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ABSTRACT 
 

Robust molecular recognition is essential to enhance the accuracy of diagnostic 

devices aiming for a better efficacy in the clinical treatment of patients. The 

molecular imprinting technique has gained attention to generate novel biosensor and 

clinical diagnostic devices with high sensitivity and specificity, which demonstrated 

affinities compared to their natural counterparts. A method for the rational design of 

biomimetic sensors based on molecularly imprinted polymer for the detection of 

hydrocortisone is described and applied. The thermodynamic of the association 

between hydrocortisone and the functional monomer, methacrylic acid (MAA) was 

investigated by nuclear magnetic resonance (NMR) spectroscopy. Dissociation 

constants for the complex formation between hydrocortisone and a functional 

monomer analogue, acetic acid, as a function of solvent nature were estimated by 

NMR titration. The results demonstrate lower affinity using ethanol as solvent 

(K=0.5814 0.0.1163 M).  However, the formation of adduct was confirmed, which 

suggested creation of MAA-Hydrocortisone at the pre-polymeric mixture.  The 

stoichiometry of the complex formation between hydrocortisone and an acetic acid 

on each solvent was evaluated by the Job method of continuous variation. Dimethyl 

sulfoxide and ethanol were selected as porogens to assess solvent effect. The 

dissociation constants obtained for ethanol-d6 reflected a greater proximity of 

interaction between solution adducts compared to dimethyl sulfoxide-d6. It is 
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consequently associated by the dielectric constant of the solvents. Job plot results 

suggested a complex mole ratio of 1.5:1 and 1:2 for dimethyl sulfoxide-d6 and 

ethanol-d6, respectively. The collective analysis of NMR titration and Job plot 

method indicated the extent of shift displacement is proportional to the proximity to 

the interaction site that is not apparently associated with its stoichiometric 

capabilities of complex formation. To evaluate synthesis condition, in situ free radical 

copolymerization was monitored by ATR-FTIR spectroscopy with methacrylic acid 

(MAA) as the functional monomer and tetra(ethylene glycol) dimethacrylate 

(TEGDMA) as the crosslinking agent in different solvents. The synthesis was 

performed in presence and absence of the template molecule. The combined set of 

analysis allowed a better understanding of the recognition events giving rise to the 

imprinting effect during MIP synthesis and to ligand-MIP binding events. In situ 

polymerization results demonstrated a delay of the auto-acceleration during the 

imprinting process. In essence, the propagation kinetic was reduced by the decrease 

of monomer mobility, which suggested the functional monomer-template 

complexation already confirmed by the NMR spectroscopic studies. Consequently, 

the information was to be applied for the design of thin films MIP. It can be for seen 

that using this information, the collapse-swelling transition of MIPs could be 

programmed to promote binding capabilities and enhance template diffusion. To 

these aims, hydrocortisone imprinted polymers were synthesized in aqueous media. 

The feasibility of hydrogel-based MIPs was evaluated by measuring equilibrium 
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swelling, structural parameters (e.g. mesh size, ) and template permeation as 

function of pH and copolymer composition. The MIP characterization results 

demonstrated an increase of template permeation directly influenced by mesh size 

at pH equal to 5.5 at 37°C and ionic strength of 0.1M.  A different behavior was 

shown for the characterization at pH equal to 6.0 at 37°C and ionic strength of 0.1M. 

A reduction was observed on the permeability coefficient for MIP with a 

MAA/EGDMA ratio of 17:1. It suggested the influence of MIP-ligand binding on 

hydrocortisone transport through the polymeric network synthesized by molecular 

imprinting technique based on the permeation reduction. In order to confirm this 

hypothesis, the binding constant (b) was estimated from the slope (15.17309 M-1) of 

linear regression of the Langmuir isotherm and the saturation capacity (qs = 0.09128) 

from its intercept (1.385). In addition, the hydrocortisone rebinding to 17:1 MIP was 

confirmed with the electroconductivity results of MIP 17:1, which demonstrated 

higher sensitivity toward hydrocortisone in comparison to non-MIP. Overall, this work 

reported the evaluation of the principal factors affecting the stabilization of functional 

monomer-template complex before and during the imprinting process, which 

provides essential information for the rational design of molecularly imprinted 

polymers. In addition, the sensitivity of imprinted gels confirmed the presence of 

binding sites.   
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RESUMEN  
 

El reconocimiento molecular es esencial para mejorar la precisión de equipos para 

el diagnóstico mejorando así la eficacia del tratamiento clínico de los pacientes. La 

técnica de impresión molecular ha ganado la atención para el desarrollo de 

biosensores y sistemas de diagnostico clínico. Los mismos se caracterizan por tener 

alta sensitividad y especificidad que demuestran tener afinidades comparables con 

los anticuerpos.  El diseño racional de un biosensor basado en polímeros de 

impresión molecular es descrito y  fue demostrado. La asociación termodinámica 

entre hidrocortisona y el monómero funcional ácido metacrílico fue investigada 

utilizando espectroscopia de resonancia magnética nuclear (NMR).  La constante de 

disociación  para el complejo formado por hidrocortisona y el monómero análogo, 

ácido acético, como función de la naturaleza de solvente fue estimado por titilación 

de NMR.  Los resultados demostraron menor afinidad al utilizar etanol como 

solvente (K=0.5814 0.0.1163/M). Aun así, los resultados sugieren es la formación 

de los complejos MAA-hidrocortisona en la solución pre-polimérica al utilizar etanol 

como solvente. Esto es favorable para utilizar etanol eventualmente para la síntesis 

de estos polímeros. La estequiometría de la formación del complejo se estimó con 

el método de variación continua. Los solventes evaluados fueron sulfóxido de 

dimetilo y etanol. La constante de disociación evaluada para etanol refleja menor 

proximidad entre los grupos funcionales durante la formación del complejo de MAA-

hidrocortisona. Los gráficos de Job sugieren la formación de los complejos cuya 
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razón son de 2:1 y de 1:2 para  sulfóxido de dimetilo y etanol, respectivamente. La 

evaluación de la síntesis de impresión molecular se efectuó monitoreando la 

polimerización por radical libre utilizando espectroscopia de infrarrojo. La 

polimerización de ácido metacrílico con dimetacrilato de glicol de etileno fue 

evaluada en varios solventes y en la presencia de la molécula modelo, 

hidrocortisona. La evaluación de los resultados demuestra un retraso en la auto-

aceleración con la presencia de la molécula modelo en la síntesis del polímero. Esto 

sugiere que el complejo se mantiene ya que la movilidad del monómero funcional 

(MAA)  es reducida al estar interactuando con la molécula modelo (hidrocortisona) 

lo cual fue confirmado con los estudios de espectroscopia de resonancia magnética 

nuclear.  Esta información fue utilizada para diseñar polímeros de impresión 

molecular de tipo capa fina programados para promover capacidades de enlace con 

la molécula modelo y de esta misma forma mejorar su difusión a través de la 

membrana. Con este propósito, se sintetizaron polímeros de impresión molecular 

para la detección de hidrocortisona en fase acuosa. Para evaluar la viabilidad de los 

polímeros, estos se caracterizaron para determinar su capacidad de hinchamiento, 

tamaño de poro ( ) y capacidad de permeabilidad como función de pH y 

composición del polímero.  La caracterización de los polímeros de impresión 

molecular demostró que aumento en la permeabilidad de la molécula modelo el cual 

fue influenciado por el tamaño del poro y el ambiente químico observado a  pH igual 

a 5.5 y 6.0 con fuerza iónica de 0.1 M. Por otro lado, un comportamiento diferente 
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fue observado a pH 6.0. El coeficiente de permeabilidad se redujo al utilizar el 

polímero de impresión molecular con una razón de MAA/EGDMA de 17:1. Los 

resultados sugieren la influencia del enlace entre el ligando (hidrocortisona) y el 

polímero de impresión molecular en el transporte de hidrocortisona a través de la 

membrana. Esto debido a la creación de lugares de reconocimiento molecular luego 

de la síntesis utilizando la técnica de impresión molecular.  Con el propósito de 

confirmar la hipótesis, la constante de enlace y la capacidad de saturación del 

polímero de impresión molecular 17:1 fueron estimadas realizando experimentos de 

enlaces. Los datos de estos experimentos fueron ajustados al modelo de Langmuir 

lineal para obtener de la pendiente la constante de enlace (15.17309 M-1) y del 

intercepto calcular la capacidad de saturación (0.09128). La hipótesis de que la 

permeabilidad se redujo debido a la interacción de hidrocortisona con el polímero de 

impresión molecular fue confirmada con las pruebas electroconductividad donde el 

polímero de impresión molecular 17:1 que demostraron mayor sensitividad a 

hidrocortisona al compararla con los polímeros de referencia.  En conclusión, este 

trabajo reporta el avalúo de los principales factores que afectan la estabilización del 

complejo de MAA-hidrocortisona antes y durante la síntesis de impresión molecular. 

Esta información es vital para el diseño racional de polímeros de impresión 

molecular con el objetivo de mejorar su selectividad y sensitividad en fase acuosa. 

.  
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CHAPTER 1 

 
1 Introduction 
 

Biosensor technology has emerged significantly within the fields of drug 

discovery, clinical diagnostics, environmental analysis, food analysis, and production 

monitoring 1. Its convenience for self-testing, small size, fast response, sensitivity 

and specificity are key factors for the continuous development of biosensors2. A 

biosensor is a self-contained integrated device, which is capable of providing 

specific quantitative and semi-quantitative analytical information when employing a 

biological receptor in combination with a transducer.  Molecular imprinting has been 

an essential technique to generate novel high affinity materials that are employed as 

recognition elements for biosensor devices. Chemical sensors based on molecularly 

imprinted polymers (MIP) were developed for the detection of pesticides, sugars, 

nucleic acids, amino acid derivatives, drugs, toxins, steroids, proteins, and cells 3, 4.  

Although the idea behind molecular imprinting may be simple in terms of 

sequential stages, it is a complex phenomenon involved in the formation of selective 

and stable recognition abilities within the imprinted material. Significant effort has 

been devoted to optimize MIP design. One of the challenges is the extensive and 

iterative characterization required to understand the binding affinity and selectivity 

abilities of MIP. Technical reports have shown that MIP affinity and selectivity are 

strongly influenced by functional group orientation toward the template molecule and 

the shape of the recognition site formed during the synthesis of the imprinted 
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material5. Consequently, the imprinting conditions (e.g. type of monomer, porogen, 

monomer/crosslinker ratio, initiation methodology, synthesis temperature and 

pressure) employed during the synthesis in order to incorporate the template 

molecule whithin the imprinted material have shown to play an important role in the 

generation of MIP-ligand selective recognition. Several examples of the approaches 

that have been proposed to optimize MIP performance are: a) enhance the MIP-

ligand binding process6, b) MIP production automation7, and c) major insight to the 

molecular imprinting phenomena8. The above mentioned approach requires that the 

scientific research be focused towards the better understanding of the main 

mechanisms underlying MIP formation and/or MIP-ligand binding. Combinatorial 

chemistry, computational simulation, chemometrics and spectroscopic assessments 

(e.g. 1H NMR spectroscopy, UV spectroscopy, and FTIR spectroscopy) have 

demonstrated to be vital tools on this regard 7, 9-11 10, 12. The intention is to predict the 

MIP-ligand binding abilities during MIPs design to rapidly screen the most critical 

parameters (e.g., monomer/crosslinker ratio, template/functional monomer ratio, 

porogen selection, synthesis condition, MIP-ligand rebinding condition) to achieve 

the desired affinity and selectivity during their applications. These research findings 

suggest the need to rationally design imprinted materials by the correlation of MIP 

formation with MIP-ligand rebinding. 

To this aim a method for the rational design of a biomimetic sensor based on 

molecularly imprinted polymers is described and applied using hydrocortisone as a 
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model template.  This method focuses on the optimization of imprinting conditions in 

terms of template/functional monomer ratio, monomer/crosslinker ratio, porogen 

properties (i.e. the characteristics of the solvent employed during the MIP synthesis), 

and synthesis kinetics13. For this purpose, a combination of spectroscopic 

techniques (e.g. NMR spectroscopy and ATR-FTIR spectroscopy) was utilized to 

monitor the molecular imprinting process starting with the complex formation through 

MIP synthesis (Chapter 4). In addition, the MIPs were synthesized and characterized 

to evaluate the MIP-ligand binding process (Chapter 5).  

The main objective of this dissertation is to establish a basis for molecular 

imprinting rational design that will be employed in an aqueous environment. 

Recently a widespread interest in MIP technology has emerged and is reflected in 

the increasing number of publications. The diverse applications of the molecular 

imprinted material make them prominent for the market of separation, catalysis, 

sensor and assay. The applications were extended to tissue engineering, drug 

delivery system, drug discovery and drug targeting, which required the rational 

design of MIP for an aqueous media.   The essential advances that have been done 

in each application are discussed in Chapter 2. This chapter will also discuss the 

fundamental aspect of the molecular imprinting technique, which includes the critical 

factors to optimize the synthesis of imprinted polymers. The chapter 2 will finish 

pointing out the challenges that tend to encourage researchers for the innovation 

within the molecular imprinting technique. The subsequent chapter 3 will present the 
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research scope and the specific objectives to achieve the principal research goal.  

Overall, Chapters 4 and 5 will present the characterization of the imprinting process 

starting with the functional monomer-template complex formation, followed by the 

MIP synthesis and ending with the evaluation of MIP-ligand binding.  A conclusion 

and future prospective for the molecular imprinting is presented on Chapter 6.  

It is induced from the topic discussion that the technique includes aspects of 

chemical equilibrium, molecular recognition theory, thermodynamics, polymer 

science, enzyme kinetics, and transport phenomena. Consequently, the 

interdisciplinary contribution of several disciplines such as chemistry, chemical 

engineering, material science, biomedical engineering, biotechnology and 

bioengineering will emerge in the commercialization of the imprinted material in the 

near future.  

The principal aspects associated with molecular imprinting are reviewed in 

the following sections. 
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CHAPTER 2 

 
2 BACKGROUND 
 

Molecular recognition has demonstrated to be an essential event in 

biochemical processes that follow highly specific pathways. Enzyme catalyzed 

reactions and antibody-antigen systems reveal how the biomolecules proceed in an 

organized sequence in biochemical processes using their functionalized properties. 

As a consequence, they control and regulate essential bioprocesses. Metabolic 

pathways are highly coordinated due to the formation of supramolecular complexes. 

These complexes are generated by the contribution of various ionic, hydrogen-

bonding, hydrophobic and van der Waals interactions14. 

