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Abstract 

A novel protocol for use of molecularly imprinted polymer (MIP) in analysis of melamine is 

presented. Design of polymer for melamine has been achieved using a combination of 

computational techniques and laboratory trials, the former greatly reducing the duration of the 

latter. The compatibility and concerted effect of monomers and solvents were also investigated and 

discussed. Two novel open source tools were presented which are: the online polymer calculator 

from mipdatabase.com and the application of the Gromacs modelling suite to determine the ideal 

stoichiometric ratio between template and functional monomer. The MIP binding was characterised 

for several structural analogues at 1-100 μM concentrations. The use of DVB as cross-linking 

polymer and itaconic acid as functional monomer allowed synthesis of MIP with imprint factor for 

melamine IF=2.25. This polymer was used in HPLC for the rapid detection of melamine in spiked 

milk samples with an experimental run taking 7-8 minutes. This approach demonstrated the power 

of virtual tools in accelerated design of MIPs for practical applications. 

mailto:manel.delvalle@uab.es
http://mipdatabase.com/calc/calc.php
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1. Introduction 

 

Molecularly imprinted polymers (MIPs) have become a widely known and growing part of the field 

of polymer chemistry (1,2). Their great advantage is that they can be used in a wide range of 

environments and applications due to their high thermal and chemical stability. Additionally, high 

specificity and affinity in MIPs can be achieved by tailoring of their binding site at a molecular 

level. Although there are several formats of imprinting protocols available, by far the most popular 

method used in practice remains bulk imprinting, where solution containing template and 

monomers is polymerised to form a solid 'brick' which can then be broken, washed and used as the 

specific application requires such as the packing media of high performance liquid chromatography 

(HPLC) or solid phase extraction (SPE) columns or as the detection element of molecular sensors 

(2). Though it is the most tried and tested technique with a minimal number of interdependent steps, 

a notable challenge of the traditional molecular imprinting strategy of bulk imprinting can be seen 

when the molecular template selected has a low solubility in organic solvents. The solubility of the 

template can be increased by the addition of an appropriate functional monomer (FM), as is done in 

this present study to great effect; however the phase separation during polymerisation still can lead 

to the precipitation of the template back into the solution. This danger of template precipitation can 

be further minimised by the use of a co-monomer with a higher affinity to the template, however 

this can reduce the specificity of the polymer. Indeed, the solubility of the template in the porogen 

and the manner in which it interacts with the functional monomers can markedly affect the 

efficiency of the imprinting process (3). 
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Melamine, a highly nitrogenous compound, is a heterocyclic triazine. It is used extensively in the 

synthesis of melamine formaldehyde resin which is, in turn, used in the fabrication of everyday 

products such as laminates, fabric coatings, commercial filters, glues and adhesives in addition to its 

general use in food containers and various common kitchenwares (4). Given its close proximity to 

food stuffs, the need to accurately detect and monitor it is paramount, especially when melamine 

combines with cyanuric acid (5–7). The hydrogen bonded complex of the two molecules is highly 

insoluble and precipitates in the kidneys to form stones which can lead to potentially fatal kidney 

failure (8). 

 

Due to the aforementioned nitrogen content, counting for two thirds of its molecular mass, 

adulteration of dairy products with melamine has been employed as a method of artificially 

augmenting the apparent crude protein content (9) and as a cheap food supplement in cattle feed 

(10). Contamination of infant formula and pet food with melamine has caused a global scandal 

following the deaths of a number of babies and the hospitalisation of several thousand more (11). n 

2004 the World Health Organisation (WHO) established a tolerable daily intake (TDI) of melamine 

of 0.2 mg/kg of body mass, a reduction from the previous level of 0.63 mg/kg set by the American 

food and drug administration (FDA) based on data collected in 1983 (4). 

 

As a result the call was issued for more discriminating detection methods for melamine. For this 

reason, great efforts have been made in recent years to develop reliable methods for the detection 

for this molecule. Exhaustive research has been performed on the application of aptamers, 

immunoassays, colorimetric and electrochemical sensors for analysis of melamine (4,12). 

Unfortunately these approaches suffer from high price and limited dynamic and thermal stability of 

specific binders used in the assays and sensors. It is logical then that the application of MIPs for the 

detection of melamine has been attempted using several different imprinting and polymerisation 

methods. 
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The study herein details the design and development process of a melamine imprinted polymer 

utilising itaconic acid (IA) and divinylbenzene (DVB) as the functional monomer and cross-linker 

respectively. These components, along with the porogenic solvent, dimethyl sulfoxide (DMSO) 

were selected with the aid of a computational algorithm to rank monomers affinity toward 

melamine; the affinity rankings were confirmed with complimentary laboratory trials. Additionally, 

ideal stoichiometric ratios between melamine and IA were calculated using two independent 

protocols the second of which, utilising the open source modelling suite, Gromacs (13), has not 

been applied to this task prior to current work. The polymerisation method and temperature were 

optimised to produce a polymer most suitable for use as packing media for a HPLC column. HPLC 

mobile phase composition and isocratic flow rate was also optimised for separation efficiency, 

measurement time and resolution. The MIP was characterised for selectivity and specificity against 

several structural analogues before being used for the detection of melamine in liquid and powdered 

milk samples. Rapid and selective detection of melamine was achieved with the optimised process 

taking 7-8 minutes. The maximum imprint factor of the polymer column was calculated to be 

IF=2.25 and this showed discriminative preference for melamine at concentrations from 1 to 100 

μM. 

