at the potential 

range from -1.1 to +1.3 V, (starting from 0 V). This range results to be higher than 

preceding studies.171-173 The potential range variance occurred because different 

conditions have been employed, such as reference (Ag/Ag+), solvent, electrolyte and 

monomer concentration employed. The polymer synthesis was inspired by Ferreira et al. 

work concerning the pyrrole polymerisation in organic solvents.174 The 

electropolymerisation parameters were optimised in the present work including the 

appropriate electrolyte ((C4H9)4NBF4) and organic solvent (acetonitrile).  

 

 

Figure 5-4. Cyclic voltammograms from (a) bar electrode at 0.1 M (C4H9)4NBF4, acetonitrile, (b) 

the electropolymerization of 46.84 µM ZnP and 0.14 M Pyr at a potential range of -1.1 to 1.3 V 

(vs. Ag/Ag+) and a scan rate of 50 mV/s (8 cycles) in 0.1 M (C4H9)4NBF4, acetonitrile.  

 

 

The cyclic voltammogram for ZnP/Pyr electropolymerisation showed an oxidation peak 

at +0.80 V (Figure 5-4), characteristic for pyrrole.174 From the first to the eighth cycle, 

the current continuously grows indicating deposition of a conducting polymer.  The 

ZnP/Pyr polymerisation results in a deposition of a black thin polymer layer.  (Figure 5-

5).  After polymerisation, the electro-activity of the polymer was observed from -0.25 to 

+1 V.  This potential range was used in the further electrochemical analysis. The blank 
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signal from the platinum bar electrode was recorded using cyclic voltammetry under the 

same conditions (0.1 M (C4H9)4NBF4, acetonitrile) and used as a baseline.  

 

 

 

Figure 5-5. The surface of bar Pt electrode (left) and ZnP/Pyr polymer deposit on Pt 

electrode (right). 

 

 

Figure 5-6. Infrared spectrum from ZnP/Pyr polymer. The polymer was electro-deposited 

on a gold surface. 

 

To identify the ZnP/Pyr polymer structure, the infrared spectrum was analysed.  The 

spectra present mainly characteristic bands from pyrrole and porphyrin (Figure 5-6).  The 

C=C stretch and C=C in-plane bending vibrations from pyrrole ring were observed at 

1553 and 991-964 cm-1 respectively.173,175  Bands from C–H deformation vibrations and 

C–N stretching vibrations were displayed at 1055 and 1146 cm-1.173  Aromatic porphyrin 

bands were at 2952-2918 cm-1.176  Also, vibration from porphyrin skeleton was revealed 
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at 1382 cm-1.177  The characteristic vibrational band from Zin(II)porphyrin was observed 

at 1723 cm-1.177   

 

5.3.2 Immobilisation of nanoMIPs on ZnP/Pyr/Pt electrode 

 

Covalent immobilisation of nanoMIPs on ZnP/Pyr polymer was performed using 

carbodiimide via phosphate and amine groups.178  A schematic representation was 

inspired by Xu et al. research for this reaction shown in Figure 5-7.179  Primary amine 

groups displayed from nanoMIPs prompt coordination interactions with the ZnP.  To 

summarised both binding forces drive the immobilisation of nanoMIPs on the ZnP/Pyr 

polymer surface. 

 

 

Figure 5-7. Schematic representation from nanoMIPs immobilisation on ZnP/Pyr/Pt 

electrode via carbodiimide chemistry. 

 

The nanoMIPs immobilised ZnP/Pyr polymer is imaged using AFM (Figure 5-8).  AFM 

images display topography changes between ZnP/Pyr polymer surface before (Figure 5-

10 (a and a’)) and after nanoMIPs immobilisation (Figure 5-8 (b and b’)).  The ZnP/Pyr 

polymer surface is highly granular and present aggregates. The roughness was found 20.4 

nm and the average grain size was 230 nm. The morphology and structure of ZnP/Pyr 

polymer are affected by the polymerisation conditions such as nature of the metal centre, 

monomer concentration, solvent, current density, and electrode surface etc.180 After 

nanoMIPs immobilisation, the roughness and average grain size decreased at 7.7 and 110 

nm respectively.   
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a 

 

a’ 

 

b 

 

b’ 

 

Figure 5-8. AFM images for (a and a’) ZnP/Pyr polymer surface. (b and b’) nanoMIPs 

immobilised on ZnP/Pyr polymer surface. The measured area was 5 × 5 µm2.  

