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Abstract 

 

Today we heavily rely on technology and increasingly utilize it to monitor our own health. The 

identification of sensitive, accurate biosensors that are capable of real-time cortisol analysis is 

one important feature for these technologies to aid us in the maintenance of our physical and 

mental wellbeing. Detection and quantification of cortisol, a well-known stress biomarker 

present in sweat, offers a non-invasive and potentially real-time method of monitoring anxiety. 

Molecularly imprinted polymers are attractive candidates for cortisol recognition elements in 

such devices as they can selectively rebind a targeted template molecule. However, 

mechanisms of imprinting and subsequent rebinding, depend on the choice and composition of 

the pre-polymerization mixture where the molecular interactions between the template, 

functional monomer, crosslinker and solvent molecules are not fully understood. Here, we 

report the synthesis and evaluation of a molecularly imprinted polymer selective for cortisol 

detection. Molecular dynamics simulations were used to investigate the interactions between 

all components in the pre-polymerization mixture of the as-synthesized molecularly imprinted 

polymer. Varying the component ratio of the pre-polymerization mixture indicates that the 

number of crosslinker molecules relative to the template impacts the quality of imprinting. It 

was determined that a component ratio of 1:6:30 of cortisol, methacrylic acid and ethylene 

glycol dimethacrylate, respectively, yields the optimal theoretical complexation of cortisol for 

the polymeric systems investigated. Experimental synthesis and rebinding results demonstrate 

an imprinting factor of up to 6.45. The trends in cortisol affinity predicted by molecular 

dynamics simulations of the pre-polymerisation mixture were also corroborated through 

experimental analysis of those molecularly imprinted compositions that were modelled, 

demonstrating the predictive capabilities of these simulations.  

 

Keywords 

 

biochemical sensor, artificial receptor, cortisol, molecularly imprinted polymers, rebinding, 

molecular dynamics simulations 

 

Introduction 

 

To promote our survival, we have evolved to react to the siren blast of cortisol in response to 

threat. Cortisol is mainly tasked with keeping us alert until we reach a safe place. However, in 
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current society, such threats are not always tangible or even real (e.g., we might have replaced 

a real threat with a routine work task, like a deadline). Hence, we find ourselves wired with a 

primitive survival system navigating through an environment that constantly stimulates us for 

a cortisol surge. This overload (constant awareness of imminent danger) is measurable and its 

consequences, such as anxiety and physiological stress can be manageable provided, we have 

the right tools and information.1 Sustained physiological stress can have a detrimental effect 

on human health and contributes to the development of chronic diseases, such as Cushing’s 

disease.2-3 Monitoring stress levels is therefore important in the maintenance of physical and 

mental health.2, 4 Cortisol is found in sweat as well as other bodily fluids therefore, the detection 

and quantification of cortisol levels in perspiration offers both a non-invasive and potentially 

real-time method of monitoring stress.5 Unlike other methods, which rely on analysis of 

physiological data such as levels of perspiration itself, heart activity or skin temperature,6-7 the 

direct measurement of cortisol levels within bodily fluids will not be affected by non-stress-

related factors, such as external temperatures or the presence of fever.3  

 

Typically, cortisol detection has been carried out via mass spectroscopic quantification.8 

Although this method can efficaciously measure the cortisol biomarker over the conventional 

range of physiological variations, mass spectroscopic quantification can often be obligated to 

sophisticated laboratory equipment. Additionally, this method can provide shortcomings with 

respect to specificity and hence, acquire multiple pre-processing steps (e.g., solid-phase 

extraction).9 Other methods of detection have explored the technique of immunoassays 

whereby, a variety of antibody immobilization chemistries have been adopted to enhance 

sensitivity and selectivity. 10 Whilst forms of ELISA detection 11-12 and radioimmunoassay 13-

14 systems have regularly been correlated with cortisol monitoring, they suffer from large 

sample volumes, elongated incubation time periods and laboratory equipment. Therefore, these 

techniques demonstrate an inferior applicability with respect to their performance for 

minimally invasive and real-time monitoring operations. 15 Molecularly imprinted polymers 

(MIPs), on the other hand, offer an alternative and are increasingly being employed as artificial 

receptors for the recognition of small molecules, 16-18 such as cortisol. 16-18 In particular, Parlak 

et al. have previously demonstrated the utility of MIPs in a wearable, non-invasive cortisol 

sensor.3 

 

MIPs are a class of synthetic polymers formed in the presence of a template molecule (usually 

the target analyte) which, when removed after polymerization leave specific cavities within the 

polymeric structure. Such cavities are complementary in shape, size, and chemical 

functionality to the template molecule and thus, can be later used for selective recognition of 

the original target analyte. In principle, the origin of a MIP’s selectivity is the balance of 

molecular interactions between the template and functional monomer, the so-called complex 

formation in the pre-polymerization mixture for cortisol and methacrylic acid (MAA) in this 

case (Figure 1). These molecular interactions can arise from covalent, non-covalent, semi-

covalent, metal-binding and metal-mediated bonds. 19 A reversible interaction between the 

template and functional monomer is key when designing a MIP to be utilized as a sensor 

component. Hence, non-covalent e.g., hydrogen bonds, van der Waals and electrostatic 

interactions are the most versatile interactions for these purposes and must be understood 

throughout the polymerization process to ensure effective imprinting. 20 The quality of such 

interactions is dictated by the composition of the pre-polymerization mixture. The type and 

relative amount of functional monomer, crosslinking molecule and porogen solvent can all 

affect the nature of imprinting and ultimately the performance of the MIP. Moreover, the ideal 

composition will vary for each template and target application. Thus, the selection of 

polymerization components and their stoichiometries is a crucial step in MIP synthesis.  
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Commonly, imprinting factors (IFs) are used to evaluate the quality of imprinting within MIPs. 