 

2. Experimental 

 

2.1 Reagents 

Melamine, acetoguanamine, cyanuric acid, urea, triazine, itaconic acid (IA), divinylbenzene (80% 

mixture of isomers) (DVB), dimethyl sulfoxide (DMSO), 1,1' azobis-cyclohexanecarbonitrile 

(AICN), 2,2′-azobis 2-methylpropionitrile (AIBN) and formic acid were all purchased from Sigma-

Aldrich, UK. All reagents and solvents were analytical or HPLC grade and were used without any 

additional purification except for DVB which was technical grade. All water used was triple 
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distilled and deionised to a resistivity of 18.2 MΩ·m-1 by a Milli-Q purification system (Millipore, 

Billerica, MA, USA). Real milk samples were purchased at random at local supermarkets in 

Leicester, UK. 

 

2.3 Molecular modelling 

 

2.3.1 Virtual screening of molecules 

The molecular modelling protocol employed to determine and rank candidate monomer molecules 

for effective binding with the template has been extensively documented elsewhere (14,15). This 

method uses the DREAM method of the LEAPFROG algorithm, a component of SYBYL (v. 7.3) 

modelling suite (Tripos Inc., St. Louis, MO, USA). The parameters of the binding upon which the 

binding score is calculated, have been optimised to favour the ability of monomers to form strong 

molecular complex with the template. All libraries screened consisted of molecular structures 

minimised to an energy of 0.01 kcal·mol-1. 

 

Three libraries were compiled to be used in the MIP design process. A range of acidic, basic and 

neutral FMs were modelled with additional charged structures where appropriate. These were 

acrylamido-2-methyl-1-propanesulfonic acid (AMPSA), acrylic acid (AA), IA, methacrylic acid 

(MAA), trifluoromethylacrylic acid (TFAA), allylamine, 1-vinylimidazole (VI), 2- & 4-

vinylpyridine, N,N-diethylamino ethyl methacrylate (DEAEM), acrylamide, 2-hydroxyethyl 

methacrylate (HEMA) and styrene. The cross-linking monomers modelled were selected to include 

range of compounds: m- & p- DVB, mono-, di-, tri & tetra- ethylene glycol dimethacrylate 

(EGDMA), trimethylolpropane trimethylacrylate (TRIM). A combination of commonly used 

porogens and solvents with known melamine solubility were modelled; these were 

dimethylformamide (DMF), acetonitrile, chloroform, ethanol, methanol, acetone, ethylene glycol, 

DMSO and water. 
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2.4 Molecular dynamics 

 

2.4.1 Method 1 

Determination of the stoichiometric ratio of template-FM was done via an established simulated 

annealing process, described elsewhere (16–18) using the SYBYL molecular modelling suite. A 

virtual cubic box containing one template molecule is packed with monomers until saturation 

capacity. The box is then reduced to its minimal dimensions to guard against excessive expansion of 

the mass as a result of repulsion between the molecules during the simulation. This box is then 

heated to 600ºK and temperature reduced in four 25 femtosecond steps to 300ºK during which time 

the molecules will have initially high and then decreasing mobility, allowing them to relax and 

orientate themselves into the position of lowest energy and thus forming a complex with the 

template molecule. Once the simulation is complete, the stoichiometric ratio is determined by the 

number of monomers bonded to the template molecule. 

 

2.4.2 Method 2 

The structures of melamine and itaconic acid molecules were downloaded from ZINC database (19) 

and then minimized using tools from the Chimera program (20). The melamine molecule was 

placed in box (3.6×3.6×3.0 nm) with itaconic acid monomers. The resulting system consisted of ca. 

2175 atoms. The AMBER99sb force field was applied (21). Parameters for itaconic acid and 

melamine molecules were derived using the ACPYPE program using default parameters (22). The 

system was energy minimised and then two cycles of geometry optimisation (GO) were applied 

using GROMACS 4.5.5 (13). The first GO was carried out at 300 K and 1 atm by performing 1 ns 

of gradual annealing, thus the temperature was gradually increased from 0 to 300 K. The second 

GO simulation was realised at 300 K and 1 atm by performing 200 ps. The system was geometry 

optimised in two cycles comprising 800 steps of steepest descent followed by 3,000 steps of 
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conjugate gradient. During the GO phases, Berendsen thermostat and barostat (23) were applied to 

control the temperature and pressure, respectively. The LINCS algorithm (24) as used to constrain 

all bond lengths involving hydrogen atoms and an integration time step of 2 fs was used. Periodic 

boundary conditions (PBC) were applied. Long-range electrostatic interactions were treated using 

the particle mesh Ewald (PME) method (25). The cut-off radius for the real part of the electrostatic 

interactions, as well as for the van der Waals interactions was set to 1 nm. At the end of these GOs, 

the number of hydrogen bond interactions between melamine and itaconic acid molecules was 

extracted by using Chimera software. 