 

5.3.3 Determination of FB1 using MINES 

 

Determination of FB1 using DPV technique 

 

The nanoMIPs appropriately recognised FB1 and successfully employed for DPV 

determination.  During DPV measurements, the [Fe(CN)6]
4-/3- was employed as a redox 

label. Thus, the current intensity response was correlated to the FB1 concentration.  To 

demonstrate the nanoMIPs specificity as a recognition element, their DPV response 

compared to the nonimprinted polymer nanoparticles (nanoNIPs) as shown Figure 5-9.  

The response from the nanoNIPs was low and non-specific to FB1.  Thus, the specificity 

of the nanoMIPs to FB1 was validated.  Additionally, the ZnP/Pyr polymer was tested 

and a negligible response was observed (Figure 5-9).  Seemingly, there is a nanoMIPs 

actuation between FB1 and the redox label [Fe(CN)6]
4-/3-.181 Therefore, nanoMIPs 
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specific actuation affects the DPV current response.  The redox label current response 

increase proportionally to FB1 concentration.  Notably, no changes in current response 

were observed when nanoNIPs or ZnP/Pyr polymer were employed as recognition 

elements (Figure 5-9).   

 

 

Figure 5-9. DPV reponse for a solution 100 fM FB1 standard in control using as recognition 

element ZnP/Pyr polymer, nanoNIPs and nanoMIPs.  All the measurements were carried 

out in 0.01 M PBS buffer and 0.005 M [Fe(CN)6]4-/3-, recorded at the potential range -0.25 

to +1.10 V vs. Ag/AgCl and 5 min previous incubation.  

 

The material actuation using redox labels such as [Fe(CN)6]
4-/3- was previously observed 

in aptamers for DNA sensors.182  The nanoMIP actuation is related to the DPV current 

response generated by [Fe(CN)6]
4-/3- electron transfer at the electrode surface. The 

electron transfer was obserbed only when FB1 was present in solution.  A possible 

hypothesis of the actuation mechanism is as follow: in the absence of FB1, the redox label 

[Fe(CN)6]
4-/3- is excluded from the nanoMIPs surface and the charge transfer did not take 

place.  Conversely, the presence of FB1 can increase the porosity and permeability 

nanoMIPs.  These changes, allow the redox label charge transfer at the electrode surface 

as illustrated in Figure 5-10.     

 

Figure 5-10. The schematic diagram of redox activity of [Fe(CN)6]4-/3- on nanoMIPs/ZnP/Pyr/Pt  

electrode because of interaction between FB1 and nanoMIPs (modified from Le et al., 2016182) 
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The MINES using DPV technique can detect FB1 in a linear concentration from 10 fM 

to 10 pM (Figure 5-11).  MINES is therefore 1000 times more sensitive than MINA.  The 

DPV response increases when the concentration of FB1 rises. There is a linear correlation 

between the current and FB1 concentration.  Conversely, the DPV response is negligible 

when the control electrode (nanoNIPs electrode) was used (Figure 5-12).  

 

Figure 5-11. Differential pulse voltammetry reponse for (1) 0, (2)1 fM, (3)10 fM, (4) 100 

fM, (5) 1 pM, and (6) 10 pM FB1.  All the measurements were carried out in 0.01 M PBS 

and 0.005 M [Fe(CN)6]4-/3-, recorded at the potential range -0.25 to +1.10 V (vs. Ag/AgCl). 

 

 

Figure 5-12. DPV calibration curve for FB1 (10 fM, 100 fM and 10 pM) in ZnP/Pyr/Pt 

(control), nanoNIPs and nanoMIPs. All measurements were carried out in 0.01 M PBS and 

0.005 M [Fe(CN)6]4-/3-.  

 

The calibration curve for FB1 using DPV measurements in concentration range 1 fM to 

10 pM is shown in Figure 5-13.  The sensor presents a sensitivity of 0.281 µA/M 

(R2=0.96) and a LoD of 0.03 fM.  The cross-reactivity for the FB1 sensor was evaluated 

-0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-1

0

1

2

3

4

5

6

7

8

 0

 1 fM

 10 fM

 100 fM

 1 pM

 10 pM

6

C
u

rr
e

n
t 
(

A
)

Potential (V vs. Ag/AgCl)

1

ZnP/Pyr/Pt nanoNIPs nanoMIPs
0.0

0.5

1.0

1.5

2.0

Electrode modification

C
u

rr
e

n
t 
(

A
)

 FB1 10fM

 FB1 100 fM

 FB1 10pM



 

79 
 

for other mycotoxins (FB2, AFB1, CTT, DON and ZEA).  The sensor does not expose 

specific response to other mycotoxins.  The sensitivity for other mycotoxins displayed 

values lower than 0.061 µA/M (Table 5-1).  To summarise, the sensor response suggested 

that there is no cross-reactivity.  