The IF is a ratio of the binding capacity of a MIP (𝑄𝑀𝐼𝑃) compared to the binding capacity of 

the non-imprinted polymer (NIP) counterpart (𝑄𝑁𝐼𝑃) (Equation 1). IF values can therefore 

indicate the strength of interaction between MIPs and their template molecules. A high IF is 

indicative of a strong binding affinity MIP. 21-22 Additionally, the selectivity of MIPs towards 

their target analyte and the ratio of target binding versus non-target binding are also important 

to consider with respect to the evaluation of MIP quality. 23-24 

 

𝐼𝐹 =  
𝑄𝑀𝐼𝑃

𝑄𝑁𝐼𝑃
                                                     (1) 

 

Traditionally, combinatorial screening has been used to identify effective MIP systems: a 

library of potential monomers is generated and used to synthesise a range of MIPs. The affinity 

of each MIP towards the template is then assessed via rebinding experiments. Although this 

approach has proved useful for simple systems, combinatorial screening is becoming 

increasingly difficult and time consuming with the rapid increase of polymerizable materials 

and is further complicated if multiple types of monomers are required. 25 Computational studies 

are readily being utilized as alternatives to traditional screening methods. 26 Ab initio models 

can aid the selection of functional monomers and probe the origins of MIP selectivity by 

studying the physical mechanisms of imprinting,27-30 but are limited to studying smaller 

systems, as the Schrödinger equation is solved to obtain the energy at each time point - at great 

computational expense. Molecular mechanics (MM) approximations with empirical potentials 

have also been used to select MIP components by screening the binding energy of a given target 

molecule against a library of functional monomers in vacuum25, 26 and in solvated systems.17 

Molecular dynamics (MD) simulations, on the other hand, use force fields to estimate the 

interatomic forces and energies at each time step. This approach facilitates the modelling of 

larger, multicomponent systems and can include explicit solvent models.26 Therefore, MD is a 

powerful tool when modelling MIPs as all components of the pre-polymerization mixture can 

be included to give a more accurate representation of the imprinting process. Such MD 

simulations have been used to (i) probe imprinting mechanisms, 22, 24, 31-33, (ii) study porogen 

effects 34-36 and (iii) identify the ideal stoichiometry of various MIP components. 37  
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Figure 1. A schematic illustration of the molecular imprinting synthesis process using cortisol 

as a template molecule with the functional monomer methacrylic acid (MAA) and crosslinker 

ethylene glycol dimethacrylate (EGDMA). 

 

Herein, this holistic work evaluates the synthesis and optimisation of an MAA-based, cortisol-

selective MIP informed by MD. MD simulations are used as a tool to investigate the mechanism 

of imprinting and to evaluate and optimize the quality of the as-synthesized MIPs. The use of 

MD over other methods allowed all components of the pre-polymerization mixture to be 

modelled to study how their stoichiometry effects imprinting. Computational modelling of 

various pre-polymerization mixtures estimated the optimum reaction composition. The 

predictive capabilities of such simulations have been corroborated via experimental 

procedures. In addition, the theoretical optimum composition can be used to inform the 

synthesis towards the most efficient cortisol-selective MIP. 

 

Materials and Methods 

 

Materials 

‘BioReagent’ grade solid hydrocortisone (a synthetic chemical equivalent of the steroid) was 

used to perform the biological role of cortisol and herein, will be referred to as cortisol. 2,2’-

axobis(2-methylpropionitrile) (AIBN), methacrylic acid (MAA), ethylene glycol 

dimethacrylate (EGDMA), anhydrous dichloromethane (DCM) > 99.8% purity containing 40-

150 ppm amylene as a stabiliser and anhydrous methanol of 99.8% purity were all obtained 

from Sigma-Aldrich and used in the synthesis of cortisol MIPs and NIPs. All chemicals were 

used as received with the exceptions of MAA and EGDMA, which had their inhibitors removed 

by gravity filtration via prepacked aluminium oxide columns designed for the removal of 

hydroquinone and monomethyl ether hydroquinone. 
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Selection of functional monomer, crosslinker and solvent 

Selection of the recognition and structural elements are the most crucial factors to consider 

when designing molecularly imprinted materials. The chosen functional monomer(s) must have 

the capability to bind to the template molecule and the chosen crosslinking agent must have the 

ability to conserve spatial integrity of the imprinted species after the extraction of the template. 

Here, MAA and EGDMA were used as the functional monomer and crosslinker, respectively. 

The MAA/EGDMA system was first proposed by Mosbach et al. and has since been 

responsible for some of the most successful non-covalent imprinting systems. 38-39 This success 

has been attributed to MAA’s ability to be exploited as a functional monomer to a broad range 

of template species, including nucleotides, saccharides, peptides, inorganic ions, etc., and 

EGDMA’s ability to control the morphology of the polymer matrix thus, stabilising the 

imprinted binding sites. 40 MAA is indeed one of the most popular functional monomers of 

choice and this is largely due to the presence of the carboxylic functional group, which operates 

as a hydrogen-bond acceptor, hydrogen-bond donor, and a proton donor 39, 41-42. Additionally, 