 

2.5 Preparation of polymers and MIPs 

The protocol for the synthesis of the MIP and control polymer was calculated with the aid of the 

MIP database's polymer calculator (http://mipdatabase.com/calc/calc.php). Using this calculator, 

speedy and accurate conversion of the determined molar ratios to usable masses and volumes, were 

calculated using the built-in compound parameters, accessible from drop down menus. 

 

Following the solubility trials for melamine which determined DMSO as porogenic solvent of 

choice with the most favourable solubility, miscibility trials were conducted to compare DMSO 

with other (more compatible) solvents. 4 mL of chloroform, MeCN and DMSO were mixed with an 

equal volume of DVB and 44 mg of AIBN initiator in glass vials. The solutions were then agitated, 

degassed, sealed and polymerised at 60ºC for 24 hours. 

 

For the preparation of the MIP, 1 mmol of melamine was combined with 8 mmol of itaconic acid in 

4 mL (4.4 g) of DMSO in a 20 mL screw-topped glass vial. The mixture was then sonicated until all 

solids were dissolved. 24.8 mmol of DVB was then added and mixed to homogeneity followed by 

44 mg, 0.268 mmol of the initiator was added. This was AICN for UV and 80°C polymerisations 

and AIBN for the 60°C polymerisation. The mixture was purged with nitrogen for 5 minutes 

http://mipdatabase.com/calc/calc.php
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following thorough mechanical mixing. The vial was then sealed. Control polymers were 

synthesised in an identical process with the omission of the melamine template. 

 

Thermally mediated polymerisations were carried out in an oil bath for 24 hours. For UV mediated 

polymerisations, the vials were instead placed into a UV reactor using a Hönle 100 UV lamp 

(intensity 0.157 W/cm²) (Hönle UV, UK) until turbidity was observed at which point these vials 

were transferred to an  80°C oil bath for 24 hours. Following polymerisation, all vials were 

removed and broken. Then the polymer was collected, ground and sieved to extract the 25 to 106 

μm fraction which was washed with methanol for 24 hours in a Soxhlet (30 minutes approx. per 

cycle) and dried at 70°C until a stable weight was observed. 

 

2.6 SEM analysis 

SEM analysis was executed using a MERLIN FE-SEM (Zeiss GmbH, Jena, Germany). 

 

2.7 N2 Pore size analysis 

Pore size and surface area analyses were carried out using a NOVA 1000 E Series Gas Sorption 

Analyser (Quantachrome Instruments, FL, USA) and interpreted using nitrogen BET theory (26) via 

the NovaWin software software package. 

 

2.8 Column packing and HPLC calculations 

The HPLC columns used were stainless steel (50 mm× 4.6 mm) into which the polymer was packed 

using Slurry Packer model 1666 (Alltech, UK). This process entailed mixing the polymer particles 

in methanol and packing the column to a pressure of 100 bar. The columns were then tightly closed 

and washed with the mobile phase until a steady baseline was observed. 
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All HPLC experiments were conducted using a Agilent 1100 HPLC and recorded using 

Chemstation package (Agilent, CA, USA) and performed in triplicate (n=3). Polymer 

characterisation was executed using a mobile phase consisting of 50:50:0.05 water: MeCN: formic 

acid. 

 

 UV detectors were set to wavelengths of 204 and 240 nm. The dead volume, t0, of the column was 

determined by the retention time of an injection of the mobile phase containing 10% acetone. 

Recovery fraction was calculated as the area under the curve of the peak relative to the area under 

the curve created by the analyte when injected without a column present given by equation 1. 

 

𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦% =
𝑅𝑒𝑣𝑜𝑣𝑒𝑟𝑒𝑑𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛
×
100

1
 

(1) 

 

The retention factor 'k' was calculated using the formula give in equation 2. 

 

𝑘 =
𝑡𝑟 − 𝑡0
𝑡0

 

(2) 

 

Where tr is the retention time of the analyte taken at maximum peak height and t0 is the dead 

volume of the column. The separation factor 'σ' of the polymer was calculated by equation 3. 

 

𝜎 =
𝑘𝑚𝑒𝑙𝑎𝑚𝑖𝑛𝑒

𝑘2
 

(3) 
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Where the subscript denotes the k value for each respective analyte; all calculations were done 

relative to kmelamine. The imprint factor 'α' of the polymer was determined using equation 4. 

 

𝛼 =
𝑘𝑀𝐼𝑃

𝑘𝑁𝐼𝑃
 

(4) 

 

The theoretical plate number, representing the degree of interaction between the analyte and the 

polymer, was calculated by equation 5. 

 

𝑁 = 5.545 (
𝑡𝑟
𝑤ℎ

) ² 

(5) 

 

Where tr is the retention time of the analyte and wh is the peak width at half height; this was 

normalised with respect to the length of the column by calculating the height equivalent to a 

theoretical plate (H) given by equation 6. 