 

 

Figure 5-13. DPV calibration curve for FB1 and other mycotoxins (FB2, AFB1, CTT, DON 

and ZEA). All the measurements were carried out using a nanoMIPs sensor in 0.01 M PBS 

and 0.005 M [Fe(CN)6]4-/3-in a mycotoxin concentration range from 1fM – 10 pM.  

 

Table 5-1. NanoMIPs sensor response comparison and linear equation values for DPV calibration 

curves for mycotoxins 

Target compounds ∆I (µA) = slope x Log C (Molar) + intercept 

Slope Intercept R2 

FB1 0.281 5.195 0.962 

 

FB2 0.061 0.994 0.989 

 

AFB1 0.014 0.253 0.377 

 

CTT 0.059 0.914 0.869 

 

DON 0.025 0.365 0.915 

 

ZEA -0.0097 -0.0987 0.584 
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Determination of FB1 using a free label impedimetric sensor 

  

MINES was tested using electrochemical impedance spectroscopy (EIS) in a label free 

mode (without ferricyanide and ferrocyanide redox label, [Fe(CN)6]
4-/3-).  Previously 

impedimetric sensors have been successfully used for aflatoxin M1 determination.178  The 

nanoMIPs sensor was tested using EIS in a linear concentration range of FB1 from 1fM 

to 10 pM in PBS at potential +0.5 V (vs Ag/AgCl ), AC amplitude 25 mV, and frequency 

50 mHz to 200 kHz and 35s/scans.  The interaction between nanoMIPs and FB1 was 

followed by measuring the impedance at the surface electrode and represented as Nyquist 

plots.  This interaction can be seen as semicircle signals (Figure 5-14).170  Apparently, the 

interaction between nanoMIPs and FB1 causes an increase in the resistance at the 

electrode surface.  

 

 

Figure 5-14. Nyquist plot for EIS determination of FB1 using a nanoMIPs sensor for 

concentrations at (1) 0 M, (2) 1 fM, (3) 10 fM, (4) 100 fM, (5) 1 pM, and (6) 10 pM. All 

the measurements were carried out in 0.01 M PBS buffer, recorded at the frequency range 

400 mHz - 200 kHz and at potential +0.35 V (vs. Ag/AgCl). Inset is the equivalent circuit 

where Rs is the solution-phase resistance, Ret is the electron transfer resistance, Cdl is the 

double-layer capacitance, and Zw is the Warburg impedance. 

 

The label-free nanoMIPs impedimetric sensor for FB1 present sensitivity of 0.442 kΩ/M 

(R2=0.98) and LoD of 0.7 fM in a linear concentration range from 1 fM to 10 pM (Figure 

5-15).  No cross-reactivity was observed for other mycotoxins (AFB1, CTT, DON and 

ZEA) as shown in Table 5-2.  
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Figure 5-15. EIS calibration curve for FB1 and other mycotoxins (FB2, AFB1, CTT, DON 

and ZEA). All the measurements were carried in 0.01 M PBS buffer, in mycotoxins 

concentration from 0 – 10 pM, recorded at the frequency range 400 mHz - 200 kHz and at 

potential +0.35 V (vs. Ag/AgCl). 

 

Table 5-2. FB1 Impedimetric sensor response for EIS measurements.  

Linear equation parameters for the calibration curve for mycotoxins  

Target compounds 

∆R (kΩ) = slope × Log C (Molar) + 

intecept 

Slope Intercept R2 

FB1 0.442 6.944 0.980 

FB2 0.024 0.375 0.971 

AFB1 0.053 1.283 0.193 

CTT -0.004 0.326 <0.001 

DON 0.001 0.398 <0.001 

ZEA 0.179 2.770 0.748 

 

 

5.4 Conclusion  

 

Development of electrochemical sensor based on molecularly imprinted nanoparticles 

(MINES) has been demostrated successfully for determination of fumonisin B1 (FB1).  

The sensor was tested using DPV (redox labelled sensor) and EIS (free labelled sensor).  

Both methods showed high sensitivity and selectivity to FB1.  
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MINES were fabricated by immobilising nanoMIPs on a Zinc(II)porphyrin-pyrrole 

(ZnP/Pyr) polymer surface on platinum electrodes.  The nanoMIP sensor displayed higher 

response than control ZnP/Pyr polymer and nanoNIP.  