A particular interest has emerged on the development of biomaterials capable 

of molecular recognition. Prominent research activities have focused on optimizing 

the synthesis conditions of advanced materials with similar affinity and specificity 

compared to natural ligands15. Molecular imprinting (MI) has become an important 

technique for the assembly of polymeric artificial receptors, which mimics antibody-

antigen or enzyme mechanisms16. Imprinted polymers have demonstrated to be 

robust and stable thus making them suitable and effective in acid or organic 

environments and in extreme conditions of temperature and pressure. In addition, 

they are easily produced, restored and reused.17. 

Although the molecular imprinting process involves simple sequences, it is 

influenced by several factors that have a direct impact on MIP performance. 
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Imprinted materials should possess structural stiffness, high structural flexibility, and 

good accessibility to the binding sites in order to promote the MIP-ligand rebinding. 

The monomer/crosslinker ratio, amount of porogen and initiator, synthesis conditions 

(e.g. temperature, pressure), reaction time, initiation mechanism (i.e. photochemical 

or thermal), and other factors are considered and investigated during the 

optimization of MIP selectivity and its affinity 13.  Certainly, the evaluation of the 

physical mechanism underlying MIP formation and MIP-ligand binding will assist in 

the design and application of new and improved MIP systems.  

In order to understand the wide range of possibilities that exist during the 

MIPs design, the following sections will review the fundamental aspects of molecular 

imprinting and its potential applications. 

 

2.1  Principles of Molecular Imprinting  
 

Molecular imprinting (MI) has emerged as a technique to develop high affinity 

materials.  The affinity produced by MI can be compared to those of the antibody-

antigen systems denoting them as antibody or enzyme mimics18. Consequently, the 

formation of an active site on the MIP should contain essential characteristics to 

achieve binding affinity similar to those reported by natural counterparts. The 

recognition sites are complemented by a defined shape and the presence of 

functional moieties to provide a suitable catalytic active environment. Accordingly, 

the synthesis of imprinted material is performed in the presence of target molecules 

to promote the assembly of functional monomer-template complexes. Functional 
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monomers orient the functional groups toward the template molecules by a self-

assembly technique (i.e. non covalent approach) or pre-organized mechanism (i.e. 

covalent approach). The spatial orientation and the solution adduct between the 

functional monomer and the template molecule are fixed by the utilization of a 

crosslinking agent during the imprinting process. The eventual removal of the 

template molecule after the synthesis will generate recognition sites with binding 

affinity towards the template molecule 19 (see Figure 2.1).  Certainly, the imprinting 

technique has induced a stereo-specific characteristic, which makes the imprinted 

material versatile for drug discovery, catalytic reaction, drug targeting, and 

therapeutic diagnostics. 

The molecular imprinting technique found its beginnings in the 1940s when 

silica gels were prepared by procedures analogous to the formation of antibodies. 

Dickey polymerized sodium silicate in the presence of a dye. The dye was 

subsequently removed, and a rebinding experiment demonstrated that the patterned 

molecule bound in preference to other dyes20. In 1972, the research group of Klotz 

and Wulff21 introduced independently the formation of synthetic polymers through 

covalent interactions. Non-covalent and metal mediated complexes are examples of 

subsequent self-assembly approaches utilized to diversify the synthesis of 

molecularly imprinted polymers. 
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Figure 2.1 Schematic representation of molecular imprinting procedure 
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Non-covalent imprinting was introduced by Mosbach et al22 as a potential 

technique to develop MIP in the early 1980s. Mosbach and collaborators fabricated 

phenylalanine ethyl ester selective polymers that demonstrated high affinity toward 

the template molecule. Belokon and collaborators pioneered the MIP synthesis 

based in metal coordination23. The study used A-bis[N-(5-

methacryloylamino)salicylidene-S-norsalinate] Co(III) complexes as the metal 

complexing monomer. After several decades of studies, covalent imprinting has 

demonstrated to generate more homogenous binding sites. However, non-covalent 

imprinting is more attractive because of the simplicity of its preparation and that MIP 

applications are expanded to several template molecules. 24-26. In recent years, non-

covalent and covalent imprinting have been combined to achieve the fortitude of 

each mechanism. 

 The major advantage of imprinted polymers relies on their good thermal, 

chemical and mechanical stability compared to natural biomolecules that are not 

effective under extreme conditions (e.g. organic solvents, acidic/basic solutions, and 

high temperature)27. Furthermore, MIP has demonstrated long shelf life. Certainly, it 

is crucial to rationally design their morphology to obtain imprinted structures with 

good accessibility, integrity and stability of the recognition sites.  The catalytic 

efficiency is influenced by the ability of the template molecule to access the binding 

sites. Equally important is to obtain stable binding cavities to maintain the integrity of 

the functional monomer-template assembly. Eventually, the binding abilities of the 
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material are also affected by the degree of swelling of the material and polymer 

porosity. Both properties are defined by the morphology that results from the 

imprinting synthesis.   

In order to understand the factors that influenced the MIP binding properties, a 

more in depth discussion relating the synthesis and the role of the functional 

monomer-template during MIP fabrication is further developed (Refer to section 2.5, 

2.6 and 2.7). 

 

2.2 Applications of Molecularly Imprinted Polymers 
 

Certainly, molecularly imprinted materials have increased their forthcoming 

usage due to their high affinity and selectivity, chemical and physical stability, in 

addition to the reproducibility and simplicity of their preparation method 3. They have 

been relevant to the development of separation systems, immunoassay, artificial 

catalysts, artificial enzymes, and sensors. The following sections discuss the actual 

and further potential applications for molecularly imprinted materials. 

2.2.1 Enantiomers and Drug Separations 
 

Molecular imprinting was introduced in 1949 by Dickey’s experiments with 

silica gels20 in search of an alternative absorption material. Dickey’s findings 

motivated Curti et al 28 to employ imprinted silicas as a solid phase in the 

chromatographic separation of mandelic acid and camphorsulphonic acid 
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enantiomers. Furthermore, the application of molecular imprinting in synthetic 

organic polymers has provided the means for the development of a novel stationary 

phase systems with high adsorption selectivity. Liquid chromatography, capillary 

electrophoresis, capillary electrochromatography, and solid phase extraction are 

typical examples where MIPs have been used as selective stationary phases 29, 30.  

A series of enantioselective imprinted polymers were prepared for the 

resolution of L- and D-isomers of CBz-Asp in polar and organic eluents31. A selection 

of sugar-containing vinyl monomers, such as methyl- -D-glucopyranoside-6-acrylate, 

was considered for the synthesis of MIP using dimethylformamide (DMF) as the 

solvent. The recognition capabilities were evaluated by high performance liquid 

chromatography (HPLC). Higher retention values of the imprinted template reflected 

the binding strength and the complementary size of the imprinted site on the 

stationary phase. The results demonstrated significant selectivity toward the 

imprinted L- and D-isomers of CBz-Asp. An increment of the interaction within the 

template and the MIP, which is directly proportional with the separation factor ( ), 

was observed using acetonitrile as the eluent. It was demonstrated that the nature of 

the eluent and the amount of imprinted sites in the stationary phase have a direct 

impact on the effectiveness of the separation. Molecular modeling confirmed that the 

binding ability of the sugar and the CBz-Asp was strongly influenced by hydrogen 

bonding interactions. 
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Molecularly imprinted polymers for 2-L-phenylalanylamino-pyridine, 3-L 

phenylalanylamino-pyridine, and 4-L-phenylalanylamino-pyridine were prepared 

using methacrylic acid and ethylene glycol dimethacrylate as functional and 

crosslinker monomers, respectively32. A higher polymerization temperature with a 

non-covalent approach was employed during the MIP synthesis. Polymers were 

evaluated by liquid chromatography using an isocratic scheme. Electrostatic and 

hydrogen bond interactions were proposed as the mechanism underlying the 

retention of the template molecule using acetonitrile as eluent.  

Li and collaborators9 optimized the chromatographic conditions by changing 

the mobile phase composition and the hydrogen bond capacity. The selectivity of the 

imprinted polymer was not reduced by the increase of water content on the mobile 

phase. In order to understand the diffusion capabilities of the material, pore analysis 

was performed. Results demonstrated a wide distribution of pore sizes (i.e., 

heterogeneous MIP), which was reflected in mass transfer limitations. 

Another interesting example was presented by Baggiani and collaborators 33. 

They evaluated the performance of MIP using the herbicide 2,4,5-

trichlorophenoxyacetic acid as the template. The polymers were prepared in 

aqueous media with 4-vinylpyridine and ethylene glycol dimethacrylate as functional 

monomer and crosslinker monomers, respectively.  The effect of the mobile phase 

on the imprinted polymer was investigated. Solvents with a different dielectric 

constant (i.e. directly related with hydrogen bond capabilities) were considered (e.g 
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acetonitrile, ethanol, tetrahydrofuran, and isopropanol). The investigation revealed 

the binding kinetics were mostly impacted by the accessibility of the imprinted 

cavities than by the nature of the porogen used during the study.  The template 

diffusion through the imprinted material was significantly affected by the MIP 

composition, which defines the MIP structure. In addition, an un-stabilized 

recognition site was revealed by the template leakage during the chiral separation. 

Further investigation was achieved by Baggiani and coworkers25.  They 

explored the utilization of methanol and water as a porogens to imprint the herbicide, 

2,4,5-trichlorophenoxyacetic acid (2,4,5-T). The functional monomer and crosslinker 

were again 4-vinylpyridine and ethylene glycol dimethacrylate, respectively. Liquid 

chromatography was used as the characterization method to evaluate the effect of 

the template/monomer ratio on the binding properties and selectivity of the imprinted 

polymers. The effectiveness of the imprinting process was evaluated by the analysis 

of column capacity (k’), column selectivity and imprinting factor (kMIP/knonMIP). The 

work illustrated that the ion pairing and the hydrophobic interactions between the 

template and the stationary phase controlled the imprinting effect.  

In recent work, Yang et al. 34 evaluated the feasibility of using molecularly 

imprinted solid phase extraction (MISPE) of cotinine, (S)-(−)-1-methyl-5-(3-pyridyl)-2-

pyrrolidinone, (the main metabolite of nicotine) from human urine. Methacrylic acid 

and ethylene glycol dimethacrylate were employed as functional and crosslinker 

monomers, respectively.  Binding isotherms revealed a higher cotinine affinity 
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toward the imprinted polymer in aqueous solutions. Furthermore the apparent 

dissociation constant (Kdiss) and the binding sites (Qsites) comparison between MIP 

and non-MIP confirmed the presence of specific sites formed by the imprinting effect.  

Higher affinity toward the template molecule was observed through the resolution of 

nicotine and its metabolites (cotinine, nicotine, N-nitrosonornicotine). The 

complementary effect of the size and shape of the imprinted site to the recognition 

mechanism of the MIP was demonstrated by the selectivity factor results.  

Table 2.1 summarizes selected separation applications and their realization 

with molecular imprinting materials.  These examples demonstrated the potential of 

imprinted polymers to become broadly applicable within separation systems. It 

reveals the importance of solvent selection to promote interactions (e.g. hydrogen 

bonding, ion pairing, hydrophobic) that will enhance the analytes affinity. It also 

shows the effect of MIP heterogeneity on the diffusion through the imprinted material. 

The size and shape of imprinted sites were identified as contributors to the MIP 

rebinding effect. The importance of studying the MIP mechanism is especially 

remarkable in order to correlate the MIP synthesis and MIP-ligand binding for the 

preparation of a robust material capable of higher template affinity and selectivity. 

Further discussion will identify the challenges associated with the development of 

MIP-related applications such as the stationary separation phase. 
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TABLE 2.1 Selective examples of studies related for MIP application as separation 
phase 

Template molecule Monomer Reference 

(S)-nilvadipine 4-vinylpyridine 35 

propanolol, tyrosine, 
dihydroxyphenylalanine, 2,2,2-
trifluoro-1-(9-anthryl) ethanol 

Organosilanes (TMOS, 
PTMOS, MTMOS) 

36 

cinchonidine, cinchonine dibenzyl-(2R, 3R)-O-
mono-acryl tartrate 

37 

Tamoxifen Methacrylic acid 38 

Phenylalanylamino-pyridine Methacrylic acid 32 

[Sar, Alas] Angiotensin II Sodium acrylate 39 

Phenylalanine Cu(II)-N-(4-vinyl 
benzyl)iminodiacetic acid 

40 
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2.2.2 Immunoassay 
 

Clinical and research laboratories frequently employ antibodies as reagents 

for analytical procedures. Immunoassays, immunoaffinity chromatography, and 

immunosensors must be aided by molecular recognition through the formation of an 

epitode (i.e. the site on an antigen that is recognized by an antibody) between the 

antigen and the antibody.  The molecular imprinting technique has emerged as 

producer of possible antibody counterparts due to its stability and durability in 

extreme conditions where antibodies will not usually endure. Molecularly imprinted 

sorbent assays (MIA) have shown binding strength at nanomolar and micromolar 

range compared to antibodies16. Moreover, the imprinted assay has the advantage 

over natural antibodies that can be stored preserving their recognition abilities41.  

An interesting example was reported by Mosbach and coworkers that applied  

the imprinting technique for the development of MIA to detect theophylline or 

diazepam in human serum42. A radio-labeled ligand-binding assay was prepared by 

using methacrylic acid as the functional monomer and ethylene glycol 

dimethacrylate as the crosslinker. Assays were performed under optimized 

conditions using organic solvents (e.g, acetonitrile, acetone, and tetrahydrofurane). 

The results revealed a good correlation of the MIA detection when compared to the 

traditional immunoassay technique. Also, satisfactory results were found for the 

therapeutic monitoring of the drug over a range of 14-224 M. 
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In a similar approach, Andersons et al.43 reported the preparation of imprinted 

particles employed for the selective adsorption of S-propanol. The group evaluated 

the effect of crosslinker structure on the MIP performance by making the 

copolymerization of methacrylic acid, with two different crosslinking agents. The 

influence of crosslinker morphology was evaluated by comparing MIP synthesized 

using MAA and ethylene glycol dimethacrylate (EGDMA), and MAA and 

trimethylolpropane trimethacrylate (TRIM). The polymerization was performed in 

toluene containing 0.5% (v/v) of acetic acid. Ligand binding analyses were carried 

out in an organic solvent and an aqueous buffer.  The results demonstrated that the 

loading capacity was improved by employing TRIM as the crosslinking agent. 

Certainly, the non-linear structure of TRIM compared to EGDMA should produce a 

polymeric morphology with higher adsorption capabilities. However, the 

enantioselective ability was reduced. In addition, the report demonstrated a higher 

selectivity toward propanol using an aqueous buffer-based assay relative to a 

toluene-based assay.  