MAA is a suitable choice as it provides simplistic and convenient characteristics necessary for 

successful self-assembly, like that of biological recognition systems, where non-covalent 

forces are utilized. 39 This suitability has been reinforced by several studies in which MAA has 

been shown to successfully retain a considerable proportion of the template. 41 Despite the 

potential of self-assembly methods resulting in imprinted species showing lower binding 

affinities compared to those prepared via covalent methods, self-assembly is still a popular 

selection. This popularity is attributed to its simplicity of complex formation and dissociation, 

and its ability to accommodate a variety of different functional monomers, which can in turn 

interact with almost any kind of template. 40 AIBN was selected as the initiator in this study as 

the use of azo initiators is often adopted to encourage very rapid reactions. 40 The 

polymerization was carried out at a low temperature (4 °C) to avoid thermal runaway and to 

decrease the kinetic energy of the pre-polymerization complex thus, increasing its stability and 

supporting a greater binding capacity and specificity in comparison to a thermally initiated 

polymerization. 43-45 
 

Another vital criterion for successful imprinting is solubility of the template molecule in the 

chosen porogen solvent, which serves to maintain stability during polymerization without 

undergoing reactions with free radicals. The solvent must also be capable of producing large 

pores to facilitate the permeability properties of the MIP. Therefore, increasing the solvent 

volume should lead to an increase in pore volume of the synthesized polymer. Taking this into 

account, anhydrous DCM, a non-polar solvent often used to increase the selectivity of 

imprinted cavities, was combined with 10% anhydrous methanol, a polar solvent to increase 

solubility of the print species 41. Methanol is a protic solvent, which can easily form hydrogen-

bond networks with carboxylic acids. The functional groups provided by cortisol make this 

steroid a suitable template molecule for its successful molecular imprinting using the 

MAA/EGDMA system and suggests that the resulting MIP will show significant and selective 

rebinding of the template when compared to the NIP. 41, 46-47  

 

Synthesis of cortisol MIP 

All imprinted polymers were synthesized via bulk polymerization. MIPs were synthesized by 

first decanting aluminium oxide into two syringes filled with glass fibres. MAA as functional 

monomer and EGDMA as crosslinker were filtered (separately) through the columns under 

gravity. Once the inhibitors were removed, MAA (1.2 mmol, 0.118 mL) and EGDMA 

(6 mmol, 1.131 mL) were combined in a reaction vessel with the addition of 2 mL of DCM. 

Cortisol (0.2 mmol, 72.0 mg) as the template molecule was then added and solubilised with the 

addition of 0.2 mL of anhydrous methanol. After concealing the reaction vessel from light, 
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AIBN (0.07 mmol, 11.5 mg) was added as the initiator. The mixture was degassed with 

nitrogen for 25 min and then photochemically polymerized overnight using a standard 

laboratory UV reactor (Cole-Parmer 4-Watt UV lamp) at a wavelength of 365 nm and kept at 

4 °C using a recirculatory bath (Isotemp). The obtained colorless and translucent polymer was 

manually ground using a pestle and mortar and then mechanically milled. Mechanical milling, 

a popular method used to achieve uniform size and shape polymer powder particles, was carried 

out using a Retsch MM 400 machine at a frequency of 20 Hz for 25 mins. Ground cortisol 

MIPs should increase the surface area available for methanol penetration leading to successful 

cortisol extraction and more successful cortisol recapture. 48-51  

   

Removal of cortisol template molecule   

The cortisol template molecule was extracted by successive washings with anhydrous 

methanol. Polymer powders were suspended in anhydrous methanol, sonicated (Ultrasonic 

Cleaner 300T) for 20 min and centrifuged (MedifugeTM) for 10 min at 2,500 rpm. The products 

were dried in an oven under vacuum (Vacutherm ETR-ESG) at 80 °C overnight. The 

decreasing levels of cortisol were followed spectrophotometrically at 242 nm using a Jenway 

7205 spectrophotometer (Figure S1). Solutions were analyzed using a Suprasil® quartz 

cuvette, pathlength 10 mm, chamber volume 700 L. Absorbance was measured against a 

background of pure methanol until the template molecule could no longer be visibly detected. 

NIPs were synthesized under the same conditions without any methanol washings due to the 

absence of the cortisol template in their synthesis. 

 

The described method outlines the synthesis of a cortisol-selective MIP in a 1:6:30:0.35 ratio 

of cortisol, MAA, EGDMA and AIBN, respectively. To determine the optimal composition of 

this MIP and to corroborate the power of MD simulation predictability, further experiments 

were conducted with varying ratios of crosslinker. The synthesis was repeated with modified 

crosslinker ratios of 9, 18 and 24 and herein, will be referred to as CL9, CL18, CL24 and CL30 

(Table 1). 

 

Table 1 Varying crosslinker ratios and their associated concentrations, volumes, and moles, 

respectively. 

 Ratios Concentration, volume, and moles (mol/cm3, mL, mmol) 

CL9 1:6:9:0.35 0.0053, 0.34, 1.8 

CL18 1:6:18:0.35 0.0053, 0.68, 3.6 

CL24 1:6:24:0.35 0.0053, 0.90, 4.8 

CL30 1:6:30:0.35 0.0053, 1.13, 6.0 

 

Cortisol calibration curve  

Stock solutions with concentrations of 0.2, 0.4, 0.6, 0.8 and 1.0 µM, respectively were freshly 

prepared by dissolving the steroid in anhydrous methanol. UV-Vis spectroscopy was used to 

measure the absorbance of each solution using a Jenway 7205 spectrophotometer. Solutions 

were analyzed using a Suprasil® quartz cuvette of spectral range 200-2,500 nm, pathlength 

10 mm, chamber volume 700 L. Absorbance was measured against a background of pure 

methanol and these results were plotted to formulate a calibration curve (Figure S2).  
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Rebinding of cortisol 

Two separate columns (glass syringes) were pre-packed with glass fibres. Each syringe was 

then subsequently packed with 220 mg of MIP and NIP, respectively. Each prepacked syringe 

was gravity filtered with a cortisol solution (1.0 µM, 2 mL) and all eluents were collected in 

sealed labelled vials (to prevent evaporation) (Figure S3i). After complete filtration (ca. 4-

6 hr), this procedure was directly repeated by filtrating clean anhydrous methanol (2 mL) 

through the same pre-packed syringes and again collecting the eluents in labelled vials (Figure 

S3ii) for measurement. A further control was carried out by repeating this protocol with a 

column containing glass fibres only to determine any non-specific adsorptions. All the 

collected solutions were analyzed using a Suprasil® quartz cuvette of spectral range 200-

2,500 nm, pathlength 10 mm, chamber volume 700 L. 