 

The EIS (0.442 kΩ/M) is two times more sensitive than DPV (0.281 µA/M).  The linearity 

and LoD from EIS (R2 = 0.98, LoD = 0.7 fM) and DPV (R2 = 0.96, LoD = 0.03 fM) 

demonstrated the excellent sensor performance.  
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CHAPTER 6 GENERAL CONCLUSION AND FUTURE WORK  

 

6.1 Conclusions 

 

Development of detection techniques for mycotoxins especially for fumonisins in food 

and animal feed has advanced rapidly. Many technologies have been manufactured for 

analysis of the carcinogenic fumonisins. Sophisticated instruments, such as HPLC and 

LCMS/MS, have been created for quantitative observation. The rapid tests, such as 

ELISA, immunostrip, and sensor, have been produced to analyse a number of samples in 

one measurement. However, the methods are expensive and challenging to be produced 

and applied in the developing world. 

 

In this work, the molecularly imprinted polymer nanoparticles (nanoMIPs) were 

synthesised using a relatively robust and new method from Canfarotta and colleagues.118 

However, the methods need more optimisation to obtain the nanoMIPs more precisely on 

both the quantitative and qualitative properties.  

 

A novel evolution of the ELISA method, called nanoMIPs based assay (MINA), was 

developed for determination of fumonisin B1 (FB1) in food and animal feed. The MINA 

method is based on plastic antibodies called nanoMIPs. MINA minimises the chemicals 

used and is affordable and reliable. The sensitivity of MINA is higher than conventional 

ELISA based on monoclonal antibody that are in use and commercially available. No 

significant response from other mycotoxins can be attributed that MINA has high 

selectivity and sensitivity for determination of FB1. When compared to commercial 

ELISA kits and HPLC, MINA performance is superior. The limit of detection of MINA 

is lower than ELISA. However, the correlation of fumonisins analysis in real samples is 

lower than 90 %. and further optimisation in other aspects and validation are still required.   

 

A nanoMIPs-based sensor (MINES) was also developed in this study. MINES can reduce 

the detailed protocols of MINA use. MINES uses the electrochemical properties for 

determination of fumonisin B1 so that the chemicals would be more efficient than MINA. 

The obtained label and free label MINES show an excellent response to fumonisin B1.  

No cross-reactivity with other mycotoxins was observed. However, the validation method 
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and comparative study are necessary to obtaining information about the robustness of 

MINES.     

 

Overall, the nanoMIPs for fumonisin B1 have been developed and applied successfully 

in MINA and MINES as innovative approaches for determination of fumonisins and can 

lead the way in the successful development of a commercial device that can be used by 

government and industry and stakeholders. 

 

6.2 Future work 

 

The further research will be useful for enhancing the performance of nanoMIPs-based 

assay and sensor.  

 

Potentially, the obtained MINA in this study will become a commercial MINA. More 

validation data should be achieved. The stability of MINA will be tested in different pH 

condition although the application has been tested in relatively neutral condition (water 

or PBS, pH~7). Also, the stability of the nanoMIPs coated microplate will be investigated 

for packaging purposed as previous commercial ELISA kit. Finally, the proficiency test 

involving different testing laboratory will be needed to find the quality and reliable of 

MINA analysis.      

 

Although the detection limit of MINES is lower than MINA, the performance of MINES 

will be validated especially for testing on real samples, such as corn. These become a 

challenge to find the most straightforward and rapid extraction method of sample 

preparation for MINES. The application of MINES will be tried to the screen print 

electrode (SPE) instead of the glass electrode. The robustness of MINES will be evaluated 

by testing on different pH, solvent, temperature and storage time.  
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APPENDIX 2 CALIBRATION CURVE FOR NANOMIPS 

nanoMIPs preparation  

The nanoMIPs solution obtained were evaporated and weighed. Amount of nanoMIPs 

powder was diluted in 1 mL water and measured by UV spectrophotometry at 197 nm. 

This solution was then diluted two times for six nanoMIPs solution. Finally, all solutions 

were measured by UV spectrophotometry at 197 nm and plotted a calibration curve 

between concentration of nanoMIPs and absorbance.  

Results  

Tabel 1. The absorbance at 197 nm of the series concentration of nanoMIPs 

Concentration (mg mL-1) Absorbance 

0.330 1.2406 

0.167 0.6517 

0.083 0.3216 

0.042 0.1718 

0.021 0.0764 

0.011 0.0269 

 

 

Figure 1. Calibration curve of nanoMIPs solution for FB1 
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