Mosbach et al. developed artificial antibody-binding mimics based on 

methacrylic acid copolymerized with ethylene glycol dimethacrylate for the following 

template molecules: diazepam, theophylline, morphine, S-propanolol, methyl- -D-

glucoside and hydrocortisone.44 The non-covalent approach was selected to develop 

the MIA. Specifically, the porogens employed for the polymerization were chloroform, 

acetonitrile, and tetrahydrofuran. The results demonstrated that the cross-reactivities 
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of MIA were comparable with the magnitudes of natural antibodies. However, direct 

evidence revealed the heterogeneity of MIAs. Their saturation capacity was 

inherently correlated with binding sites of higher affinity. Consequently, it 

demonstrated the role of the stability and uniformity of the solution adduct formed 

during the molecular imprinting process.  

Attempts to develop an assay for 2,4-dichlorophenoxyacetic acid with 

imprinted microparticles have also been published by Haupt et al.45 Bulk polymers 

were synthesized by dissolving the template molecule, 4-vinylpyridine, with ethylene 

glycol dimethacrylate in a mixture of methanol and water. The investigation 

confirmed the potential of using the molecular imprinting technique in a polar protic 

solvent. In this work, the rebinding conditions were optimized. Naturally, the 

mechanisms of template complexation and MIP-ligand binding have to be better 

understood to advance MIA applications. 

Takeuchi and collaborators30 reported the copolymerization of methacrylic 

acid and ethylene glycol dimethacrylate in chloroform for the formation of biotin 

methyl ester (B-Me) imprinted cavities. A continuous variation method revealed the 

stoichiometric ratio of the functional monomer-template complex (1:1). Results 

indicated that the imprinted affinity was induced by hydrogen bond interactions 

between the carboxylic acid moiety and the template molecule. Additionally, 2-

(trifluromethyl) acrylic acid (TFMAA) was evaluated as a potential functional 

monomer expecting to be a stronger acid. However, the experiments demonstrated 
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lower affinity when TFMAA was substituted by MAA. In particular, MAA was 

observed to promote higher affinity compared to TFMAA showing it can interact as a 

hydrogen donor and acceptor.  

 In view of the recent developments obtained in MIA technology, it has been 

considered to develop MIA as a substitute for antibodies in immunoassay. The 

above-mentioned studies revealed that MIA exhibit highly selective molecular 

recognition, in many instances compared to biological systems (affinity nM- M 

range). The simplicity of their preparation, their mechanical and chemical robustness 

are essential characteristics that allow MIA to emerge as an assay alternative for 

small molecules. 

 

2.2.3 Catalyst and Artificial Enzymes 
 

Over the past decades, the development and use of catalysts has increased 

yield and selectivity of chemical reactions specifically on fermentation or enzymatic 

processes. Imprinted materials have been applied for the substitution of enzymatic 

systems with the purpose of removing toxic compounds formed in the course of 

biochemical reactions and to shift reaction equilibrium towards product formation. 

The molecular imprinting studies for catalyst applications have focused on acid-base 

and metal complex catalysts 46. Molecularly imprinted beads are frequently used and 

have demonstrated acceleration of product formation as a consequence of the 

reduction in the activation energy due to the presence of imprinted active sites.  
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Nevertheless, imprinted surfaces have also demonstrated to be a prominent 

alternative to develop catalyst47. Further discussion provides details regarding the 

more frequent configuration utilized as molecular imprinted materials (e.g. beads, 

monoliths, thin films, particles, surface) 
48. It is necessary to provide a brief overview 

of the scientific inquiry within the application of the molecular imprinting technique for 

the transformation of recognition sites into an enzyme mimic systems. 

Enzymatic polymers were synthesized by Furusaki and coworkers49. A metal 

mediated imprinted polymer was prepared by producing a complex between a cobalt 

ion and an imidazole molecule. The substrate analog, N- -t-boc-L-histidine was 

introduced to enhance the enzymatic properties of the MIP to catalyze the hydrolysis 

reaction of the amino acid ester. Bulk polymerization was performed in a 

water/organic emulsion. Toluene was selected as the organic phase and acetic acid-

sodium acetate buffer was utilized as the base of the aqueous solution.   The 

performance of the imprinted polymer was evaluated by the Michaelis-Menten 

analysis. A lower kM value was observed for the imprinted polymer, which indicates 

high affinity of MIP toward the target substrate. The substrate recognition sites were 

also confirmed by the apparent Vmax (6.25 x 10-2 mM/min). The reactivity of the 

substrate was enhanced as a consequence of the molecular arrangement of the 

functional molecules that creates a catalytic site generated during the imprinting 

synthesis.  Furthermore, the substrate specificity was investigated by comparing the 

relative reactivities (i.e. initial rated catalyzed by MIP/ initial rated catalyzed by 
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nonMIP) of four different substrates (e.g. N-t-boc-l-alanine p-nitrophenyl ester, N-t-

boc-l phenylalanine, p-nitrophenyl ester, N-t-boc-l-leucine p-nitrophenyl ester, and p-

nitrophenyl acetate). Imprinted polymer demonstrated higher catalytic activity toward 

the amino acid ester during the hydrolysis reaction. In addition, results revealed the 

complementary interaction between the binding abilities of the recognition site and 

its shape on the selectivity of the imprinted polymers. 

In another approach, Nicholls and collaborators 50
 developed a transaminase 

imprinted polymer to catalyze a sigmatropic shift reaction (i.e., pericyclic reaction 

wherein the transition state of the molecule has a cyclic geometry that often has a 

transition metal catalyst that forms intermediates in analogous reaction) in aqueous 

media. Methacrylic acid crosslinked with ethylene glycol dimethacrylate was 

synthesized using a transition state analogue (TSA) as the template. Results 

demonstrated a 15-fold enhancement of the apparent reaction rate in an aqueous 

environment. Additionally, the results estimated the amount of recognition sites 

(n=11.9 ±2 mol g-1). Moreover, MIP selectivity was demonstrated by running the 

reactions relative to the substrate and products. Results revealed that the imprinted 

polymer has a marginal effect on the initial reaction rate as compared to non-

imprinted polymer. The low selectivity was attributed to the fact that the recognition 

sites have less detection capability due to the smaller size of the substrate. 

In a subsequent study, Meng and Sode et al.51 attempted to catalyze the 

transesterification of p-nitrophenyl acetate and hexanol with imprinted microspheres 
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to demonstrate the benefits offered by enzyme mimics material. Itaconic acid and 

imidazole were copolymerized with trimethylpropanol trimethacrylate (TRIM). 

Results demonstrated a 3-fold improvement on the catalytic activity of the process 

due to the presence of imprinted spheres. However, the imprinted polymer did not 

show specificity towards the target template. This suggests that the lack of flexibility 

of the imprinting sites did not contribute to the substrate recognition via an induced-

fitting mechanism. Although traditional MIPs morphologies are characterized as rigid 

structures to reduce the rotational entropy changes during the rebinding process, the 

above finding suggests the rational design of a new generation of imprinted 

materials with MIP-based catalysis exhibiting an induce-fitting mechanism. Thus, the 

recognition site’s flexibility combined with the fortitude of their interaction makes 

imprinting synthesis an attractive approach to enhance the specificity of the 

transesterification process. 

To this date significant findings have been reported on the formation of MIP-

based catalysts. MIP has demonstrated higher tolerance to organic media and harsh 

physical treatment when compared with their natural counterparts. Their ability to 

provide binding sites that can restrict conformations essential for stereochemical and 

regiochemical control certainly confirmed that the imprinting technique is making a 

significant contribution to the development of new artificial enzymes. 
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2.2.4 Sensor Technology 
 

Sensors are analytical devices capable of molecular recognition with 

significant selectivity and sensitivity17. A recent interest has involved the scientific 

activity on the development of sensors that assist  in clinical diagnostics, 

environmental analysis, food analysis, drug screening, production monitoring, 

detection of illicit drugs, genotoxicity and chemical warfare agents1. In this context, 

the specific quantitative or semi-quantitative analytical information is obtained during 

the interaction of an analyte with the recognition element. Consequently a chemical 

signal is produced and is measured with the conversion of an electrical signal by a 

transducer.52 Essentially, the recognition element encompassed high affinity abilities, 

specificity toward the template molecule, significant binding capacity, and stability. 

Actually, several exciting materials are already capable of sensing target molecules. 

However, it has been required to control and to monitor processes in harsh 

environments such as high temperatures, high pressure, in presence of acids, bases, 

and in organic solvents. As a consequence, imprinted materials have emerged as an 

attractive alternative to obtain more robust and stable multisensors. 3. 

MIP sensors can be classified as: affinity sensors, receptor sensors, and 

catalyst sensors.  The affinity sensor provides a response based on the 

accumulation of the electroactive template on the MIP surface. The receptor sensor 
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generates a response based on the transformation of polymer characteristic induced 

by the interaction of MIP and the template. The response of the catalyst sensor is 

promoted by modifying its environment as a consequence of MIP-catalyzed 

reaction53
. Conventional network polymers have been used more frequently for 

sensor design. Membranes are particularly suitable for this application and have 

been prepared as imprinted thin films. A great diversity of techniques have been 

followed to produce biomimetic sensors based on molecular imprinting. It is 

necessary to perform a brief overview of the recent progress toward the 

development of imprinted sensors. 

An interesting example was presented by Karube et al 54 that developed a 

highly specific polymer to detect testosterone using the MI technique. In order to 

assess the efficacy of the covalent and non-covalent method, synthetic receptors 

were prepared by the polymerization of the functional monomer, methacrylic acid 

(MAA) and the crosslinker, ethylene glycol dimethacrylate (EGDMA). Higher affinity 

was observed with the imprinted material synthesized with the covalent approach 

produced which suggests the formation of a more homogenous morphology. 

However, a small percentage of the template was removed from the microcavities 

therefore reducing the binding capacity of the imprinted polymer. Further studies 

demonstrated an increment of 4-fold on the retention factor of the imprinted polymer 

as a result of the binding affinity toward testosterone. Moreover, the selectivity 
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studies indicated the formation of imprinted sites complementary in shape and 

functional moiety to the target molecule.  

Mosbach and collaborators55 developed a conductometric sensor for the 

detection of the benzyltriphenylphosphonium ion with a recognition element based 

on P(MAA-co-EGMA). The binding characteristics of the imprinted polymer were 

observed by adding an incremental amount of benzyltriphenylphosphonium chloride. 

It should be mentioned that the MIP demonstrated a higher binding ratio than the 

reference polymer. Conversely, the conductometric evaluation demonstrated that 

after saturation, the template binding was non-specific in nature and produced a 

conductometric response similar to non-imprinting sensor. Results from this study 

revealed the need of incrementing the loading capacity of imprinted polymers.  

One severe problem identified by Kriz et al56 was the long response time 

involved in the measurement which must be overcome by improving the binding 

kinetics. Modifying the polymer morphology to smaller particles and membranes has 

been suggested in order to enhance the binding kinetics based on the diffusion 

limitations. 

Willner and collaborators57 described the preparation of imprinted sites on 

acrylamide-acryl aminophenyl boronate thin membranes and TiO2 film. Impedance 

spectroscopy was employed to estimate the thickness of chemically assembled thin 

film on the gate surface (85±10 m). Moreover, gate potential measured upon the 

binding of the template molecule showed significant sensitivity toward the nucleotide. 
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The specificity of the imprinted material was attributed to the cooperative binding of 

non-covalent and covalent interactions.  More efforts are still required to optimize the 

polymer morphology (i.e. crosslinker degree) to enhance template recognition. 

 Early attempts to develop polyurethane films as a recognition element for a 

Quartz crystal microbalance (QCM) were performed by Dickert and coworkers58.  

This sensor was developed to detect erythrocytes.  AFM images demonstrated the 

formation of imprinted cavities on the polyutherane surface. Imprinted polymers were 

synthesized in the presence of blood group AB and blood group O. Results revealed 

a remarkable selectivity towards the template cell. Furthermore, the author 

acknowledges that the recognition of the target cell by the imprinted polymer is fully 

reversible. Certainly, the polymer would be produced and regenerated for multiple 

usages.  

The fabrication of an imprinted QCM odor sensor based on poly(methacrylic 

acid-co ethylene glycol dimethacrylate) for the detection of formaldehyde was 

developed. The selectivity of the MIP was characterized by monitoring the resonant 

frequency. The author estimated the dissociation constant between the template 

molecule and the MIP to evaluate the sensor sensitivity. This example demonstrates 

the potential of imprinted material to detect templates in the gaseous phase.  

Of particular relevance is the work of Wu et al59 and its insight on the in situ 

polymerization of polyethylene glycol (PEG) as a functional monomer with -

glycidoxypropyltrimetoxysilane (GPTMS) to fabricate organic-inorganic hybrid 
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membranes. Chitosan imprinted membranes were synthesized through covalent 

approach and characterized by FTIR spectroscopy, X-ray diffraction, scanning 

electron microscopy (SEM), swelling studies and binding experiments. Results 

revealed that the surface morphology of the membrane was controlled by the 

molecular weight and weight fraction of PEG employed during the imprinting process. 

The membranes prepared with PEG 20,000 as a porogen demonstrated a low 

degree of swelling and higher adsorption. It was observed that a hierarchical 

structured-in morphology (i.e., levels-of-structure that build from small-scale 

structure to large-size-scale structure through discrete levels-of-morphology) 

enhanced the protein adsorption capacity and its property of high metal chelating. 

Finally, essential examples were mentioned, which demonstrated the utility of 

combining molecularly imprinted materials with transducers to produce highly 

sensitive and selective sensors with the potential of commercialization. 
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TABLE 2.2 Selective examples of studies related for MIP application as sensor 

Template Monomer Reference 

Viruses Methacrylic acid, styrene 4 

Uric acid Acrylic acid-acrylonitrile 60 

chloramphenicol Methacrylic acid 61 

Albuterol Poly(vinylidine fluoride 
hexafluopropylene) 

62 

Adrenaline Acrylic acid 63 

Atrazine Methacrylic acid, diethyl 
aminoethyl methacrylate 

64 

Propanolol, ephedrine, 
benzylamine, 

cyclohexylamine 

Methacrylic acid 65 
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2.2.5 Other applications 
 

Today, research efforts are focused on creating new strategies to extend MIP 

applications. Certainly, the significant enhancement of molecular imprinting 

performance in an aqueous media will extend the applications with the intention to 

advance tissue engineering scaffolds development52. Imprinting of living cells has 

served as a structural support for the oriented proliferation of cell growth. The 

imprinted polymeric network was designed to degrade with a releasing growth factor 

allowing living cell growth through the macromolecule pores66.  

In addition, imprinted materials are appealing as drug delivery devices (refer 

to Figure 2.2). Allender and coworkers67  have studied the imprinting of theopylline 

with the idea to develop selective transcutaneous monitoring devices. Permeability 

and binding capacity studies have revealed template flux control provided a useful 

means of extending the delivery profile of the device. 