 

Thermal Characterisation of Polymers 

The glass transition temperature (Tg) of MIPs and NIPs were analyzed by differential scanning 

calorimetry (DSC) using a Thermal Advantage DSC Q20 machine from TA instruments 

controlled by the Q Series programme and equip with a Thermal Advantage Cooling system 

90. DSC operated under a nitrogen purge with a flow rate of 18 cm3/min. Samples were loaded 

into 10 µL Tzero aluminium pans and heated or cooled at a rate of 10 °C/min. The heat flow 

was recorded against an empty 10 µL Tzero reference pan. The onset of thermal degradation, 

Td, was recorded by thermogravimetric analysis (TGA) using a Setsys Evolution TGA from 

Setaram. The Calisto programme was used to collect and process data. Samples were loaded 

into a 170 µL alumina crucible and heated from 25 to 650 °C at a rate of 10 °C/min under a 

flow of argon. During the heating ramp, the evolving gas was sampled by an Omnistar GSD 

320 mass spectrometer from Pfeiffer Vacuum which was equipped with a quadrupole mass 

analyzer and a SEM detector.  

 

Nitrogen Adsorption Isotherms and BET Surface Area 

Nitrogen adsorption isotherms were performed on a 3Flex machine from Micromeritics and 

calculations were performed within the MicroActive program. Samples (1.01 and 0.80 g of NIP 

and MIP respectively) were loaded into 12 mm wide glass tubes and degassed in situ with the 

aid of a heating chamber set at 100 °C. Adsorption of nitrogen was conducted at 77 K. From 

the collected adsorption data, the samples’ surface area was estimated using the Brunauer-

Emmett-Teller (BET) theory and the samples’ pore size distribution calculated using Barrett-

Joyner-Halenda (BJH) analysis. Additional details and values for the surface area 

measurements of each system can be found in the supplementary information).  

 

Microscopy 

Samples were examined under a JSM-6301F field emission scanning electron microscopy (FE-

SEM). Before analysis, the samples were mounted onto aluminium stubs and evacuated 

overnight. The samples were then coated with a 20 nm layer of chromium using a Quorum 

Q150T S sputter coater. Samples were then viewed at a working distance between 8 and 10 nm 

under an accelerating voltage of 5 kV. The average particle size and distribution of NIP and 

MIP particles were determined using optical microscopy. Each sample was viewed at a 

magnification of 10x using brightfield illumination on an Olympus BX51 microscope. Image 

captures were taken using the cellSens Standard program and were analyzed within ImageJ: a 

scale of 160 pixels:100 µm was set. The threshold was adjusted to highlight particles of interest, 

a sample area was set and particles within this area were analyzed in terms of their Ferret 

diameters. In the case of multiple samples, this process was repeated, and the mean values 

reported. 
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Computational Methods 

Initial molecular geometries of cortisol, MAA, EGDMA, methanol and DCM were obtained 

from the Automated Topology Builder (ATB) online repository. 52 All components were 

modelled based on the Optimized Potentials for Liquid Simulations for All Atoms (OPLS-AA) 

forcefield 53, considering available improvements over the original OPLS-AA for both solvents, 

DCM 54 and methanol 55 (Figure S4a, b respectively, show the in-house validation of such 

models).  

 

MD simulations under the NVT, canonical ensemble, where the total number of molecules (N), 

volume (V) and temperature (T) are kept constant, and in the NpT, isobaric-isothermal 

ensemble, where N, pressure (p) and T are fixed 56-57 were implemented using GROMACS 

2019.2 58. The selection of the ensemble depends on the property of interest, e.g., density will 

be a simulation result from the NpT ensemble as the volume of the system fluctuates during 

the simulation as the total energy of the system is minimised. Pressures and temperatures were 

initially maintained using the Berendsen barostat and thermostat respectively; after 

equilibration, production runs were coupled to the Nose-Hoover thermostat. Periodic boundary 

conditions were applied to all simulation cells. A cut-off radius of 1.5 nm was defined for 

Coulomb and Lennard-Jones potentials within the Verlet cut-off scheme. Electrostatics were 

modelled using the Particle-Mesh Ewald (PME) method. Simulations mimicked the pre-

polymerization composition (with the exception of AIBN) and conditions (i.e., temperature) of 

the experimental systems, see Table 2 for a detailed description of the system components. 

The reported averages were taken after the equilibration period (monitored by the total energy 

evolution of each system, see supplementary information) was subtracted from the production 

trajectory, e.g., 7 ns – 600 ps for CL9 system. A flowchart describing the simulation’s path, 

i.e., the sequence of NVT and NpT simulations and the energy evolution plots (total energy vs 

time), with details about the size and equilibration time for each system, are given in the 

supplementary information (Table S3, Figure S13). 

 

 

Radial Distribution Functions and Kirkwood-Buff Integrals 

Radial distribution functions (RDFs or g(r)) for the centre of mass (COM) and selected pair 

atoms of self and cross components in each system were calculated using the gmx rdf function 

within GROMACS 2019.2. 59 
 

A g(r) is defined as the ratio between the average number density at any given distance, r, from 

any atom and the density at the same distance, r, from an atom in an ideal gas, with the same 

overall density. By definition g(r) = 1 for an ideal gas, for all r. Hence any change from the 

unity is due to intermolecular interactions. 60  

 

Table 2 Compositions of each system studied, relative to one cortisol molecule. All 

production simulations contained a total of 192 cortisol (CTS) molecules. 