 

𝐻 =
𝐿

𝑁
 

(6) 

 

Where L is the length of the column. 

 

2.9 Milk sample preparation 

All milk samples were prepared identically. For powdered samples, they were mixed with water to 

a concentration of 1 gram in 10 mL. Samples were then mixed in falcon tubes at a ratio of 1:1 with 

the acetonitrile and spiked with melamine to a concentration of 10 μM and agitated for several 
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minutes. The solids were then separated from the liquid via centrifugation at 5000 RPM for 5 

minutes.  All samples were also prepared and analysed without adulteration with melamine to 

confirm their purity and also to establish a base line. 

 

3. Results and discussion 

 

3.1 Solvation of melamine into the porogen and the use of computational modelling 

As the objective of this work was to produce a molecularly imprinted bulk porous polymer resin, 

suitable for use as a HPLC column packing media, several criteria had to be satisfied. The first and 

foremost of these is to find a combination of template, FM and solvent which may facilitate the 

formation of template-FM complexes which could then be physically secured in place via 

subsequent polymerisation of a co-monomer. Computer modelling offers an accurate way to 

accelerate the selection process by creating a short list of candidates from larger libraries which 

may then be tested in the laboratory. In bulk imprinting, the template must be dissolved in the 

porogen at a concentration somewhere in the range of 0.25 – 0.4 mol·L-1. This concentration 

ensures a high number of binding sites while still ensuring a high percentage of cross-linking 

polymer to maintain structural rigidity. However, the high template concentrations typically present 

in the MIP solution can also significantly affect its thermodynamic stability and cause significant 

differences in all families of pore morphology relative to the NIP control (Figure 1). 

 

Figure 

 

Ahead of laboratory tests, melamine was screened against virtual libraries of common FMs, cross-

linkers and solvents. This was done primarily due to the exceptionally poor solubility of the 

molecule in the conventionally used porogenic solvents. A search of the literature for melamine 

non-covalent imprinting protocols showed the most commonly used solvating porogen was pure 
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methyl alcohol (27,28), a mixture of water and methyl or ethyl alcohol (29–31), or a dispersion of 

chloroform in water (32). Two further works reported the successful detection of melamine using 

cyromazine, a structural analogue of melamine, as a template and water-alcohol binary porogenic 

solvent (33,34). One additional work also reported the successful use of benzene (35) as the 

porogen. All these cited works used the methacrylate monomers MAA and EGDMA and relied on 

strong solvent interactions in addition to the enhancement of template solubility provided by the 

FM. While it is clear that such attempts have yielded favourable results, the apparent necessity to 

employ solvents of high polarity and hydrogen-bonding capacity must be assumed to be a 

significant source of disruption to the formation of high affinity template-FM complexes in the 

solution (36,37). 

 

An alternative to this approach is the use of ethylene glycol as a porogen in order to dissolve the 

melamine (38). While melamine has comparatively high solubility in ethylene glycol, it also has 

extremely high hydrogen bonding capacity and viscosity making it a challenging candidate for use 

as a porogenic solvent (36). The solution employed by Yusof et al. was to use an imprinting 

mechanism based on aromatic and Van der Waals interactions between melamine and 9-

vinylcarbazole. Mechanical mixing was used to facilitate radical mobility within the solution and to 

reduce autoacceleration.  

 

3.1.1 Computational modelling and laboratory trials 

Since the existing protocols did not satisfy the requirements of this work, methodical laboratory 

pre-polymerisation trials were conducted to find an optimal combination of FM and solvent which 

would facilitate the solvation of melamine at a sufficient concentration and ultimately produce an 

effective MIP. The ab initio use of virtual screening models in concert with laboratory trials to 

confirm these predictions ahead of any polymerisation event allows for the negation of any 

intermolecular differences in monomer reactivity which might otherwise affect the apparent results 
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if the affinity of the FM candidates were compared in their  polymerised form. Computationally 

determined affinity rankings were used to create a logical order of candidates. A summary of these 

results can be seen Figure 2. 

 

Figure 

 

Though the virtual scoring algorithm employed (described in detail elsewhere (39)), is optimised to 

predict the probability of hydrogen bond formation and strength, it cannot predict to what degree 

the intermolecular affinity and the formed complex will affect or augment the individual solubilities 

of each of the two molecules when combined in a solvent. Due to the poor solubility of melamine in 

organic solvents, the enhancing effect of the FM was heavily relied on its ability to dissolve it. 

Melamine's three amine groups, causing it to have a weakly basic nature, are most disposed to 

complex with acidic functional groups with respect to the enhancement of its solubility. Monomers 

HEMA and acrylamide were unable to dissolve melamine in any solvent to the degree where 

conventional methods of molecular imprinting would be feasible. 