 In an effort to prepare MIP for a drug delivery application, Ciardelli and 

coworkers60 employed the approach of making nanospheres with theophylline 

imprinted cavities. The study evaluated the effect of the functional monomer ‘s 

nature to release theophylline produced by MIP-ligand rebinding. Methacrylic acid 

(MAA), methylmethacrylate (MMA) and trimethylolpropanol trimethacrylate (TRIM) 

were employed as the monomers during the polymerization in acetonitrile solution. 

The binding capacity of imprinted nanospheres was determined. The release ability 

of theophylline was also estimated.  Results revealed the release properties of the 
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MIP and rebinding capacity were modulated by changing the ratio of MAA and MMA 

present during polymerization. Evidence of selectivity towards the template molecule 

was observed by the evaluation of the imprinted nanospheres’ affinity to caffeine-

theophylline solution. 

Another approach for the development of imprinted hydrogels for medical and 

pharmaceutical applications was performed by Peppas and collaborators68. Their 

research focused in the synthesis of imprinted star polymers based on the tethered 

chains of long poly(ethylene glycol) (PEG) chains on poly(acryl acid) (PAA) for drug 

delivery systems. The idea was to increase the bioactive surface to enhance the 

binding ability of MIP. Glucose and theophylline were employed as template 

molecules. It was shown that the morphology of star polymers promoted higher 

concentration of functionalities in a small volume. The resulting MIP has different 

functionalities, which provided ionic, metal coordination, hydrophilic and hydrophobic 

interactions. The study used a molecular theory to calculate the structure of the 

layer-tethered polymers on gel surface. It was evisioned that the calculations would 

aid further experimental design. 

The rational design of imprinted hydrogels will advance their potential 

application as drug delivery devices. Most MIP relay upon a high crosslinking 

structure. However for drug delivery systems, it is usually an advantage to prepare 

imprinted hydrogels with a flexible morphology, which permits the controlled release 

of a therapeutic agent69. The imprinted hydrogel demonstrated the complementary 
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characteristic of affinity and its ability of acting as a drug reservoir. Eventually, the 

drug release was modulated by the swelling characteristic of the imprinted gel.  

Furthermore, the specificity of the imprinted gel allowed to identify a target in the cell 

with the final purpose of producing stimuli. Specifically, the imprinted drug delivery 

device released the therapeutic agent when the MIP bound to the target, a 

competitive displacement of the drug by a structurally related cross reactant. Finally 

both stimuli are combined with the internalization of an MIP- drug complex (see 

Figure 2.2)70.  

In conclusion, imprinted polymers need to be designed as engineered 

materials that control their binding abilities and their eventual response.  

Consequently, a new generation of MIP has emerged with the purpose of expanding 

the molecular imprinting technique in a range of exciting applications in the near 

future. 

 

2.3 Challenges in Molecular Imprinting 
 

The performance of molecularly imprinted polymers will be influenced by the 

accessibility, integrity, stability and affinity of the recognition sites. In order to 

understand the challenges faced by the imprinting community, it is necessary to 

identify the different types of binding sites in MIPs. The polymer will have a wide 

distribution of pore sizes. The MIP consists of binding sites located at macropores 

(>20 Å) and micropores (<20 Å) regions that affect the template diffusion through the 
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imprinting system. Within those regions, different interaction modes are created 

based on the pre-arrangement process in self-assembly of the template molecule 

and the functional group prior to polymerization. Binding modes of high affinity, low 

affinity, and with no selectivity have been observed as the results of this self-

assembly phenomena (see Figure 2.3).  It is evident that several drawbacks must be 

overcome to enhance MIP affinity and binding kinetic. This section will provide an 

insight into the technical challenges that have been addressed for new and 

commercially attractive MIP applications in the near future.  

Withcombe71, Takeguchi29, and Wulff14
 identified the need to design a new 

generation of functional monomers capable of stronger interactions with the template 

molecules, specially in an aqueous media. The idea is to improve the ratio between 

specific and non-specific binding sites. As a result, increment in this ratio will 

enhance the specificity and efficiency of the imprinted polymer72. More work has 

been devoted towards polymer synthesis with a homogeneous population of binding 

sites 41, 72-75.  It has been affirmed the requirement for the development and 

validation of general protocols for MIP design53, 76. Therefore, optimization of MIP 

morphology by its characterization during imprinting design will aid to reduce the 

following limitations: template leakage15, 73, 74, 77, 78, slow mass transfers during 

template removal77, 78 and rebinding process 73; and reduced loading capacity72-74.  A 

better insight of the functional monomer-template complex formation and its role on 
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the polymerization kinetics will enhance the MIP morphology to improve the MIP-

ligand rebinding.   

Several authors indicate the needs of creating novel polymer morphology that 

will allow the imprinting of macromolecules such as peptides, proteins and cells44, 45, 

74, 79. To this end, a greater effort is required to generate imprinted materials capable 

of molecular recognition in an aqueous media15, 44, 53, 75, 77-79. 

A possible solution to the abovementioned limitations is the understanding of 

the peculiarity of MIP formation and MIP-ligand binding to design imprinted material 

with optimal morphology for specific transport and recognition abilities. Therefore, an 

extended discussion will be given in section 2.8 that presents the protocols of 

approaches used by several authors to design recognition elements. 
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Figure 2.2 MIP Drug Delivery System 
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Figure 2.3 Representation of different types of binding sites containing recognition 
sites with non-specificity (a) and high affinity/selectivity (b) 
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2.4 Molecular Imprinting within Hydrogels 
 

Although the development of molecular imprinting began with silica gels20, 

inorganic matrixes (e.g., metal and semi-metal oxides) were found to have 

recognition properties. Moreover, highly crosslinked polymeric networks have played 

a key role to advance creating remarkable imprinting materials. As a drawback, the 

highly crosslinked polymeric networks have an adverse effect if the MIP will have 

further use on biomedical system (e.g., drug delivery, microfluidics drug device, 

artificial tissues). Consequently, an interest to develop intelligent-imprinted hydrogels 

with recognition abilities has emerged in order to combine their oscillatory swelling 

properties with their binding capacity to obtain an intelligent drug delivery system 

and analyte sensing micro-valves80. This section will review recent effort on 

molecular imprinting within hydrogels and their principles. 

Hydrogels are defined as three-dimensional polymeric networks that contain 

physical or chemical crosslinks and are hydrophilic in nature. Therefore, they can 

imbibe water or biological fluid rendering them biocompatible and immunotolerant, 

an essential property for biomedical applications such as tissue engineering, sensor, 

controlled drug delivery, and separations81.  

 Hydrogels are chemically or physically crosslinked. The chemical crosslinked 

hydrogels refer to the process of covalently linking chains within the polymeric 

network. In contrast, physical crosslinked hydrogels refer to the connection of 
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polymeric chains by molecular entanglements and or secondary forces including 

ionic, H-bonding or hydrophobic forces66 . 

 Hydrogels are classified as neutral, anionic or cationic. They have 

demonstrated to be sensitive to environmental changes such as external pH, 

temperature, ionic strength, nature of swelling agent, or electromagnetic radiation82
. 

The principal hydrogel properties are the correlation length or network mesh size ( ), 

number-average molecular weight between crosslinks (Mc), and the swelling 

ratio(Q). The mesh size is indicative of the linear distance between two consecutive 

junctions. The Mc represents the degree of cross-linking. The swelling ratio is 

associated with the equilibrium polymer volume fraction in the gel83. The evaluation 

of the structural properties' relationship will provide significant information for the 

design of molecularly imprinted polymers.  

 Several conditions influence the synthesis of imprinted gels. A rational 

methodology is required to develop hydrogels based-MIPs with binding conformation 

and environmental stimulus capabilities.  It is necessary to understand the reversible 

and transient behavior of an intelligent imprinted gel, which influences the MIP 

affinity and selectivity. In recent work, Tanaka et al84 have observed the reversible 

self-organized conformation of hydrogels between their swelled and collapsed states.  

Imprinted gels were prepared using methacrylamido-propyl-trimethyl-ammonioum 

chloride (MAPTAC) as the functional monomer. N-isopropylacrylamide (NIPA) was 

chosen as the thermoresponsive monomer that allows the swelling and shrinking of 
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the imprinting network. The crosslinkers employed during the imprinting synthesis 

were N, N’ – methylene-bis-acrylamide (BIS) and N-(2-S-acetylthio)ethyl acrylamide. 

The imprinted gels were characterized at their collapsed and swelling state by 

determining the binding affinity of pyridine, the template molecule. Results reveal the 

absorption of the imprinting gel was represented by Langmuir type adsorption 

isotherm. The absorption was reduced during the collapsed state. It was also 

demonstrated that the MAPTAC complex can be restored showing the imprinting 

capacity of environmental stimulus gels. Thus, an obvious target is to create MIP 

morphology that maintains the imprinted cavities in the absence of the template, but 

that also has enough flexibility to facilitate a fast equilibrium between the release and 

the uptake of the template molecule. The current challenge for the MIP rational 

design is to determine the optimal crosslinking ratio that will produce an effective 

recognition. The idea is to predict the optimal synthesis condition to reduce the time 

employed in the MIP development based on a trial and error approach85.  

 In a subsequent study, Kofinas and collaborators86 synthesized molecular 

imprinted hydrogels for the detection of glucose. Poly(allylamine hydrochloride) 

(PAA HCl) were produced by the non-covalent imprinting approach.  The affinity and 

selectivity of MIP was evaluated by equilibrium binding capacity studies in buffer 

solution. Results revealed the MIP recognition toward glucose in a water-swollen 

state.  In addition, imprinted gels demonstrated five to seven-fold specificity toward 

glucose over fructose. The studies showed molecular recognition was achieved 
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even in swollen gels. However, optimal synthesis condition was not rationally 

designed.  

Another interesting example was the work by Peppas et al.87, which 

demonstrated the ability of using imprinted star polymers for glucose recognition. 

The star morphology was designed to be a responsive recognition element. The 

poly(ethylene glycol) (PEG) stars with 75 and 31 arms were crosslinked by EGDMA 

with an ethylene glycol chain of molecular nominal weight of 600. The MIP synthesis 

was performed in an aqueous media. The imprinted polymers were characterized by 

binding and permeability studies using water as a solvent. The polymer synthesized 

with 31 arms exhibited a higher binding capability.  Imprinted stars showed 

selectivity toward the template molecule when glucose uptake was compared to 

fructose uptake. The imprinted stars were not specific when the glucose uptake was 

compared to galactose uptake, which has a chemical structure similar to glucose. 

Furthermore, the morphology has to be optimized to enhance its binding capacity.  

A subsequent study performed by Peppas et al88 revealed that an increment 

of the template feed concentration in the MIP synthesis demonstrated a higher 

binding capacity and better recognition selectivity. Network polymeric films of 

poly(HEMA-co-PEG600DMA) were synthesized using glucose as the template 

molecule. In addition, the selectivity behavior was confirmed using proxyphyline, 

another hydrophilic compound, as the template molecule. The imprinted network 

demonstrated higher uptake capacity toward proxyphyline over theophyline. The 
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crosslinking ratio of the imprinted gels was varied in order to to obtain suitable 

binding abilities. Nevertheless, the synthesis enhancements were based in a trial 

and error approach. Additionally, the optimal template:monomer:crosslinking ratio 

was not established. 

 More recently, attempts to develop an imprinted polymer based in poly(N-tert-

butylacrylamide-co-acylamide/maelic acid) [P(TBA-co-AAm/MA)] for protein 

application were performed by Caykara and collaborators89. In this study the authors 

presented the approach of combining strong and weak interactions to create binding 

abilities on pH-temperature sensitive hydrogels toward bovine serum albumin (BSA).  

Template absorption was estimated as a function of pH and temperature.  The 

results indicated the imprinted polymers have an optimum absorption at a pH equal 

to 5.0, near the isoelectric point of BSA (4.8), which resulted from the ionic 

interaction between the imprinted polymer and the protein. However, during the 

binding experiments the effect of temperature was evaluated. The binding results 

showed a reduction in the absorption capacity of the imprinted material as a 

consequence of an increment in temperature.  It was suggested that the absorption 

difference was modified by the swelling characteristics of the polymer, which was in 

the collapsed state at higher temperatures. Further selectivity analysis indicated the 

existence of a high affinity site towards BSA. Competitive binding between BSA and 

casein demonstrated the high specificity of the imprinted polymer. It was suggested 
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that the selectivity was influenced not only by the complementary interactions at the 

binding site, but also by the shape of the recognition site. 

 In a subsequent study, Alvarez-Lorenzo and coworkers85 developed a 

molecularly imprinted contact lens to uptake and control the norfloxacin release 

(NRF). A copolymerization of hydroxyethyl methacrylate (HEMA), acrylic acid (AA), 

and vinyl pyridine (VP) in the presence of ethylene glycol dimethacrylate (EGDMA) 

was performed to obtain hydrogel discs. Preliminary screenings within non-imprinted 

gels suggested that the acrylic acid monomer permitted a greater loading of the NRF. 

Further characterization of poly(AA-co-EGDMA) demonstrated  an increase in the 

hydrogel’s loading capabilities by the incorporation of AA. The effect of 

template/functional monomer ratio was also investigated. An optimal molar ratio was 

identified suggesting that higher stabilization of the functional monomer-template 

complex. 

 This research assists on the rational designs of a hydrogel based-MIP. It 

employed the most common hydrogels used during molecular imprinting synthesis 

(MAA and EGDMA). An attractive approach to enhance the selective recognition and 

binding affinity in an aqueous solvent consists of introducing a strong hydrogen bond 

donor and acceptor, and strong ionic directed recognition sites.  Conceivably, the 

utilization of MAA during MIP design potentially generates binding sites for a large 

variety of template structures with recognition abilities in an aqueous media. In fact, 

MAA exhibits selective recognition and good affinity in organic and aqueous solvents. 
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MAA also demonstrated evidence of syndiotacticity (i.e. alternate sequence of the 

asymmetric centers along the polymer chain)90. The syndiotactic characteristic of 

MAA influences the recognition properties of MIP due to the chain flexibility.   

Equally important is the selection of the crosslinker for the MIP synthesis. The 

functional monomer-crosslinker system determines the morphology of the polymer 

matrix. The relative reactivity of the crosslinker with the functional monomer during 

polymer propagation influenced the secondary structure on the polymer chain 

growth. EGDMA appears to be a superior crosslinker recognizing the production of 

polymer chains flexible enough for fast template splitting and rebinding.  Higher MIP 

selectivity was observed when EGDMA was chosen as the crosslinking agent91, 92.  

Consequently, the EGDMA-MAA based system provides good recognition properties. 

It is important to note that the EGDMA-MAA system encourages the rapid mass 

transfer of the template molecule. Another important aspect of the crosslinker 

functionality is the fact that it also assists on the stabilization of the recognition sites.  

The EGDMA imparts good mechanical stability to the polymeric matrix, which helps 

in the MIP recognition process93.  