 

Entry System CTS MAA EGDMA MeOH DCM 

1 CL9 1 6 9 30 300 

2 CL18 1 6 18 30 300 

3 CL24 1 6 24 30 300 

4 CL30 1 6 30 30 300 

5 CL42 1 6 42 30 300 

6 CL60 1 6 60 30 300 
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Kirkwood-Buff integrals (KBI) allowed the numerical analysis of a given gij(r) for a chosen 

pair of molecules i and j. The Kirkwood-Buff solution theory relates molecular interactions to 

macroscopic properties. 61 This theory describes structural thermodynamics over the complete 

range of compositions for solvents using RDFs. The KBI (Equation 2) represents the volume 

per number of atoms and allows a quantitative comparison between the RDFs for the various 

pair interactions. 

𝐾𝐵𝐼𝑖𝑗 = 4𝜋 ∫ (𝑔𝑖𝑗(𝑟) − 1)𝑟2𝑑𝑟
∞

0

 

𝑜𝑟 

𝐾𝐵𝐼𝑖𝑗 ≈ 4𝜋 ∫ (𝑔𝑖𝑗(𝑟) − 1)𝑟2𝑑𝑟
𝑅

0

 

 

(2) 

Equation 2 shows the relation between the KBI and gij(r) where r is the distance, between the 

atoms i and j (or their COM) in an open system (integral limits from 0 to ), which can be 

approximated and applied to closed systems with R being the cut-off distance. 

 

 

𝐾𝐵𝐼𝑖𝑗 = 4𝜋 ∫ (𝑔𝑖𝑗(𝑟) − 1)𝑟2 𝑑𝑟
𝑟2

𝑟1
                                                 (3) 

 

In Equation 3, the limits of integration, r1 and r2, refer to the boundaries of a well-defined first 

coordination shell in the RDFs, hence the KBIs could be associated with the volume in which 

the complex target-functional monomer would have the highest probability to exist.29 The KBIs 

were calculated using the cumulative integral function implemented in the SciPy Python 

Library62 and visualised using the Hyperspy Python Library.63 

 

 

Results and Discussion 

 

Synthesis and Characterisation of MIP and NIP 

The synthesis of the cortisol-selective MIPs, (CL9/18/24/30), was conducted following the 

procedure described for CL30 by Parlak et al. 3 Cortisol, MAA, EGDMA and AIBN were used 

in molar ratios provided in Table 1. For every 0.2 mmol of cortisol, 2.2 mL of porogen solvent 

mixture was used. Radical polymerization was initiated by UV light ( = 365 nm) for 

approximately 17 hr and the synthesized MIPs were mechanically ground to produce fine 

powders. A NIP analogue was synthesized under the CL30 conditions in the absence of cortisol 

to serve as a control to determine non-specific adsorption. The resulting MIP and NIP powders 

were viewed by optical and FE-SEM (Figure S5-7) and showed an average particle size (with 

a large size distribution) of 6 µm.  

 

DSC and TGA were performed to characterise the thermal properties of the MIP and NIP 

powdered particles. TGA analysis of the MIP signified Td onset at 214 °C, reaching a maximum 

rate of mass loss at approximately 400 °C (Figure S8a). By 460 °C, 94% of the starting mass 

had been lost. Similarly, NIP particles displayed a Td of 220 °C, reaching a maximum at around 

375 °C, with almost complete thermal degradation (93% mass loss) occurring by 462 °C 

(Figure S8b). The DSC heating cycles of the NIP and MIP particles also showed similarities, 

demonstrating Tg, at 230 and 242 °C, respectively followed by bimodal degradation profiles 

(Figure S9). The similarity of both the TGA and DSC analyzes indicate that molecular 
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templates can be installed within the polymer matrix without altering the thermal 

characteristics of the material. In the case of the NIP, an additional mass loss feature can be 

seen in the TGA derivative, starting at ~100 °C. This is also evident in the corresponding DSC 

plot and can be attributed to unreacted monomer or short chain oligomers trapped within the 

polymer matrix. Indeed, mass spectroscopy (MS) data obtained during TGA analysis, shows 

intense levels of detection of 14, 28, 32 and 40 m/z fragments after 8 min (Figure S10a), the 

point at which the TGA furnace reaches 100 °C, closely matching known fragmentation 

patterns of MAA. MS data obtained during TGA analysis of the MIP particles (Figure S10b) 

shows no indication of common cortisol fragments, supporting UV-Vis analysis that all 

template molecules have been removed during washing. 

 

a)  b) 

 
c) d) 

           

Figure 2. BET isotherm of a) MIP and b) of NIP particles and c) the pore size 

distribution of the MIP powder calculated using BJH analysis of the adsorption and d) 

a diagram showing the estimated molecular diameter of cortisol. 

 

The porous nature of the NIP and MIP powders were also investigated. Their specific surface 

areas were calculated using the Brunauer-Emmett-Teller (BET) theory and their pore size 

distributions (PSD) were estimated via the Barrett-Joyner-Halenda (BJH) analysis applied over 

nitrogen adsorption isotherms at 77 K. The summary of the surface areas is provided in Table 

S1 and pore size distribution Table S2 and show an increase in calculated surface area for MIPs 
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CL18, 24 and 30 (ca. 1.5-3.0 m2/g), compared to NIP (ca. 0.70 m2/g). CL9 exhibits surface 

areas of ca. 39 m2/g, which indicates that the mechanical milling is having an effect at lower 

amounts of crosslinker and is potentially affecting the structure of the milled particles. The 

assumption is that the mechanical milling does not affect the templated pore size (5-30 nm) as 

they are a 1000-fold smaller than the milled MIP particle sizes (6 m), but in the case of CL9 

the surface area measurements indicate that the small amount of EGDMA CL does not form a 

strong enough polymeric network and the milling effects the structure resulting in a less 

sensitive MIP to cortisol (Table 3). The adsorption isotherms for CL9 (Figure S12a) show an 

adsorption isotherm of a non-porous surface, in which the condensation of N2 happens close to 