 

Having failed to dissolve melamine in several conventional porogenic solvents, it was observed that 

each of the three acidic FMs, shown in Figure 2, could enhance the solubility of the template in 

DMSO to a level of 0.25 mol·L or 1 mmol in 4 mL. This implies e.g. an increase of template 

solubility by one order of magnitude for melamine, caused by the addition of the IA (40). DMSO, 

though less commonly used than porogens such as DMF, acetonitrile or chloroform due to its 

relatively high polarity in addition to its augmented hydrogen bonding capacity and Hansen 

solubility parameters (δT) (36,37) may be acceptable where the template-FM complex is sufficiently 

durable. This is also reflected in the similar melamine-affinity scores given to both of these solvents 

by the molecular model (Figure 2). 
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3.1.2 Selection of the cross linking monomer 

For bulk synthesised MIPs, the addition of the cross-linking monomer can significantly alter the 

equilibrium of the solution. This equilibrium shift is especially apparent when the template 

molecule is present at saturated levels or if the complex between the FM and template is weak. Such 

a change in solution parameters can lead to the precipitation of the template in solution through the 

breakage of the stabilising bonds within the dissolved complex. While the use of a cross-linking 

monomer with higher template affinity may guard against this precipitation of low solubility 

templates, the consequence of this may be a higher incidence of non-specific interactions during 

post-polymerisation testing and use of the MIP. 

 

Di-, Tri-, and Tetra- EGDMA exhibit increasing hydrophilic character. These monomers can be 

used as cross-linkers when a low solubility template or an unstable template-FM complex is being 

imprinted (41,42). The presence of an increasing number of oxygen atoms might also augment the 

probability of non-specific binding since they can each be employed as acceptor atoms in the 

formation of a hydrogen bond (43). This can lead to lower specificity and poor imprint factors (IF). 

Conversely it is preferred to use cross-linking monomers which exhibit low affinity towards the 

template and thus does not compete with the binding mechanism of the template-FM complex. One 

combination of such a MIP is the use of MAA and DVB as FM and cross-linker respectively (44) 

whereby the weaker van der Waals interactions between a template and cross-linker do not interfere 

with stronger hydrogen-bonds formed by the template and FM at the receptor site. 

 

One of the most commonly used FMs, MAA, was rejected for this work because its predicted 

affinity was deemed too similar to that of the porogen DMSO. This has been confirmed by poor 

stability of melamine in a corresponding monomer mixture containing MAA. This precipitation did 

not occur when the higher affinity cross-linkers, EGDMA or DEGDMA, were added. These 
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methacrylate monomers were also rejected as the affinity of these cross-linkers to melamine was 

interfering with the melamine-FM complex. 

 

Ultimately, the combination of melamine, IA, DVB and DMSO for template, FM, cross-linker and 

porogen respectively, was considered to be optimal. The strength of the melamine-IA complex 

could also be immediately observed due to the stability of the solution upon the addition of the low 

affinity cross-linker DVB to monomer mixture, where no precipitation was observed. 

 

Though IA and DVB was seen to be an excellent combination for the formation of a highly 

selective MIP, the necessity to use DMSO as a porogen in order to dissolve melamine raised 

concerns about the dynamic miscibility of the solution during polymerisation. Though the 

difference in δT is an initially negligible issue due to the relatively low molecular weights of the 

(mono) DVB and DMSO, it becomes a hindrance to the homogeneous dispersion of DVB 

throughout the DMSO during polymerisation as the chain length and augmented molecular weight 

finally induces phase separation (45). To confirm the feasibility of the use of DMSO as a porogen in 

this scenario, DVB polymer blanks were prepared using DMSO as well as the more commonly used 

porogens, chloroform and acetonitrile. SEM micrographs were taken to view the effect of the 

porogen on the formation of the second and third family pore structures with respect to increasing 

δT (46). 

 

As can be seen in Figure 3, the pore structure of the chloroform-DVB polymer shows high 

homogeneity with all microspheres completely merged. The intermediate δT of the acetonitrile-DVB 

combination yielded adequate third family pore formation albeit with the merged microsphere-

aggregates clearly visible in the morphology. Apparent puckering in the surface of the DMSO-DVB 

shows the endurance of the early stage microsphere-morphology due to a more abrupt phase 

transition. However, an acceptable third family pore structure is visible to a degree comparable to 
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that of the acetonitrile-DVB polymer and was thus deemed satisfactory for use as a porogen for the 

DVB polymer. 

 

Figure 

 

3.2 Thermodynamic calculation of stoichiometric ratio and MIP composition 

As an improvement on the standard 1:4 ratio generally employed in laboratory syntheses (47), 

determination of the ideal stoichiometry of a potential template-FM combination can allow for a 

greater deal of insight during the polymer and protocol design process. In order to optimise MIP 

composition, the knowledge of the ideal stoichiometric ratio between the template and FM, 

melamine and IA was required. By calculating the maximum number of FM molecules capable of 

forming high quality hydrogen bonds with the template, specificity and sensitivity can be 

maximised. This was achieved through minimisation of the formation of lower affinity binding sites   

(48). 