 In summary, highly crosslinked materials have been employed to create 

efficient molecularly imprinted polymers, which demonstrated great binding abilities 

in several applications (separation, immunoassay, sensors, and artificial enzymes). 

Nevertheless, a great effort is actually dedicated to extend MIP application towards 

smart medical devices. To this end, the following challenges have to be overcome in 
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order to form recognition capabilities in hydrogels: a) to sustain the stability of the 

functional monomer-template complex, b) to ensure the integrity of the recognition 

site is stable during MIP-ligand rebinding process, c) to promote interaction 

favorable for the MIP-ligand rebinding.  Particularly important is the rational design of 

material morphology to envision the discovery of controlled release imprinted 

gels70,80. 

2.5 Synthesis of Imprinted Polymers 
 

A preferential tacticity must be induced on the polymeric structure during 

imprinting synthesis, which eventually influences the molecular recognition 

properties. Various alternatives have been reported for the synthesis of imprinted 

polymers61, 94. Free radical polymerization is frequently used for the fabrication of a 

molecularly imprinted polymer.  It offers advantages during the design of imprinted 

polymers recognizing that the imprinting synthesis is performed in several solvents 

or porogens because the reaction has less impact by the presence of acid, bases, or 

by changes in solvent polarity95. 

In addition, copolymerization is often employed to prepare imprinted polymers. 

The polymer structure is formed by the incorporation of two monomers. The 

functional monomer has complementary groups for the recognition mechanism; and 

the crosslinked agent promotes structural stiffness in the imprinted network. The 

sequence in which the monomers interact depends on the relative reactivity within 

these monomers. Consequently, the formation of the structure is produced by the 
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copolymers randomization, by alternating copolymers or block copolymers. Reports 

showed more effective molecular recognition in the design of imprinted polymers 

with a random incorporation of monomers. The stability of the template molecule, the 

functional monomers and the crosslinker before and during the imprinting synthesis 

have intrinsic impact on the recognition capacity of the polymer. Therefore, the 

functional monomer, crosslinker, and the porogen selection are key parameters in 

the design of a molecularly imprinted system. The rational design will advance the 

MIP manufacturing process by eliminating the trial and error method. Finally, it will 

assist to determine the suitable MIP synthesis parameters by improving the 

effectiveness of fabrication protocols to enhance the imprinted polymer’s sensitivity 

and selectivity. An extended discussion of the critical factors associated with 

successful imprinting was provided on section 2.6. This section focuses on the 

description of recent reports that demonstrate the synthesis and physical 

configuration of MIPs.  

An interesting example was reported by Mayes et al96
 who assess the 

influence of imprinted methods (i.e. bulk polymerization, suspension polymerization, 

two-step swelling polymerization, precipitation polymerization, emulsion core-shell 

polymerization) on the recognition properties of MIP. A ligand assay characterization 

was performed to compare the difference in the recognition properties produced by 

the selected synthesis method. Results revealed the polymerization method affected 

the MIP-ligand rebinding. The binding characteristic of the imprinted polymer 
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synthesized by precipitation was higher if the porogen used during ligand rebinding 

was organic in nature. If the porogen was changed to an aqueous solution the 

specificity was reduced. Two-step swelling demonstrated a greater imprinted affinity 

when an aqueous solution was utilized during MIP-ligand rebinding. Finally, the 

author identifies the importance of selecting a polymerization method that produces 

recognition at the imprinted polymer based on the desired application. 

 

TABLE 2.3. Summary of typical configuration employed to produce MIP48 
 

Physical forms of Molecularly Imprinted Polymers 

Crushed monoliths 

Soluble microgels 

Nano and microdots 

Nanostructured surfaces 

Porous microbeads 

Nanobeads, nanofibers, nanotubes, and nanowires 

Porous films 
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Imprinted materials demand distinct characteristics (e.g. specificity, capacity, 

and configuration) for their feasible applications. Nowadays, research on MIP 

provides a variety of configurations to prepare MIP (see Table 2.2). Bulk polymers or 

monoliths are most widely synthesized. The bulk polymer is crushed and sieved to 

obtain particles of irregular size and shape, which influence the efficiency of 

template separation. The reduction in yield of recognition sites by losing material as 

a consequence of removing fine particles from the usable remains has been 

identified as a drawback of this procedure. Evidently, some binding sites are partially 

destroyed by the procedure. To overcome these problems several other attempts to 

prepare a different alternative of MIP configuration have been reported.  

Mosbach and Kempe 97 reported surface imprinting of proteins on silica 

particles. Imprinting effectiveness was compared by using methacrylic acid and 4-

vinylpyridine as functional monomers. Trimethylolpropaten trimethacrylate and 

ethylene glycol dimethacrylate were used as crosslinker agents. Higher affinity for 

RNase A was showed in the imprinted stationary phase compared to the reference 

phase.  

  An elegant approach is to employ in situ preparation of imprinted columns to 

optimize the conditions of molecular imprinting. Zou et al.98 performed in situ 

molecular imprinting to create monolithic polymers as the stationary phase of a 

chromatographic column for separation applications.  The imprinting polymerization 

was completed in a column filled with a functional monomer (MAA, 4-VP), a 
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crosslinker (EGDMA), a free-radical initiator (AIBN) and the corresponding porogen 

(i.e. solvent). Subsequently, the template molecule was extracted and the imprinted 

material was directly utilized for the enantiomer separation. The principal advantage 

was to eliminate the procedures of grinding, sieving, and column packing. 

Consequently, the possibility of destroying imprinted sites was removed from the 

preparation stages. Polymerization conditions, solvent composition (toluene and 

dodecanol) and monomer-template ratio (1:2, 1:3, 1:4) were evaluated to optimize 

the MIP synthesis. Amino acid derivatives and diastereomers were effectively 

resolved with good performance. Results reveal large through-pores which led to low 

back pressure (1.76 MPa) with a mobile phase flow rate of 2.0 ml/min. The 

recognition mechanism was proposed to be driven by hydrophobic interaction, ionic, 

and/or hydrogen bonding interactions.   

In a recent publication, a direct rapid synthesis method had been developed 

by Mayes et al. 94. MIP beads were synthesized by in situ polymerization using 

methacrylic acid, acrylic acid, vinyl pyridine, and hydroxyethyl methacrylate as 

functional monomers. The study evaluated the nature of the functional monomer (e.g. 

methacrylic acid, acrylic acid, hydroxyethyl methacrylate, 2-vinylpyridine) and the 

effect of functional monomer/cross linker ratio for the imprinting of propanol and 

morphine. EGDMA was selected as the crosslinker agent. The percentage of 

template rebinding was estimated through a radioligand binding assay. Results 

demonstrated that imprinted polymers based in methacrylic acid produce higher 
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binding affinity. In addition, it was observed that a 3-fold reduction in  the functional 

monomer/crosslinker ratio diminished the percentage of rebinding in the case of 

MAA. 

 In another approach, Dickert and collaborators4
 conducted the surface 

imprinting of cells and proteins for nano and micro structured sensing elements. The 

key intention was to solve the typical problems associated with bulk polymerization 

such as (i) reduction or destruction of imprinting cavities by the grinding and sieving 

step and (ii) diffusion of biological target molecules. Methacrylic acid, styrene, and 

divinylbenzene were polymerized to coat the quartz crystal microbalance transducer.  

The image obtained using atomic force microscopy (AFM) showed imprinted sites at 

the polyurethane surface with a size dimension similar to the size distribution of cells. 

Additionally, enzyme crystallization was observed when exposing an imprinted 

surface to lysozyme solution. It was proposed that the imprinted site provided a 

nucleation center that favored the eventual crystal growth. 

 An additional attempt was performed by Flores et al 99 to synthesize 

divinylbenzene-based beads. The effect of solvent volume was evaluated based on 

polymer composition. Moreover, the imprinted beads were characterized by the 

kinetic uptake of the cholesterol. Results revealed the influence of the MIP 

configuration in the template re-binding. An increase in product yield was 

demonstrated by the production of monodisperse microbeads.  
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Conversely, thin films are employed on the development of membranes for 

sensor applications. The transport of the template molecule on synthetic membranes 

is controlled by channels with non-porous, microporous or macroporous 

characteristics. Microporous and macroporous membranes have demonstrated 

different transport properties. A report by Marx and collaborators100 described the 

spin coating of a sol gel film imprinted polymer for the enantioselective absorption of 

propanol and other enantiomers. A silane monomer was employed for the synthesis. 

The chirial discrimination of the imprinted sol gels was evaluated by a fluorescence 

method. Results demonstrated the presence of non-specific and specific adsorption 

on the imprinted stage. The selectivity studies demonstrated a substantial adsorption 

of both enantiomers. Consequently, the cavity shape directly influenced the 

specificity of the imprinted matrix, which is associated to the final morphology.  

Piletsky et al. 101
 adopted a different approach by adding a plasticizer to 

improve the mechanical and transport properties of the thin imprinted membrane. 

Oligourethane acrylate and a porogen were added as part of the component in the 

copolymerization of methacylic acid (MAA) and tri(ethyl glycol) dimethacrylate. This 

process resulted in the formation of atrazine-imprinted membranes with higher 

porosity to increase the template’s permeability. The recognition properties of the 

membranes were characterized by the adsorption assessment of atrazine in an 

aqueous media.  The result revealed high binding capacity as a consequence of 

better accessibility to the binding sites in a porous MIP morphology. Selectivity 
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studies demonstrated that atrazine imprinted films have low nonspecific binding 

when compared to triazine, and triazinone herbicides. In context, it is interesting to 

note the MIP-ligand binding efficiency was dictated by pore size distribution. These 

careful studies illustrate the requirement for a rational design of imprinted polymers 

to enhance the mass transfer process among the many desirable properties 

associated with the imprinting mechanism.  

 From the preceding discussion, it is evident that a range of configuration 

alternatives can be chosen for the synthesis of molecularly imprinted polymers. The 

configuration selection of the imprinted material influenced its intended use. None of 

the techniques already mentioned are precise.  However, further evaluation of the 

imprinted morphology and the effect of imprinting technique during the material 

synthesis can advance on the convenient production of enhanced MIP. 

 

2.6 Critical Factors for Successfully Imprinting Design 
 

Although molecular imprinting is simple in terms of sequential stages, it is 

complex in nature. Consequently, methodological approaches are required to 

produce state of the art MIPs. Essential key parameters need to be evaluated during 

the design of a molecularly imprinted system including the composition and the 

nature of the functional monomer, crosslinker, and porogen (i.e. solvent employed 

during the MIP synthesis) employed during MIP synthesis. The first consideration to 

be taken during the rational design is the selection of chemical groups which 
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promote the motif (i.e., a distinct folding pattern for elements of secondary structure) 

for molecular recognition. Consequently, the selection of the functional monomer is 

based on this requirement. Table 2.4 illustrates an example of functional monomers 

frequently used during molecular imprinting synthesis. They are classified as acid, 

basic, or neutral. The most prominent monomer employed toward preparing 

polymeric receptors is methacrylic acid(MAA). MAA demonstrated to has 

complementary binding properties. The carboxylic acid group in MAA provides 

complementary binding sites, which serve as hydrogen bond, hydrogen bond 

acceptor, or proton donor.  The strength of the association depends on the polarity 

of the porogen used during the synthesis. 

The crosslinker selection is essential by designing macromolecular 

architecture of the imprinted polymer. It also establishes the mechanical stability of 

the polymeric network. Table 2.5 listed several well-known crosslinkers used in the 

molecularly imprinted field. The influence of the nominal crosslinker ratio and the 

volume of the porogen over the imprinted morphology can be seen on figure 2.4. 

Several regions are observed depending on the percentage of the crosslinker and 

solvent utilized during polymerization. High cross-linker ratios are generally preferred. 

However, low crosslinked systems have recently been examined as possible 

intelligent controlled release imprinted gels80. Consequently, the functional 

monomer-crosslinker ratio is optimized during the MIP design recognizing it 

influences the final structure that preserves the binding sites. Another aspect to be 
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considered is the effect of the crosslinking density to the MIP-ligand binding kinetics. 

The crosslinker should not disrupt the interaction within the template and the 

functional group. It should also offer enough flexibility to the polymer structure for 

fast template rebinding. 
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TABLE 2.4 Selection of functional monomers used in molecular imprinting102 
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Acidic 
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TABLE 2.5 Selection of crosslinkers used in molecular imprinting102 
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Figure 2.4 Polymer pseudo-phase diagram which demonstrates the effect of 
crosslinking ratio and percentage of solvent on the resulting morphology (I = gel type 
polymers, II= macroporous polymer, III = microgel powder.103 
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The solvent plays an important role in MIP design. In practice, it influences the 

interaction’s strength during the equilibrium of functional monomer-template complex 

and the polymer morphology in terms of surface area and pore size. Therefore, the 

solvent is usually referred to as a porogen, recognizing its role in pore formation. 

The pore size has a direct impact on the recognition’s kinetics. The most frequent 

porogens used during the molecular imprinting technique are those with low 

dielectric constant, such as acetone, tetrahydrofuran, and chloroform. The principal 

objective is to reinforce the hydrogen bond and ionic interactions. However, 

porogens with higher dielectric constant have been utilized (e.g acetonitrile, ethanol, 

and methanol). Other examples of porogens used during the synthesis of molecular 

imprinted polymers are dimethyl sulfoxide, toluene, and water. There are no obvious 

conclusions to be drawn from the selection of the type of solvent that will promote 

the polymer morphology with a structural integrity and good accessibility during MIP-

ligand binding. Moreover, it is understood that MIP morphology is influenced by the 

stabilization of the functional monomer-template complex. As a consequence, the 

rational design of MIP has to include the effect of solvent nature to optimize MIP 

performance. 

 Conversely, the initiator selection depends on the conditions that the 

imprinted material will be synthesized in. Table 2.6 shows the initiator selection 

typically used for radical polymerization. Azobisisobutyronitrile (AIBN) is frequently 

used for imprinting fabrication. For applications using thin films, additional initiators 
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have been selected. An example is reported by Haupt and collaborators104 in which 

2,2-dimethoxy-2-phenylacetophenone (DPAP) was employed due to its ability of 

curing films quicker, resulting in more porous morphologies. Spin-coating was 

utilized to develop thin films by polymerizing methacrylic acid (MAA) and 

trimethylolpropane trimethacylate(TRIM) as the functional and crosslinking 

monomers, respectively. The results demonstrated that imprinted films have chiral 

memory towards the model template, S-propanolol. It also described a simplistic 

technique to control the porous morphology and the film thickness.      