P/P0 =1 (Figure S12a). All other polymer systems (CL18-CL30) (Figure S12b) present a 

capillarity condensation at a lower P/P0 due to the presence of pores introduced during the 

imprinting process. The CL30 MIP exhibits a surface area ca. 3.0 m2/g and the CL30 NIP 0.70 

m2/g. Although the calculated surface areas are low, and therefore may not accurately represent 

the specific surface areas of these materials, these values show a 3-fold increase in the surface 

area of the MIP compared to the NIP. This increase suggests that the surface of the MIP 

particles or mesopores has embedded cortisol binding sites during the imprinting process. 

Furthermore, the isotherm obtained from nitrogen adsorption of the CL30 MIP particles shows 

Type II shape, following the IUPAC characterisation, which is suggestive of mesoporosity 

(Figure 2a). The H3-type hysteresis loop within this isotherm is characteristic of undefined 

pores due to non-rigid structures or interconnectivity within a porous framework. Such features 

are absent from the corresponding NIP isotherm (Figure 2b). The mesoporous nature of the 

MIP particles was further investigated through calculation of the PSD, the resulting plot 

(Figure 2c) shows a broad PSD with diameters between 5 and 30 nm, within the range of 

mesoporous materials according to IUPAC nomenclature, 2 to 50 nm. As the largest 

interatomic distance within cortisol measures approximately 1.3 nm (Figure 2d), several 

cortisol molecules must have aggregated during complexation to create such wide pores, 

cortisol aggregation was also evident in the MD simulations of the pre-polymerization mixture 

(Figure 3). Alternatively, the binding sites formed by the imprinting process could be 

interconnected by an additional porous network formed as a result of the porogen extraction. 

This analysis, together with the Type II-H3 nature of the isotherm suggests that the pores within 

the MIP structure take the form of aggregates or interconnected networks. 
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Figure 3 From left to right: MD equilibrated pre-polymerization mixtures for CL9, CL30, 

CL42 and CL60. Only cortisol molecules in red and EGDMA in yellow have been depicted 

for clarity. Top row rendering shows the expected porous structure; bottom row molecule 

positions are identical, but the EGDMA is shown as points to allow the visualization of single 

and aggregated cortisol molecules in inner layers.  

 

Rebinding of cortisol  

Sweat analysis for the detection of heightened stress can be monitored via deviations from a 

range of specific cortisol concentrations as measured by Parlak et al.3 The optimum range is 

found between 0.02-0.5 µM. 2, 64 Experimental data obtained from Parlak et al. studies 

demonstrated a cortisol-selective device successfully measuring within the range of 0.0001-

500 µM and this device produced a stable response in both directions. When this device was 

saturated with a cortisol concentration of up to 5 mM, the sensitivity progressively decreased 

until the device became unresponsive. These results signify the importance of device saturation 

and the role of molecular binding with respect to sensing performance. A cortisol concentration 

within the range of 0.1-1.0 M revealed the optimum sensing capabilities of the device 

developed by Parlak et al. 3 For the purposes of this study, this cortisol concentration range 

was selected for the experimental rebinding of the cortisol template, since sensitivity towards 

cortisol is below saturation levels and so will not affect sensitivity performance; additionally, 

0.1-1.0 µM lies within the optimum range of cortisol found in sweat.  

 

To assess the degree of cortisol imprinting in the polymer network and for the calculation of 

MIP IF efficiency, rebinding experiments using 1 M cortisol solutions were conducted 

through prepacked columns of CL9, CL18, CL24, and CL30 (Figure S3). Taking CL30 as an 

example, an equal amount of MIP and NIP was packed into separate columns containing glass 

fibres and an additional control of a column containing glass fibres only was used. A 1 M 

cortisol solution was passed through the columns under gravity and the filtrates were collected. 

All filtrates were centrifuged three times at 3,000 rpm for 10 min followed by UV analysis at 

242 nm to determine the obtained concentration of cortisol. It was observed that the 

concentration of the eluent collected from passing 1 M cortisol solution through the MIP 

column decreased by 0.81 M to 0.19 M, evidencing that the MIP had captured 81% of the 

cortisol solution introduced into the imprinted polymer column. Therefore, this indicates that 

for every 1 mg of MIP powder (CL30), 0.00368 M of cortisol solution was captured. The 

filtrate collected from the NIP column however, maintained a concentration of approximately 

1 M therefore, showing there was unmeasurable retention of cortisol molecules in the NIP 

column (any indication of absorbance here is attributed to non-specific adsorption) (Table 3).  

 

The successful imprinting of cortisol in the MIP compared to that of the NIP was further 

supported by the immediate washing of the columns with pure methanol (Figure S3ii). New 

filtrates were collected from each column after passing fresh anhydrous methanol through them 

thus, washing out rebound cortisol molecules from the MIP. A concentration of 0.05 M was 

recovered from the CL30 MIP column on the second wash. The small amount of cortisol 

retrieved from the methanol washing is indicative of the strong binding affinity of the cortisol 

molecules to the MIP and thus, support the successful imprinting of cortisol. Calculation of the 

imprinting factor (IF) for the CL30 column gives further evidence of successful imprinting. 