 

The use of a computationally determined ratio alone, which is calculated under ideal conditions, has 

been reported to produce an inferior MIP with a high incidence of non-specific and heterogeneous 

binding behaviour caused by the disruption of the majority of the template-FM complexes by the 

solvent and cross-linker (49). For this reason, an excess of monomer as a 'factor of safety' was 

added to the calculated ideal ratio. This factor of safety cannot be an unchecked saturation of the 

solution with the FM as this can also lead to FM-aggregation or dimerisation, also leading to a net 

reduction of receptors within the MIP (15,47,50). 

 

Melamine-IA stoichiometric ratios of 6 were calculated by both computational methods attempted 

with both complexes showing identical bonds for each (Figure 4). This ratio of 6 with respect to the 
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use of a carboxylic dipole is also independently confirmed by a third method recently published in 

the literature (28). This ideal ratio of 6 was increased to 8 for the practical synthesis of the MIP. 

 

Figure 

 

Thus the newly determined parameters for molecular dynamics protocol utilising the Gromacs open 

source molecular dynamics package were doubly confirmed. This confirmation of the Gromacs 

protocol is of added interest due to its departure from convention of the relaxation of the FM around 

the template via simulated annealing, from elevated to ambient temperature which has been the 

method of choice for the calculation of template-FM stoichiometric ratio to date. The Gromacs 

process, conversely, relies on a series of minimisation cycles and a relaxation phase in the form of a 

gradual annealing followed by a relaxation step at 300 K. This strategy allows the calculation to be 

applied to thermally sensitive or biological molecules and, in this particular case, enables the 

geometric optimization of the monomers around the template (51,52). 

 

Having determined the optimal volumes of melamine, IA and DMSO which were dictated by 

stoichiometry and solubility limits, the calculation of the exact volume of cross-linker and initiator 

was calculated with the aid of the free online polymer calculator from the MIP database (see 

Materials and Methods). This allows for the facile calculation of all molecular and volumetric ratios 

with the inbuilt unit conversion facility. In this way, the masses or volumes of all of the 

polymerisation mixture can be balanced against the required volume of porogenic solvent, typically 

constituting to 50% of the total solution (47). 

 

3.3 Selection of initiator and polymerisation temperature 

The rate of radical propagation, of chain growth and the thermodynamic 'goodness' of the solvent 

all affect the point at which chain collapse and precipitation into the solution occurs. This 
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precipitation point can be significantly delayed or advanced depending on the effect of the template. 

When the template has a high level of solubility in the porogen, the thermodynamic stabilisation of 

oligomer during chain growth leads to an enhancement in pore and precipitate size (3). 

Alternatively, as is the case in this study, the decreased stability that melamine imbues to the 

growing oligomer was seen to force the precipitation of the chain at a shorter molecular weight and 

thus reduce the pore structure and net surface area of the polymer. Adding to the complexity of this 

effect is the enhancement of melamine solubility in DMSO with respect to increased temperature 

(53) which increases the stability of solvated melamine-IA complexes though any increase in 

temperature will have a similar effect on the rate of radical propagation (54). A general rule of MIP 

synthesis with respect to the formation of selective binding sites is that the process should take 

place over a long period of time, at a low temperature and with a low concentration of initiator (55). 

However, as is the present case, the final application of HPLC column packing media and the low 

thermodynamic stability of the melamine-IA complex required an elevated temperature to maintain 

sufficient mechanical rigidity and oligomer stability. The mass of the initiator was, however placed 

at a constant value of 44mg or 1% of the total monomer mass. 

 

Two radical initiators were selected for polymerisation both of which had differing rates of 

decomposition (kd) with AIBN at 60ºC and AICN at 80ºC decomposing at rates of approximately 

17x10-5 s-1 and 6.5x10-6 s-1 respectively (49). The latter can also be initiated via UV excitation at 

room temperature. The destabilising effect of melamine on the polymerisation process was most 

evident during room temperature polymerisation whereby phase separation was occurring 33% 

faster than in the case of the control. This clear and immediate demonstration of oligomer 

destabilisation in solution by melamine was reflected when the results of the porosity and surface 

area measurements were analysed (Table 1). Pore volume was reduced by one order of magnitude 

due to this effect with a similar reduction in total surface area. Due to the increased rate of radical 

propagation resulting from the AIBN-initiated polymerisation at 60ºC, the pore volume was notably 
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reduced from that of the slower radical production rate of the AICN-initiated polymerisation at 

80ºC. The pore volume of the NIP control was 140% that of the MIP. While the difference in 

surface area between the MIPs and NIPs of the two thermally initiated polymers was comparable, 

the very similar pore volume of the AIBN-initiated MIP and NIP cause it to be ultimately selected 

for further tests as it allowed for the most accurate analysis of the imprint factor. 