  From the preceding discussion, it can be concluded that the MIP’s 

performance is determined by the design conditions of MIP synthesis.  Therefore, 

strategies for the rational design of imprinted polymers will assist in their optimization 

to enhance their affinity and selectivity. Much effort is still required to understand the 

mechanism underlying the formation of a binding site and its influence in the MIP-

ligand binding. Furthermore, interesting research is in progress to evaluate the 

possibility of new polymerization conditions which would result in a wide spread of 

molecular imprinting techniques in the near future. 
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TABLE 2.6. Selection of initiators typically used for radical polymerization102 
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2.7 The role of functional monomer-template complex 
 

In order to establish the strategies to select the optimal conditions for the MIP 

synthesis, it is important to ponder the thermodynamic considerations that occur 

during the functional monomer-template complex formation and MIP-ligand binding 

recognition.  From analog to biological systems, the molecular recognition occurs by 

the combination of several complementary interactions between the binding sites 

and the template molecule. The phenomenon will be governed by the enthalpic and 

entropic contributions, which result in Gibbs free energy changes for the complex 

formation and rebinding recognition. This overview identifies the factors influencing 

the stabilization of a functional monomer-template complex to obtain an effective 

MIP-ligand binding. 

It is interesting to note that the nature of the functional monomer-template 

complex is established by the quantity and the type of binding sites on molecularly 

imprinted polymers. It is also defined by the site’s heterogeneity. The fidelity of the 

MIP binding sites depends on the extent and the stability of the functional monomer-

template complex105. Consequently, it is critical to understand the functional 

monomer-template complex and its stabilization to achieve a rational design of MIPs. 

The thermodynamic equilibrium of MIP formation is defined by the Gibbs free energy 

changes of complex formation ( Gbind)
106

: 

vdwconfpvi bhrrtbi nd
GGGGGGGG (1) 
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Where the changes of Gibbs free energy are associated to complex formation 

( Gbind) are: translational and rotational free energy ( Gt+r), internal rotation free 

energy ( Gr), hydrophobic interactions ( Gh), residual soft vibrational modes ( Gvib), 

the sum of interacting polar group contributions ( Gp), adverse conformational 

changes ( Gconf), and unfavorable van der Waals’ interactions ( GvdW). The 

translational and rotational terms are related to the order of complex that may be 

formed. The greater the number of components associated to the complex formation 

reduces the stability of the complex. The internal rotation free energy term indicates 

the importance of reducing the number of possible solution conformation by forming 

a more rigid structure.  The sum of interacting polar group contributions implies that 

the stability of solution adducts depends on the number and the strength of 

functional monomer-template interaction created during the complex formation. The 

hydrophobic effect has been considered on the Gh term, which indicates that a 

balance between the hydrophobic portions of the template structure and functional 

monomers enhances the stability of complex formation. The GvdW terms and the 

Gconf term reflect that an effective solvation and the need for compromise of 

template conformation encourage the formation of solution adducts. 

 It is interesting to note that each thermodynamic contribution influences the 

Gbind. The assessment of the extent of the functional monomer–template 

complexation will allow the optimization of MIP through the non-covalent approach. 

Sellergren et al.107 pioneered the evaluation of the complex formation between 
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methacrylic acid (MAA) and phenylalanine anilide (PA) by NMR titration. The results 

are evidence of the MAA-PA complex formation with the apparent chemical shift. In 

another elegant approach, Nicholls and collaborators10 employed UV spectroscopy 

to estimate the apparent change of Gibbs free energy at the prepolymerization stage. 

N-acetyl-Lphenylalaninyl-L-tryptophanyl methyl ester, yohimbine and cinchonidine 

were studied as template molecules for the imprinted crosslinked network based on 

methacrylic acid and ethylene glycol dimethacrylate. The method provided a 

valuable tool for the rapid screening of new molecular imprinting systems. However, 

the concentration range that can be assessed with UV studies is often below the 

traditional concentrations employed during MIP synthesis. In a recently published 

study, Karlsson et al.11 performed 1H-NMR studies to propose a model for the 

molecular basis of a functional monomer-template complex utilizing bupivacaine as 

a template molecule in poly(methacrylic acid-co-ethylene glycol) dimethacrylate. The 

results also suggested the possibility of preserving the electrostatic interactions 

during MIP polymerization. Subsequent studies by Mizaikoff and collaborators108 

applied FTIR and 1H-NMR spectroscopy to study the complex formation of the 

template 2,4-dichlorophenoxyacetic acid with the functional monomer 4-vinylpyridine. 

Results confirmed the formation of a functional monomer-template complex based 

on hydrogen bonding interactions and hydrophobic interactions such as –  stacking. 

Regardless, additional efforts have to be focused toward the characterization of the 

pre-polymeric stage. Peppas and collaborators109 performed dynamic studies of 
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molecular imprinting polymerization by employing ATR-FTIR spectroscopy and 

differential photocalorimetry. Copolymers of 2-hydroxylethyl methacrylate and 

poly(ethylene glycol) dimethacrylate were investigated for the imprinting of glucose. 

Results showed an early lag period followed by a late auto-acceleration process 

during MIP synthesis. 

To consider the physical principles underlying the MIP-ligand rebinding, 

equation (1) is simplified to equation (2) assuming the template populations will 

neither possess conformational strain nor adverse van der Waals interactions. 

pvibhrrtbind
GGGGGG   (2) 

Extensive studies should be performed to assess the relationship between 

the self-assembly and the MIP-ligand rebinding. However, several authors have 

executed thermodynamic experiments to comprehend the MIP-ligand binding 

kinetics. A typical example was reported by Sellergren and Shea110. Several elution 

conditions were evaluated by Van’t Hoff analyses showing the effect on the 

enthalpic-entropy compensation during the binding of L-phylalanine anilide (D,L-PA).  

The pH of the solvent and several additives were included during the studies to 

select the optimal condition that enhanced the MIP-ligand rebinding. Consequently, 

the rebinding process was optimized to balance the electrostatic and hydrophobic 

interactions resulting in the entropy-enthalpy compensation. In another report, 

Mosbach et al. 79 attempted to develop an alternative fluorescence assay based on 

MIP. The imprinted polymers were synthesized by employing 2,4-
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dichlorophenoxyacetic acid, 4-vinylpyridine (4-VP), and ethylene glycol 

dimethacryalte (EDMA) as the template molecule, the functional monomer and 

crosslinking agent, respectively.  The specificity and selectivity of the assay were 

evaluated in an organic and aqueous solvent. Results demonstrated the contribution 

of the sum of polar and hydrophobic interaction that produced different specificities 

in organic and aqueous solvents.  

In terms of understanding the MIP-ligand binding, Baggiani and collaborators 

prepared imprinted polymers for the binding of 2,4,5-tricholorphenoxyacetic acid 

(2,4,5-T) in an aqueous media. The mobile phase composition was optimized by 

different organic solvents, which provided variable polarity and hydrogen bond 

donor/acceptor properties. Retention factors were estimated for the elution of 2,4,5-T 

using acetonitrile, methanol, ethanol, propanol, isopropanol, tetrahydrofuran, 2-

methoxyethanol, and 1,2-dimethoxyethanol. Results revealed that the molecular 

recognition mechanism was dependent on the combination of ion pairs and 

hydrophobic interactions. 

Although progress to increase the knowledge of MIP formation and MIP-

ligand binding has been made, a more extensive research is still required to 

rationally design MIPs. The impact of synthesis conditions in the self-assembly of a 

functional monomer-template complex, and the stability of the complex during the 

polymerization stage need to be elucidated through spectroscopic and 
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thermodynamic studies. Relevant information is essential to improve the MIP 

performance in aqueous systems. 

 

2.8 Strategies for MIP Design 
 

The synthesis and design of novel materials with high affinity and selectivity 

by employing the molecular imprinting technique have been a focal research area.  

The optimization strategies have been addressed by the assessment of the pre-

polymerization stage or the post-polymerization stage73.  

Pre-polymerization stage assessment foresees the understanding of the 

functional monomer-template complex stabilization or the development of a method 

capable of simultaneous characterization of several significant factors on MIP 

synthesis.  Takeuchi and collaborators7 demonstrated a semiautomatic system to 

screen an MIP receptor through a combinatorial molecular imprinting method. 

Preliminary results were obtained from a first screening and a second regular 

screening was performed to provide detailed information. Results demonstrated that 

one way to design high performance MIPs is through the examination of thousands 

of various polymers prepared with different combinations and amounts of agents 

under diverse polymerization conditions. The study evaluated monomer acidity 

through the selection of MAA and TFMAA as functional monomers and the 

template/monomer ratio. Factors concerning crosslinking and solvents were fixed.  
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El-Toufaili and collaborators111 enhanced the abovementioned approach by 

proposing a membrane module to cast the imprinted material simplifying the 

requirement of an automated system. The optimal solvent (porogen) and template to 

crosslinker ratio were investigated. 4-vinylpyridene (4-VPy) was chosen as the 

functional monomer. Three crosslinkers were investigated: ethylene glycol 

dimethacrylate (EGDMA), TRIM, and divynilbenzene (DVB). Quantitative screening 

was achieved by optimizing the thickness of the cast MIP layer and using 

fluorescence spectroscopy.  

Davis et al.112 described a chemometric approach to optimize the MIPs for 

sulfonamides. Chemometrics is the application of statistical methods to chemical 

data in order to extract the maximum relevant information to design or optimize 

experimental parameters. A methacrylic acid/ ethylene glycol dimethacrylate MIP 

was used as the model imprinted receptor. The molar ratio between the functional 

monomer, crosslinker, and template were the factors selected for evaluation. By 

using chemometric models with the selected significant factors, the study aimed at 

the evaluation to balance the flexibility and rigidity for MIP system to facilitate the 

mass transfer through the MIP pores without losing the imprinting memory. Results 

predicted an optimum ratio different to those ratios commonly employed in molecular 

imprinting within a range of 15.6 to 38.9%. This study also revealed surface 

response to predict the rebinding of SDIM on MIP.  
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The post-polymerization approach aims on the modification of binding sites 

distribution by either chemical or physical means. A good example is the evaluation 

of the influence of mobile phase composition investigated by Lu et al.32. Three kinds 

of imprinted polymers based on methacrylic acid crosslinked with ethylene glycol 

dimethacrylate were synthesized. The chromatographic performance was evaluated 

utilizing acetonitrile, acetic acid, and water as eluents. The investigation considered 

that acetic acid and water could compete with the carboxylic functional group of 

MAA and weaken the interactions within the polymer and the template molecule. 

Results demonstrated that an increase in water contents in the mobile phase did not 

cause a decrease in selectivity for the imprinted polymer. The MIP system also 

showed a better separation based on the acetonitrile-buffer mobile phase.  

In another example, the potential of chemometrics for the proposal of a 

mechanism controlling MIP rebinding was considered by Nicholls and 

collaborators113. The influence of temperature and solvent polarity on rebinding was 

investigated. The synthesized imprinted polymers were based on MAA and EGDMA. 

Results showed the highest level of specific binding in pure toluene, pure acetonitrile 

at low temperature, and in 25% of acetonitrile in water at low temperature. 

Furthermore, they provided a basis for the prediction of MIP-ligand biding. The 

implications of these findings suggested the requirement of a methodological 

approach capable of making a relationship between the MIP formation and MIP-

ligand recognition to rational design imprinted materials. 
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CHAPTER 3 

3  Motivation and Objectives 
 
 

With the evident growth in biosensor technology, an innovative approach has 

been required to develop less expensive material alternative to traditional options. In 

addition, the construction of a sensor systems with a higher stability compared to its 

counterparts (i.e. enzyme, antibodies, microorganism) is needed to extend the 

sensor’s applications in an extreme environment (e.g. Mars). Furthermore, essential 

detection of biological markers is required to prevent chronic diseases. Thus, 

research objectives will assess both fundamental issues and the utility to predict the 

recognition capabilities of the sensor system during design phase. 

Particular attention will be given establishing a sensor technology for 

hydrocortisone detection. Hydrocortisone is a biomarker and a key metabolic 

regulator produced by the adrenal gland (see figure 3.1). It influences the 

inflammatory response of the body, the glucose’s metabolism due to the 

glyceroneogenesis pathway, and the immune system’s functionality. Hydrocortisone 

counterbalances the effect of insulin by restoring blood glucose to its normal level 

and by increasing the glycogen stored in the liver, which are ready to support the 

stress response. Abnormal levels of hydrocortisone influence pathological conditions 

such as Cushing syndrome, Addison’s disease, obesity, neurological conditions 

associated with constant stress, diabetes, and other syndromes. The detection of 
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hydrocortisone will prevent and control the medical treatment of these conditions. It 

is also relevant the detection of hydrocortisone to monitor the therapeutic treatment 

with corticosteroids drugs in sport medicine and to prevent disease associated with 

stress. Actually, hydrocortisone is detected by fluorescence assay, radioligand assay, 

enzyme fragment complementation (EFC), and reversed phase liquid 

chromatography. Fluorescence, radioactivity, and EFC techniques require the 

labeling of the template molecule that could interfere with the monitoring process.  

Much effort has to be devoted to the innovation of analysis techniques. Moreover, 

the detection of endogenous and exogenous hydrocortisone can be achieved 

through the development of imprinted hydrogels. The effectiveness of molecular 

imprinting polymers has demonstrated to be a promising alternative as a sensing 

device to detect hydrocortisone. 

Encouraged by the aforementioned discussion, this research aims for the 

rational design of hydrogel based-MIPs to be employed as non-invasive biosensors 

to monitor biological markers and are foreseen as a combined technology with drug 

delivery systems. With this intention, and choosing hydrocortisone as the model 

template molecule during the studies with these intentions, the following specific 

objectives were established: 

a. Demonstrate the effectiveness of the MIP complex monitoring 

method to optimize the hydrogel based-MIP design  
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b. Elucidate the formation of the functional monomer-template complex 

before and during MIP synthesis 

c. Demonstrate a better understanding of MIP kinetics by comparing 

the rate of polymerization for imprinting and non-imprinted polymer 

syntheses; and by investigating the influence of solvent nature (i.e, 

protic, aprotic) during MIP synthesis 

d. Develop thin film hydrogel-based MIPs composed of 

poly(methacrylic acid) crosslinked with tetra(ethylene glycol) 

dimethacrylate in aqueous solvent 

e. Characterize hydrogel-based MIP to evaluate the optimal 

monomer/crosslinker ratio and investigate the influence of pH in the 

MIP’s permeability abilities  

f. Demonstrate a better understanding of the hydrogel based-MIP 

binding capacity and their selectivity in aqueous solution. 

 

 

 

 

 

Figure 3.1 Chemical Structure of Hydrocortisone (template molecule) 
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CHAPTER 4 

4 Toward the Rational Design of Molecularly 
Imprinted Polymers 
 

4.1 Introduction 
 

Molecular imprinting has become an increasingly active field of study for the 

development of recognition materials of predetermined selectivity. The technique 

itself and the potential application have been extensively reviewed3, 48, 69, 70, 78, 80, 102, 

114 115.  