The average IF factor of 6.45 (σ 1.6, n = 2) shows that cortisol retention is due to successful 

cortisol imprinting rather than non-specific binding with the polymer matrix. All MIP powders 

were regenerated (subject to template extraction methods as discussed in the methods section, 

to extract the captured cortisol) and the rebinding procedure was repeated to measure the 
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reusability of each MIP as shown in Table 3. The filtrate concentrations were calculated from 

the calibration curve. Eluents collected from the glass fibre experiments exhibited a recovered 

concentration of approximately 1 M, indicating that there was undetectable adsorption of 

cortisol on the glass fibres (Table 3).  

 

To estimate the theoretical maximum MIP cavities in the CL30 system, the number of cortisol 

molecules in 2 mL of a 1 M cortisol solution and the number of theoretical cavities installed 

in the MIP (CL30) synthesis (assuming that each molecule of cortisol in the synthesis forms 

one cavity in the final MIP) was calculated as 6.00 x 1019 and 1.55 x 1019, respectively. 

Assuming no cortisol clustering, there are less cavities in the synthesized cortisol-selective MIP 

column (220 mg) than cortisol molecules introduced via the 1 M cortisol solution. The 

collected concentration of cortisol could therefore reflect the cortisol molecules unable to bind 

to the saturated/occupied imprinted cortisol cavities. The number of cortisol cavities within 

each column was also approximated by considering the pore volume calculated by BET 

analysis (7.76 x 10-3 cm3/g) and estimation of the cortisol volume (184.95 Å3, assuming the 

ellipsoid model in Figure S11), which approximated a total of 9.02 x 1018 cavities. Although 

this MIP column appears to be saturated at a 0.81M cortisol concentration, it is possible that 

more cortisol could be captured if the mass of MIP introduced into the column was increased, 

since this would introduce a greater number of cortisol selective cavities. 

 

Table 3 Synthesized MIPs with varying CL ratios and their accompanying capture of a 1 M 

cortisol solution. NIP and GF shown as controls.  

 

  Ratio Eluent concentration 

after passing 1 M 

cortisol solution (M) 

Eluent concentration 

after methanol 

washing () 

%Capture 

CL9 1:6:9:0.35 0.60, 0.59* 0.44, 0.34* 40, 41* 

CL18 1:6:18:0.35 0.47, 0.50* 0.18, 0.17* 53, 50* 

CL24 1:6:24:0.35 0.78, 0.76* 0.51, 0.49* 22, 24* 

CL30 1:6:30:0.35 0.19, 0.21* 0.05, 0.06* 81, 79* 

NIP 1:6:30:0.35 0.90, 0.84* 0.31, 0.31* 0.10, 0.16* 

GF - 0.91, 0.91* 0.31, 0.31* 0.091, 0.086* 

* indicates the concentrations obtained from repeated experiments, NIP = non-imprinted, GF = glass fibres 

 

Modelling the Pre-Polymerization Mixture 

MD simulations were used to study the molecular interactions between the cortisol template, 

MAA functional monomers and EGDMA crosslinkers, the structures of which are shown in 

Figure 4. The previously described experimental conditions were emulated: the DCM porogen 

containing 10 vol% methanol was explicitly modelled, and all simulations were conducted at 

4 °C under ambient pressures. The composition of the pre-polymerization mixture was 

systematically altered by changing the number of crosslinkers to investigate the effects of these 

components in the pre-polymerisation mixture and to establish which composition may infer 

the best cortisol-MAA complex formation, by establishing a correlation between RDF analysis, 

KBI calculations and our experimental measurements of these systems. 
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Figure 4. Components of the pre-polymerization mixture investigated in the simulations with 

the labelled atoms for atom interaction pair analysis. 

 

RDF analysis was used here to gain insight into the specific intermolecular interactions within 

a system. KBI was then used to allow quantitative comparison between the RDFs of different 

systems. A range of compositions were modelled, namely, CL9, CL18, CL24, CL30, CL42 

and CL60 in which the amount of crosslinking EGDMA molecules was varied (Table 2). In 

theory, the most important interactions during molecular imprinting are those that form 

between the template and the functional monomers. The COM RDF between CTS-MAA and 

CTS-EGDMA for the six simulated systems (i.e., CL9/18/24/30/42/60) are depicted in Figure 

5a) and 5b), respectively.  

 

a) 

 
b) 

i ii 
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Figure 5 Comparison of COM RDFs for each modelled system for a) CTS-MAA with two 

distinct peaks (peak i and ii) at g(r)  1 and b) CTS-EGDMA 

 

Although all CTS-MAA COM RDFs show a deviation from ideality (i.e., g(r)  1) at short 

distances (r < 1 nm), their first coordination shells are poorly defined. Such a trim level of 

interaction rules out the application of Equation 3 while implying that MAA is not the best 

functional monomer for CTS – as a well-defined first coordination peak is an expected 

fingerprint of the formation of a binding complex.29 Overall, the CL30 system presents the 

highest peaks, where peak i, g(r) = 1.072 at r = 0.722 nm and peak ii, g(r) = 1.075 at r = 1.116 

nm (see Figure 5a and Table S4 for all values of different crosslinking ratios). CTS-EGDMA 

COM RDFs in all studied systems infer similar levels of interactions between CTS molecules 

and EGDMA as their RDFs are higher than 1 for an r > 0.8 nm (Figure 5b). Hence synergistic 

interactions of CTS in the vicinity of MAA and EGDMA must be considered in the pre-

polymerization specific atom pairs analysis. The CL9 system presents the lowest level of 

interaction between CTS with either MAA or EGDMA. Apart from the extremes, neither CTS-

MAA nor CTS-EGDMA molecular interaction trends from the CL9 to CL60 systems can be 

established by interrogating the RDFs solely in Figure 5; to do so, closed system KBI 

calculations (Equation 2) are needed of the COM and atom pairs (see Figures S14-18).  