 

Table 

 

3.4 Mobile phase selection and polymer characterisation 

Following its selection as the polymer most comparable to its control, the AIBN-initiated MIP, 

polymerised at 60ºC, was packed into HPLC columns. The use of the MIP as the stationary phase in 

a HPLC flow system has the distinct advantage of reducing the required detection time by 

decreasing the number of preparatory steps and negating the need for a separate regeneration 

process, as is the case with the more commonly used SPE method of detection. As a goal of this 

work was to create such an incorporated sensor, a comprehensive characterisation of the MIP was 

carried out under conditions typical to the detection of melamine-contaminated milk (56). To 

facilitate the MIP's accurate characterisation, acidification of the mobile phase was necessary due to 

the failure of FM-FM dimerisation events during polymerisation. This dimerisation of surplus 

functional groups is essential to minimise non-specific interactions between the polymer and target, 

the absence of which may lead to the complete negation of any apparent imprinting event via the 

higher incidence of exposed functional groups at the surface of the polymer (47). This phenomenon 

was made apparent by a high retention time, notably greater than that of the MIP, exhibited by the 

NIP toward melamine when a purely aqueous mobile phase was tested. This high retention time was 

accompanied by broad peak with extreme tailing caused by the exposure of IA-carboxylic groups 

on the surface of the NIP. Interestingly, in addition to the reduced retention time, the MIP column 

also showed a greatly reduced level of tailing which was attributed to the higher level of order and 
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reduced accessibility of the functional groups as more were engaged in a single receptor site at the 

MIP surface. The non-specific interactions exhibited by the NIP were disrupted with the 

acidification of the mobile phase with a weak acid. With the addition of 0.05% formic acid, the 

imprinting factor could be viewed and the polymer specificity characterised. 

 

It was immediately notable that the peak tailing was still present in the NIP control even when the 

optimised mobile phase was implemented (Figure 5). Tailing was far less of an issue in the case of 

the MIP and its narrower peaks were accompanied with increased peak-symmetry. Optimisation of 

experimental conditions showed an increase in imprinting factor (α) with respect to reduced 

concentration and flow rate with a maximum value of 2.25 (Figure 6). A flow rate of 0.5 mL·min-1 

was ultimately selected due to practicality of the analysis. 

 

Figure 

 

Figure 

 

Cross-response of the polymer under these conditions could then be analysed. It was seen that due 

to the low affinity of the cross-linking polymer, DVB, specificity towards melamine could be 

rapidly achieved while secondary molecules were flushed trough the column without any 

interaction (Table 2). Acetoguanamine, the molecule which exhibited a retention factor (k) most 

similar to melamine, is retained notably longer on the non-imprinted polymer than melamine due to 

a higher primary affinity towards IA. This order is reversed on the MIP and must be attributed to 

the morphology of the imprinted receptors within its structure. Melamine recovery is also superior 

in the case of the MIP while for all other secondary molecules tested; the NIP control displayed 

improved recovery for all other secondary molecules tested. 
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Table 

 

3.5 Testing on spiked real milk samples 

Having confirmed the efficacy of the imprinting protocol and the resulting polymer, milk samples 

were prepared to test the ability of the MIP to detect melamine in its known role as an adulterant in 

dairy products. Five samples were selected from local supermarkets in order to encompass a range 

of fat contents and product lifespans (Table 3). It was in the screening of these spiked samples that 

the limitation of the combined effect of the column length and polymer surface area was made 

apparent. The efficiency of separation power of MIP (as well as the Blank) columns did not allow 

separation of the melamine peak from all other compounds in all five samples tested (Table 2). For 

this reason, the organic fraction of the mobile phase was increased by 50% to improve peak 

separation. This had the desired effect and good recovery could be observed in four of the five 

samples tested (Table 4). The powdered samples showed greater levels of absorbance overall, 

possibly due to the presence of nondescript fibre within them, stated as being present at levels of 

0.1% in sample 5. Improved recovery percentages using this polymer may be achieved with the use 

of a longer column which would compensate somewhat for the lower surface area observed in the 

MIP resulting from melamine's solubility issues. 

 

Table 

 

Table 

 

3.6 Comparison with the literature 

When attempting to imprint a low solubility molecule such as melamine, several strategic choices 

and compromises must be made in order to satisfy the objectives of a given project and thus procure 

certain advantages and disadvantages. In this work, this has been the production of a rapid and 
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specific, single step method for the detection of melamine in real samples. A brief summary of the 

properties of the MIP detailed in this current work is compared with those reported in the literature 

can be seen in Table 5. 

 

Table 

 

4. Conclusions 

A new MIP HPLC column for the detection of melamine in milk has been described. Using virtual 

screening methods, laboratory screening time was greatly reduced. Solvent-polymer compatibility, 

template affinity and polymerisation conditions were confirmed through virtual and practical 

methods to produce an optimised imprinted polymer. A novel new protocol was presented for the 

determination of template-FM stoichiometric ratio using the open source molecular dynamics 

software suite, Gromacs. The minimisation of affinity between cross-linking polymer and 

melamine, the target, allowed for a rapid and selective analysis process which, under optimised 

conditions took 7 to 8 minutes. The maximum imprinting factor of the polymer column was 

calculated to be 2.25 and showed discriminative preference for melamine at concentrations from 

100 to 1 μM. This MIP-HPLC based analysis system is a promising tool for the detection of 

melamine in food products. 
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Figure Captions 

 