Although molecular imprinting is conceptually elegant in its simplicity, the 

molecular level events of the imprinting process are complex in nature. The final 

performances of MIP and its effectiveness are influenced by several factors during 

their synthesis such as the type of monomer, the monomer-crosslinker ratio, the 

template-monomer ratio, the type of initiator, porogen and percentage of dilution, the 

temperature and pressure of polymerization, the initiation process (e.g. thermal, 

photochemical), reaction time, and the dimension of the reaction vials13. Thus, it 

appears that a rational design of MIP requires extensive research associated to the 

imprinting process thermodynamics, the evaluation of the imprinting system via 

spectroscopic methods, the understanding of the polymerization and the MIP-ligand 

binding process, and computational studies to elucidate the self assembly of the 
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functional monomer-template complex, and to optimize the MIP synthesis and 

recognition abilities.  

Some research efforts have been directed towards characterizing and 

understanding the physical mechanism underlying molecular imprinting process as 

discussed in detail on chapter 2, sections 2.6, 2.7 and 2.8. The development of a 

true understanding of the MIP formation and MIP-ligand recognition will assist in the 

rational design of MIP for specific applications. 

Several authors have described the physical factors leading to the formation 

of functional monomer-template complex and MIP-ligand binding 105, 106, 116. A vast 

range of variables play a role in determining the success of imprinting polymerization 

as previously mentioned. Different approaches have been utilized to predict and 

optimize the MIP design. These independent efforts have demonstrated the 

feasibility of the MIP rational design by having a better insight of the molecular 

imprinting process. Molecular Dynamic (MD) Simulations of the imprinted polymer 

formation and additional state-of-the-art computational tools are employed to 

generate a virtual library that will allow the pre-selection of the functional monomer, 

crosslinker, and porogen employed during MIP synthesis117. Essential drawbacks of 

purely non-experimental approaches are associated with a long time of model and 

code development and a limited amount of memory for the study performance. The 

last limitation will define the number of molecules and the volume of the system 

under evaluation. However, there is another macroscopic effect within the imprinting 
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process that needs to be assessed through empirical evaluation. The combination of 

simulation results with an experimental approach will support not only a screening 

stage; it also reinforces the MIP rational design to obtain a more comprehensive 

picture of the system of interest. 

Another approach to elucidate the imprinting process has focused on 

understanding the principal aspects that influence the formation of the functional 

monomer-template complex at the MIP formation stage. Knowledge about the 

dynamic process of the functional monomer-template association employing 

spectroscopic techniques is important to understand and possibly predict the 

behavior of MIPs. Sellenger’s group has pioneered the self-assembly evaluation by 

NMR studies, which is reflected in the Gibbs free energy for the total binding of 

functional monomer-template complex 118. Direct evidence has been presented to 

identify the complex motif and to estimate the association constant of complex 

formation10, 30, 119-124. Nicholls et al. proposed a model for the molecular basis for 

ligand recognition of MIP by employing NMR spectroscopy11. Mizaikoff et al.108 

analyzed the self-assembly mechanism of functional monomer-template complex on 

the pre-polymeric solution by employing FTIR and NMR spectroscopy. The above-

mentioned studies can be considered sensitive methods to identify the magnitude 

and type of interactions at the MIP complex formation. A further-reaching goal is to 

combine methods to obtain information related to the functional monomer-template 

complex’s stability through the MIP synthesis. 
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In order to draw conclusions on how variables relate to the MIP preparation 

and how they affect their effectiveness during the MIP-ligand rebinding, it is 

necessary to characterize the imprinting process during polymerization. An 

interesting study, which evaluates the effect of the template molecule on the 

polymerization rates and conversion of the imprinting polymerization was reported 

by Peppas and collaborators 109. An early lag period was observed on the rate of 

polymerization followed by a late auto-acceleration during the copolymerization of 2-

hydroxyethyl methacrylate (HEMA) and poly(ethylene glycol) dimethacrylate 

(PEG600DMA). This indicates a complex formation between the functional monomer 

and the template molecule. Initial attempts were also performed by several groups to 

confirm that the template-template12 and functional monomer-template interactions11 

were preserved during the primary stage of the polymerization process using NMR 

spectroscopy. Collectively, these results provided the basis to hypothesize that a 

cooperative ligand recognition event in the (-)nicotine-imprinted methacrylic acid-

ethylene dimethacrylate copolymers occurs. It is interesting to note the above-

mentioned finding must be complemented with empirical evidence that will explain 

the extent of the solution complexes formed between the monomer and the template 

during polymerization. In fact, the extent of functional monomer-template interaction 

in the solution reflects the architecture of the binding site. This piece of information 

demonstrates MIP can be physically characterized on a molecular level by 
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spectroscopic methods. Furthermore, a greater interest has to be focused in the 

development of a method that will correlate MIP formation with MIP-ligand binding.   

Despite the fact that understanding the self-assembly of the functional 

monomer-template complex during the pre-imprinting stage (i.e. MIP formation) will 

enhance the development of MIP, a number of factors can influence the MIP-ligand 

rebinding and should be considered (refer to section 2.6). It is clear that molecular 

level studies of MIP-ligand interactions have aimed the MIP design. Researchers in 

the field have carefully examined the MIP-ligand binding with FTIR and NMR 

spectroscopy. Shea et al. demonstrated an effective method for quantitative analysis 

of interaction sites in the MIP125.  Related efforts directed to the identification of MIP-

ligand binding capacity have recently been undertaken by other authors31, 126-128. The 

adsorption and desorption of the template molecule on imprinted polymers was 

followed by Surface Enhanced Raman-scattering measurements (SERS)28.  

A significant advance was made to elucidate the imprinting mechanism. This 

approach will remain an additional value to the molecular imprinting tool-kit in order 

to optimize the binding sites on MIP materials in an aqueous media. Although MIP 

synthesis is frequently performed in apolar/aprotic solvents, the use of on a polar 

solvents has already been investigated yielding MIP with limited performance. It 

would be suitable to rationally design imprinted materials in mostly polar porogen 

with binding/release capabilities. The principal purpose is the analytical 

troubleshooting of significant factors that influence the formation of the functional 



 

 

 

 

 

 75 

monomer-template complex, MIP synthesis, and MIP-ligand rebinding. Progress 

toward the empirical optimization of the binding/selectivity behavior of MIP will open 

the doors for the design of a new intelligent target in situ sensing device that could 

be combined with drug delivery systems129.  

At this time, relatively few studies have described the rational design of 

imprinted hydrogels. This study aims at the evaluation of: 1) functional monomer-

template complex formation, 2) polymerization and site formation; and 3) MIP-ligand 

rebinding. Knowledge of the strength of interaction and complex stoichiometry, 

evaluation of polymer morphology and complex stability lifetime, and the 

assessment of MIP-ligand rebinding are necessary for further development of 

hydrogel based-MIPs with high selectivity and specificity. The interest of this work is 

to understand how the MAA-hydrocortisone complex formed in solution gives rise to 

the imprinted sites present in the MIP. In particular the assessment: (i) examined the 

extent of acetic acid with hydrocortisone which behaves analogously to MAA, (ii) 

investigated the effect on the magnitude of interactions in dimethylsulfoxide ( , 

dielectric constant = 47.2), and ethanol (  = 24.3), (iii) examined the effect of MAA-

hydrocortisone complex formation in the polymerization kinetics, (iv) evaluated the 

influence of MAA-hydrocortisone complex formation on the resultant imprinted 

hydrogel morphology. To this end, 1H-Nuclear Magnetic Resonance (NMR) titration 

and continuous variation studies were performed to identify interaction sites and 

estimate the apparent affinity during the self-assembly of the complex. Moreover, 



 

 

 

 

 

 76 

Attenuated Total Reflectance Fourier Transform Infrared (ATR-FTIR) studies were 

performed to monitor molecular imprinting synthesis. Essential information was 

collected to predict the possible interaction of MIP-ligand rebinding (see chapter 5.0) 

Therefore, the comprehensive analysis of self-assembly, polymerization and 

post-polymerization stage with complementary techniques enable fundamental 

insights to enhance MIP effectiveness. A successful MIP design must be achieved 

by making a rapid functional monomer screening, understanding the solvent effect 

on the imprinting process, identifying the type of interactions present on the MIP 

processes, and by being familiar with the effect of crosslinker on-site formation. The 

rational approach described herein particularly focuses on imprinted hydrogels 

designed in an aqueous media to compromise between rigidity and flexibility for 

further applications in sensor technology and drug delivery systems. 
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4.2 Experimental 
 

4.2.1 Materials 
 

All solvents and chemicals were of analytical grade. Methacrylic acid (MAA) 

was purified in a vacuum prior to use. Hydrocortisone and dimethyl sulfoxide were 

supplied by Sigma Aldrich (St. Louis, MO, USA). Ethanol (HPLC grade) and acetone 

(HPLC grade) were obtained from Fisher Scientific (Fair Lawn, New Jersey, USA). 

Methacrylic acid and tetraethylene glycol dimethacrylate were received from 

Polysciences (Warrington, Pa, USA). Deuterium oxide (D2O), dymethyl sulfoxide-d6, 

ethanol-d6, and acetic acid-d4 were supplied by Wilmad (Buena, NJ, USA). 

Tetramethylsilane (TMS) was obtained from Wilmad (Buena, NJ, USA). 1-Hydroxyl 

cyclo hexyl phenyl ketone was purchased from Sigma Aldrich (St. Louis, MO, USA). 

4.2.2 Nuclear Magnetic Resonance (NMR) Titration 
 

In order to estimate the magnitude of the interaction between the functional 

monomer (MAA) and the template molecule (hydrocortisone) in the relevant solvent, 

NMR titration studies were conducted. This information is essential for the potential 

prediction of the binding capacities of MIP, monomer and porogen selection, and 

initial functional monomer-template ratio. It reflects the degree of MAA-

hydrocortisone complex at the pre-polymeric mixture. The NMR characterization of 

functional MAA-hydrocortisone interactions was performed by systematically adding 

acetic acid-d4 (monomer analog) to a solution of hydrocortisone (16M) at room 
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temperature (see figure 4.1). The effect of solvent in the complex formation was 

evaluated by the use of dymethyl-sulfoxide-d6, and ethyl alcohol-d6. The acetic acid-

d4 concentration was varied from 0 to 16 M in the pre-polymeric solution. NMR 

spectra of the pre-polymeric mixture were recorded on a Bruker Advance 500 MHz 

spectrometer (B0 11.74 Tesla), equipped with a broadband detection and QXI-4 

detection probes. 1D 1H spectra were acquired with a spectral width of 10330 Hz 

and 32768 data points.  The chemical shift ( ) or relative change in the resonance 

frequency of the proton in the sample was measured as a function of acetic acid 

concentration using tetramethylsilane (TMS) as the standard reference. The 

chemical shifts were measured in protons associated with carbon 11 (4.225 ppm, 

4.285 ppm), carbon 17 (5.185 ppm) and carbon 21 (4.669 ppm, 4.658 ppm, 4.657 

ppm) during the NMR titration. These protons have been identified as possible 

interaction points between MAA and hydrocortisone. Apparent disassociation 

constants were calculated using a non-linear fitting to a one-site model11 with the 

software package Origin (version 7.5, Origin Lab, USA). Origin is a software 

package that provides data analysis and graphing workplaces. It also offers linear 

and non-linear data fitting methods (e.g., polynomial, Lorentzian, and non-linear 

least square). 

Refer to appendix A and B for calculation example and raw data review. 
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Figure 4.1 Structure of acetic acid (a) and methacrylic acid (b). The presence of 
carboxylic acid functional groups in both structures promotes interactions that were 
compared during the functional monomer-template complex assessment. 
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4.2.3 Continuous Variation Method 
 

The non-covalent interaction for molecular imprinting is limited by the stability 

of the functional monomer-template complex. The molecular complex’s stability in 

the pre-polymeric mixture can be predicted by modifying the monomer-template ratio 

in order to move the equilibrium towards the complex formation. To this end, a 

continuous variation method was conducted using the previously described Bruker 

Advance 500 MHz spectrometer (B0 11.74 Tesla). Samples were prepared in 

dimethyl sulfoxide-d6 and ethyl alcohol-d6. The molar fraction of hydrocortisone and 

functional monomer was systematically varied from 0 to 1.0 with a constant total 

concentration of 16 M. NMR spectra of the pre-polymeric mixtures were recorded to 

determine the displacement of chemical shifts in the corresponding protons of 

possible interactions as previously discussed. A non-linear curve of the suitable 

property of the system against the MAA-hydrocortisone ratio was examined for 

discontinuities or abrupt changes of slope corresponding to the stoichiometry of the 

MAA-hydrocortisone complex130.  

Refer to appendix C and D for calculation example and raw data review. 
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4.2.4 In situ polymerization by Attenuated Total Reflectance Fourier 
Transform (ATR-FTIR) Spectroscopy 
 

The structure and local environment of imprinted hydrogels were evaluated by 

ATR-FTIR studies. The extent of the functional monomer-template complex and its 

stability’s lifetime were monitored during the imprinted synthesis. In situ free radical 

polymerization was performed on ZnSe 45  crystal in an inert environment 

employing a 1.20±0.30 mW/cm2 ultraviolet source at room temperature (see figure 

4.2). The reaction system was sealed and purged with nitrogen for 10 minutes. Pre-

polymeric mixtures were prepared with 1:1 and 1:4 MAA-EGDMA molar ratios to 

evaluate the influence of complex formation during the imprinted material synthesis. 

The effect of the solvent nature was studied by performing the hydrogels’ synthesis 

in aqueous (50% wt ethanol solution) and non-aqueous (dimethyl sulfoxide) 

environments. Spectra were collected every 0.5 minutes with an IR300 

ThermoNicolet spectrometer (USA) equipped with a KBr beam splitter and DTGS 

detector. The spectral range used during the study was 4000-400cm-1 with a 

spectral resolution of 4 cm-1. A comparison peak height versus a common baseline 

point was performed to estimate the conversion of double bonds. 

Refer to appendix E and F for calculation example and raw data review. 
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Figure 4.2 In situ polymerization by Attenuated Total Reflectence Fourier Transform 
Infrared. The polymerization of imprinted and non-imprinted polymers was evaluated 
in an inert environment. (a) In situ polymerization system, which included a UV 
source and ATR-FTIR spectrometer.  
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4.3 Results and Discussion 
 

4.3.1 Self-Assembly Analysis of the Pre-polymeric Mixture for the 
Prediction of MIP Performance 
 

The self-assembly of functional monomer-template complex has been 

monitored by estimating the binding constant of the pre-polymeric mixture through 

spectroscopic techniques (e.g. NMR spectroscopy, FTIR spectroscopy, UV-Vis 

spectroscopy, fluorescence spectroscopy, Raman spectroscopy, and mass 

spectrometry) 10-12, 28, 109, 123, 131-134. In the present study, the formation of the 

functional monomer-template complex at the molecular level of the imprinting 

process was evaluated by employing the continuous variation and NMR titration 

studies. The method of continuous variation, often called Job’s method, was 

employed to determine the stoichiometric coefficients m and n of the functional 

monomer-template complex of the type SmLn. This information is complementary to 

the evaluation of the stability or association constant obtained from NMR titrations 

studies. NMR spectroscopy gives information regarding the nature of the interaction 

between the functional monomer and the template molecule. The intermolecular 

interaction of the complex modified the electronic environment of the protons and in 

the presence of a magnetic field a diamagnetic anisotropy is generated. The induced 

chemical shift that results from this effect is examined using NMR spectroscopy. 
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Consequently, the dynamics of the MIP complexes in pre-polymeric solution were 

predicted. 