 

The COM RDFs of the pre-polymerization mixture have shown that there is a competitive 

interaction between the CTS-MAA and CTS-EGDMA. When analysing specific atom pair 

RDFs for the mechanism of imprinting, there are key hydrogen bond interactions of the atoms 

labelled in Figure 4 between CTS, MAA and EGDMA (all g(r) and r(g(r)max) values for each 

system summarised in Table S4). For all modelled crosslinker ratio systems (of the pre-

polymerization mixture), the atom pair RDFs (Figure S16) exhibit comparable behaviour, with 

peaks of g(r) > 1 at r ~ 0.25 nm, specifically MAAO5 and EGDMAO1, appear to compete for 

the CTSH3. The CL30 RDF is the only modelled system in which the MAAO5-CTSH3 

interaction outcompetes the analogous EDGMA interaction at r ~ 0.25 nm. There is also a 

further atom-atom peak in CL30 where g(r) > 1 between CTSO1 and MAAH12 at r ~ 0.75 nm, 

which is also exhibited in peak i of the COM RDF of CL30, further supported by the KBI atom 
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pair analysis in Figure S17 and attractive-repulsive analysis in Figure S18. This interaction 

implies that one of the key interactions in the pre-polymerisation molecularly imprinting 

process is the hydrogen bond between the CTSO1 and MAAH12 (Figure 4). 

 

Comparison of the experimental % cortisol capture (ECC%) and the calculated KBI for all 

studied systems are shown in Figure 6. A proportionality, ECC%  -KBI CTS-MAA, is found. 

For systems in which the level of crosslinking is greater than CL9, the CTS-EGDMA is 

approximately constant. This plateau is also expected from the point of view of structural 

stability of the polymeric porous network. All RDF plots and KBI calculations with cumulative 

plots are found in the supplementary information Figures S14, S15(A-F) and Table S4-5.  

 
Figure 6 Comparison of experimental (Exp) synthesized MIPs CL9, CL18, CL24 and CL30 

% capture of 1 M cortisol solution with the CTS-MAA and CTS-EGDMA KBI calculations 

for CL9, 18, 24, 30, 42 and 60. 

 

It is worth noting that the KBI analysis (Figure 6) is restricted to the pre-polymerization stage, 

i.e., the influence of molecular interactions while in solution. Our IF experimental results have 

shown no specific binding affinity between CTS and the NIP (i.e., between CTS and EGDMA). 

Mimicking the polymerization stage by allowing the creation/depletion of bonds and 

shrinking/swelling of the polymer network is out of the scope of the present study. 

 

Evaluation of experimentally synthesized MIPs informed by molecular dynamics simulations 

The CL9, CL18, CL24 and CL30 MIP systems were experimentally synthesized and tested 

towards their ability to recapture cortisol from solution. The experimental results suggest that 

the quality of imprinting follows CL30 > CL18 > CL9 > CL24 (Figure 6), with CL30 and 

CL24 being the ‘best’ and ‘worst’ for capturing cortisol of the MIP systems studied (compared 
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to the NIP), respectively. When subjected to 1 M cortisol solutions and same experimental 

set-up, CL9 captured 40%, CL18 captured 51%, while CL24 captured only 22% of the cortisol 

(Figure 6, Table 3). All systems underperformed compared to CL30, which retained 81% of 

cortisol from the solution. The ECC%  -KBI CTS-MAA, predicted by computational 

modelling is emulated experimentally for crosslinked systems greater that CL9. The trend 

predicted by computational modelling was therefore emulated experimentally. Parlak et al 

produced MIPs of CL18, CL30, and CL60 systems synthesized and evaluated to have cortisol 

sensing factors of 5.4, 10.1 and 2.2, respectively. 3 The trend CL30 > CL18 > CL60 found by 

Parlak et al is also mirrored in the trend of the CTS-MAA KBI predicted by simulation (Figure 

6). By utilising molecular dynamics simulations, RDF analysis and KBI calculations, it is 

possible to elucidate potential experimental formulations and has the potential to be a powerful 

tool for understanding the functional monomer-target-crosslinker interactions and therefore, 

refine the formulations and performance of MIPs to facilitate the most sensitive and efficient 

design prior to experimental synthesis. 

 

Conclusion 

This study indicates that the selection of MAA and EGDMA as the functional monomer and 

the crosslinking agent, respectively have proven successful in forming template-monomer 

assemblies and conserving the spatial integrity of the imprinted species after the removal of 

cortisol molecules. In addition, the experimental results from the rebinding of cortisol have 

confirmed the successful synthesis of a sensitive cortisol-selective molecularly imprinted 

biomaterial. Molecular dynamics simulation of a range of pre-polymerization compositions 

allowed insight into the complex molecular interactions in the system. RDF and KBI analysis 

of the template and functional monomer interactions allowed the optimal MIP composition for 

cortisol detection to be estimated and realized through experiment. Analysis of a range of 

systems, each containing varying amounts of crosslinkers, showed that a system containing a 

template:monomer:crosslinker ratio of 1:6:30 produced elevated levels of cortisol-MAA 

interactions suggesting it to be the optimal MIP of those modelled, which was corroborated 

experimentally. Indeed, experimental analysis of the modelled MIPs emulated the predicted 

trends in cortisol affinity following RDF and KBI analysis, confirming the predictive 

capabilities of such simulations. Cortisol exists in a complex matrix of hormones and other 

biomolecules therefore, for the synthesized cortisol-MIP to be successful in these 

environments, competing molecules and polymerization will be further investigated 

computationally.  

 

Supplementary Information 

 

Additional data for the MIP washings and cortisol UV calibration curve, thermal properties of 

the MIP and NIPs (DSC and TGA), optical and SEM images of NIP and MIP particles, 

extended BET data, detailed computational methods, and all (COM and atom pair) data of the 

RDF g(r) and r and KBIs.  
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