FIG 1: Schematic representation of the molecular imprinting and pore formation processes in the 

synthesis of a molecularly imprinted porous polymer resin 

 

FIG 2:  Histogram summarising the binding affinities of functional monomer, cross-linker 

monomer and solvent molecules for melamine as calculated by the SYBYL molecular modelling 

platform 

 

FIG 3: SEM micrographs showing the effect of differences in δT and polymer-porogen miscibility 

on third family pore formation and homogeneity for (a) chloroform-DVB, (b) acetonitrile-DVB and 

(c) DMSO-DVB 

 

FIG 4: Image of ideal melamine-IA stoichiometric complexes calculated using parameters based on 

(a) the SYBYL modelling platform and (b) the open source Gromacs modelling platform 

 

FIG 5: Chromatogram of the peak corresponding to a 10 μL injection of (a) 100 μM and (b) 10 μM 

melamine solution in a 50:50:0.05 water, acetonitrile, formic acid and 0.5 mL·min-1 mobile phase 

 

FIG 6: 3D histogram detailing imprint factor 'IF' as a function of flow rate and melamine 

concentration; injection volume was 10 μL 
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List of Tables 

TABLE 1: Summary of porosity and surface area measurements calculated using the N2 BET 

method 

 

Polymerisation type Radical 

Initiator 

Polymer 

ID 

Pore 

Volume 

(cc·g-1) 

Pore radius 

(Å) 

Surface area 

(m2·g-1) 
temperature Energy source 

20ºC UV AICN MIP 0.0077 9.6 24.61 

NIP 0.0265 9.3 75.88 

60ºC Thermal AIBN MIP 0.1660 8.8 385.30 

NIP 0.1710 8.8 400.10 

80ºC 

 

Thermal AICN MIP 0.6670 8.9 432.38 

NIP 0.9483 8.9 445.10 
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TABLE 2: Affinity and capacity factors characterising the (a) MIP and (b) NIP  for cross response 

at a flow rate of 0.5 mL·min-1 and a 10 μL injection volume of 10 μM concentration 

(a) 

 Retention 

time (min) 

k σ α % Recovery N H (mm) 

melamine 4.20 1.49 N/A 1.39 94.59 43.14 1.16 

acetoguanamine 4.07 1.41 1.06 0.91 78.92 29.19 1.71 

Cyanuric acid 1.55 -0.08 N/A N/A 38.45 1.09 45.71 

triazine 1.74 0.03 44.38 0.05 91.99 56.48 0.89 

urea 1.60 -0.05 N/A N/A 108.25 69.30 0.72 

 

(b) 

 Retention 

time (min) 

k σ % Recovery N H (mm) 

melamine 3.29 1.09 N/A 83.3 24.61 2.03 

acetoguanamine 4.02 1.55 0.70 79.14 9.78 5.11 

Cyanuric acid 1.53 -0.03 N/A 56.07 0.27 187.77 

triazine 2.58 0.64 1.70 100.09 6.34 7.88 

urea 1.79 0.14 7.91 114.77 22.31 2.24 

 

  



32 

TABLE 3: Description and content summary (g/100 mL) of milk samples tested 

 

Sample Description Fats Carbohydrate Protein 

1 Tesco everyday value British skimmed UHT milk 1.8 4.8 3.6 

2 Pensworth Full fat whole milk 3.6 4.6 3.4 

3 Pensworth low fat semi-skimmed milk 1.6 4.7 3.6 

4 Tesco everyday value dried milk 0.06 3.0 2.1 

5 Tesco Instant dried skimmed milk with added 

vitamins A & D 

0.05 4.6 3.3 

 

TABLE 4: Recoveries of melamine from the 5 milk samples detailed in Table 3 

 

Sample % of total area % Recovery 

1 17.22 94.16 

2 17.39 96.11 

3 17.28 66.91 

4 16.17 90.07 

5 14.78 88.87 
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TABLE 5: List of the state of the art in comparison to this current work 

 

Template Polymer format Detection 
method 

LOD Steps Measurement 
time 

Ref. 

Melamine Bulk 
polymerisation 

Selective 
adsorption 

0.0127 
ng/mL 

2 50 minutes (27) 

Melamine Precipitated 
nanoparticles 

Equilibrium 
binding 

19.84  
mg/g 

2 12 hrs (28) 

Melamine Bulk 
polymerisation 

SPE 0.5μM 2 Not given (29) 

Melamine Core-shell 
precipitates 

Equilibrium 
binding 

10 
ng/mL 

2 24 hrs (30) 

Melamine Bulk 
polymerisation 

SPE 0.1μg/g 2 Not given (31) 

Melamine Suspension 
polymerisation 

Selective 
adsorption 

10 mg/L 2 40 minutes (32) 

Cyromazine Bulk 
polymerisation 

SPE 0.1 
ng/mL 

2 Not given (33) 

Melamine Precipitated 
microparticles 

SPE 53.01 
mg/g 

2 Not given (38) 

Melamine Bulk 
polymerisation 

HPLC column 1μM 1 7 minutes This 
work 
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