The determination of the possible stoichiometric relationship of the MAA-

hydrocortisone complex was examined with the continuous variation method using 

acetic acid-d4 as the monomer analog. The molar fraction of hydrocortisone and 

acetic acid-d4 was varied from 0 to 1 with a total constant concentration of 16 M. The 

Job plot (Fig.4.2) was constructed by evaluating the complex concentration (  x  ft ) 

as a function of the molar fraction of the template (ft).  To understand the quantitative 

explanation of the Job plot, it is required to develop the expression that represents 

how the complex concentration varied with the mole fraction.  Consider the formation 

of higher complexes directly from the substrate (S) and ligand (L) , as in 

nm
LSnLmS  (4.1) 

As a result, the overall binding constant ( mn) is defined as  

nm

nm

mn

LS

LS
 (4.2) 

which can also be considered as the overall stability constant ( mn). The overall 

stability constant is the product of the corresponding binding or association 

constants (Kmn) which result from higher order complexes SmLn. Thus, mn=K11K12 for 

a stepwise complex formation.  

The mole fraction ( t) can be defined as 
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c

VL

LS

L
f t

tt

t

t
  (4.3) 

where Lt is the total ligand concentration (Lt= Lc/V). In addition, the mole fraction 

can be calculated as 

c

VL
f t

t
 (4.4) 

 

Combining equation 4.3 and 4.4, it resulted in 

c

VL

LS

L
t

tt

t
 (4.5) 

The mass balance equations of the system, 

nmt
LSmSS  (4.6) 

 

nmt
LSnLL  (4.7) 

 

The equations for the method of continuous variation can be expressed as follows 

by combining equations 4.2 to 4.7,  

 

nmtf
LSmSfc 1  (4.9) 
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nmtf
LSnLfc  (4.10) 

 

nm

nm

mn
LSLS  (4.11) 

where cf = c/V. If equation 4.9, 4.10 and 4.11 are combined, they produce  

nm

n

nmtf

m

nmtfmn
LSLSnfcLSmfc 1  (4.12) 

By differentiating equation 4.12 with respect to t and finding the maximum mole 

fraction ( tmax) of d[SmLn]/d t=0 one obtains:  

max

max

1
t

t

f

f

m

n
 (4.13) 

Consequently, the maximum of the continuous variation curves represents the ratio 

of the molecular complex in solution. 

Figure 4.3 illustrates continuous variation curve, which represent the 

stoichiometry of the MAA-hydrocortisone complex in dimethyl sulfoxide.  The 

concentration of the complex is proportional to the product of ft x . The Job plot 

analysis demonstrated a maximum value of the molar fraction (ftmax) of 0.4. It 

indicates a 1:2 complex formed in solution. The results obtained reflect the relative 

molecular association, which denote SL2 stoichiometry. The 1:2 complex is formed 

by the addition of a second ligand to the 1:1 complexes. The existence of a 1:2 

complex suggests the formation of a 1:1 complex, assuming that every complex is 

formed in a bimolecular process of the following equilibrium: 
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SLLS  (4.14) 

2
SLLSL  (4.15) 

Moreover, Job plot results confirm the possibility of the formation of two binding sites 

during the imprinting process that can promote better affinity during the MIP-ligand 

rebinding. It has been observed that multiple interaction sites will afford higher 

complex stability and will promote higher affinity than single functional monomer-

template interaction78. A two-sites model could be hypothesized based on the results 

obtained by Mosbach and collaborators. Previous reports associated with artificial 

antibodies to corticosteroids by molecular imprinting44, 135 have deduced the 

implication of various functionalities for hydrocortisone recognition. Mosbach and 

collaborators have identified the 11-, 17, and 21-OH groups that will directly 

influence the binding ability of the MIP. These hydroxyl groups are able to act as 

both hydrogen donor and hydrogen acceptor. Now, it is essential to understand the 

magnitude of the MAA-hydrocortisone interaction and if these interactions with the 

carboxyl functionality of the methacrylic acid residues within the MIP will be 

stabilized during the polymeric synthesis (refer to section 4.3.2).   
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Figure 4.3 1H Continuous variation method for the complex formation of 
hydrocortisone with acetic acid-d4. 
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In order to evaluate the extent of the MAA-hydrocortisone complex, the 

dissociation constant was determined through NMR titration. A series of NMR 

titrations with acetic acid, monomer analog, in a hydrocortisone solution (16 M) was 

performed to estimate the strength of interaction related to adduct formation with the 

hydroxyl functional group (i.e. 11-, 17-, and 21-OH group). The effect of the nature of 

the solvent was evaluated by performing NMR titration on dimethyl sulfoxide-d6, and 

ethanol-d6. As depicted in figure 4.4, initial displacement was observed on the 

resonance of hydroxyl protons (17-OH, 21-OH) of hydrocortisone at the initial 

addition of acetic acid. Direct evidence associated with the downfield shift was 

observed and it is indicative of the interactions between the hydroxyl groups of the 

template molecule and the carboxylic acid moieties of acetic acid. This result can be 

confirmed by previous reports136, which demonstrated that the carboxylic acid-based 

monomers have been successfully imprinted, recognizing their ability of H-bond 

donor, H-bond acceptor, ion pair formation and dipole-dipole interactions. In addition, 

a saturation isotherm as a function of monomer concentration (see Fig. 4.4) enabled 

the determination of the apparent dissociation constants (Kd) for the complex 

formation. Table 4.1 summarized the dissociation constant estimated by performing 

a non-linear fitting with a one-site model. 
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Figure 4.4 Binding isotherms of hydrocortisone/acetic acid complex formation in 
dimethyl sulfoxide-d6. A non-linear fitting was performed having a square of Pearson 
correlation coefficient (R2) of 0.9899. 
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TABLE 4.1 Apparent dissociation constant for acetic acid-d4:hydrocortisone complex 

Protonb Dimethyl sulfoxide-d6 /M Ethanol-d6 /M 

17-OH 0.0408 0.003 0.5814 0.0.1163 

b See figure 3.1 for numbering 

 
The complex’s affinity can be related to the magnitude of Kd, which reveals 

the strength of the functional monomer-template interaction. Naturally, higher 

dissociation values were observed in ethanol as a result of a higher dielectric 

constant that is related to the hydrogen bonding capacity of the solvent. Moreover, 

the magnitudes of  the dissociation constants are equivalent to those previously 

reported for hydrogen bonding11. NMR results suggested that the synthesis of an 

imprinted hydrogel using ethanol as a porogen produced MIPs with binding 

characteristics of a lower affinity compared to MIPs fabricated with traditional 

molecular imprinting solvents (i.e. aprotic porogens). However, it demonstrated the 

feasibility of manufacturing a hydrogel based MIP with imprinting sites recognizing 

the presence of a MAA-hydrocortisone complex at the pre-polymeric mixture. 

Collectively, the continuous variation and Job plot results are qualitative; 

related with the selectivity and affinity of the resultant MIP and it showed the 

feasibility for the further development of MIP in more polar solvents. It has been 

postulated that the MAA-hydrocortisone complex observed at the pre-polymeric 

mixture would be transformed to a specific binding site. However, the induced 
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chemical shifts identified in the above-mentioned NMR studies represent the 

equilibrium average state of a highly dynamic system. The principal objective was to 

confirm the incorporation of hydrocortisone into the polymer for the formation of 

imprinted sites. Furthermore, the hypothesis that the functional monomer-template 

complexes are stable during MIP synthesis to generate imprinted sites was 

corroborated (refer to section 4.3.2). These results suggested a cooperative effect in 

the resultant MIP if the multiple interactions observed in the MAA-hydrocortisone 

complex assemblies were stable during the MIP formation. Moreover, it was 

concluded that the type and degree of crosslinking and the porogen influenced the 

association’s equilibrium and the absorption-desorption kinetics during MIP 

rebinding. These factors require rational optimization (refer to chapter 5.0). 

     

4.3.2 Analysis of MIP synthesis 
 

For the further advance to develop materials possessing the responsive 

properties for sensing and drug delivery applications, molecularly imprinted 

hydrogels were synthesized by free radical polymerization. The imprinting process 

was monitored by ATR-FTIR spectroscopy. The main objective was to evaluate inter 

and intra-molecular changes promoted by functional monomer-template complex 

formation during the synthesis of molecularly imprinted hydrogels. The synthesis of 
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imprinted hydrogels was performed in the relevant solvent in varying MAA/EGDMA 

ratios. 

Figure 4.5 demonstrates the imprinted hydrogel spectra of in situ 

polymerization in dimethyl sulfoxide. The spectra show the characteristic absorption 

peaks of the expected chemical structures (e.g. C-H = 3000 – 2850 cm-1, O-HMAA= 

3400 -2400 cm-1, C=OMAA=1710 cm-1, C=OTEGDMA = 1730 cm-1, C=C = 1640 cm-1). 

A medium absorption was observed at frequencies from 3000 to 2840 cm-1 that 

corresponds to sp3 C-H stretching. The absorption intensity of sp3 C-H stretching 

was reduced by performing the synthesis in an aprotic solvent. Moreover, reducing 

the amount of the crosslinker used in the polymerization feed resulted in a more 

intensive band absorption at 2500 cm-1 due to the O-H stretching of MAA carboxyl 

moieties. The absorption at 1710 cm-1 that corresponds to the carbonyl group (C=O) 

is strong. Concurrently, the chemical shift of the carboxylic acid vibration at 1710cm-1 

was observed. These results suggested the formation of interaction sites within the 

carboxylic acid functional group. The C=C stretching vibration peak at 1640 cm-1 

confirmed how the polymerization proceeded. The C=C stretching vibration was not 

employed to estimate the conversion of double bond recognizing this absorption 

could be affected by the presence of solvent, specifically water, during the 

polymerization process. Furthermore, the formation of carbonyl salt at 1300 cm-1 

suggests the formation of cooperative interactions that have the possibility to 

enhance the stability of the functional monomer-template complex. 
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Figure 4.5 ATR-FTIR spectrum of in situ polymerization for 4:1 imprinted hydrogels 
in a non-aqueous environment (dimethyl sulfoxide). The spectrums were taken 
before irradiation and after 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6 minutes of 
irradiation by UV light. 
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The apparent conversion of the double bond, which is directly related with the 

decrease of absorbance under =CH2 rocking vibration at 1320 cm-1, was calculated 

as, 

02

21
rockingCH

rockingCH
bonddoubleofconversion t

 

Herein =CH2 rocking0 and =CH2 rockingt are the heights of the absorption peak at 

1320 cm-1 before and after the exposure for time t. The conversion was monitored to 

evaluate the effect of the imprinting process in the relevant solvent. The solvent 

employed was dimethyl sulfoxide and a mixture of 1:1 mass ratio of ethanol and 

water-d2. Figure 4.6 illustrates the apparent conversion as a function of time in a 

non-aqueous (a) and aqueous environment (b), respectively. 

As depicted in figure 4.6, the conversion profiles demonstrated the principal 

steps of chain-growth polymerization: a) the initiation of the active monomer by the 

association of a free radical initiator species and a single monomer molecule (less 

than 2 minutes on figure 4.6, (a)), b) the propagation of an active chain by sequential 

addition of monomers (between 2 to 5 minutes on figure 4.6, (a)); and c) the 

termination of the rapid growth of polymer chain by the formation of inactive covalent 

bonds (more than 5 minutes on figure 4.6, (a)). In addition, the imprinting process 

reduced the conversion of double bounds significantly after 2.5 minutes of 

polymerization by comparing the imprinted () and non-imprinted () synthesis. 
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These results suggested a lower mass transfer of a monomer unit (MAA) due to the 

MAA-hydrocortiosone complexation. It seems likely that the monomer-template 

interactions are sustained during polymerization leading to the formation of receptor 

or imprinted sites. It could be hypothesized that during the MIP synthesis the 

specificity of the recognition sites could be further developed by changing shapes 

and introducing an additional functional monomer. This hypothesis is supported by 

the observation of functional group formation during the MIP synthesis as depicted in 

figure 4.5.  Certainly, the results suggest an influence in the morphology of the 

imprinted material through the presence of the functional group (MAA) and the 

template molecule (Hydrocortisone) during the MIP. Similarly, Peppas and 

collaborators observed a reduction in double bond conversion through the study of 

the HEMA/Glucose system109.  

The comparison of figures 4.6 (a) and 4.6 (b) showed a higher reduction in 

the conversion of double bond.  The results become evident after the consideration 

of the solvent effects during the analysis of the propagation of polymer chains. A 

similar relative effect has been shown by Beuermann and collaborator137 in the 

MAA’s reactivity depending on the amount of MAA dimers or monomers in solution. 

A higher polar solvent, such as the mixture of water and ethanol, competes with self-

association of the MAA and the polymer chains, the self-association of MAA 

dimmers and the MAA-hydrocortisone complex. Consequently, the polymer chain’s 

growth and the final shape of the imprinted site are influenced by the presence of the 
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template molecule (hydrocortisone). However, the in situ polymerization results 

demonstrated the successful completion of MIP synthesis suggesting the effective 

fabrication of imprinted hydrogels to extend its application as a targeted drug 

delivery system70. 

Moreover, the auto-acceleration of non-imprinted and imprinted synthesis was 

confirmed by observing 3-fold and 6-fold increments of slope magnitude in the 

sigmodal curve that represent the conversion of the double bond as a function of 

time, respectively (see figure 4.6 (a) and (b)). A 2-fold reduction in the slope was 

observed with the introduction of the template molecule by comparing the non-

imprinted and imprinted synthesis. The critical conversion at which auto-acceleration 

begins (i.e. 0.05 for aprotic solvent, and 0.04 for aqueous media) was determined by 

the intersection of the lines tangent to the conversion versus time curve before and 

after auto-acceleration138. 
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Figure 4.6 Conversion of the double bonds as a function of time for imprinted () 
and non-imprinted ()  hydrogels 
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Figure 4.7 Rate of polymerization (Rp) in an aqueous media as a function of time for 
non-imprinted and imprinted hydrogels 
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The rate of polymerization (Rp) was estimated to evaluate the effect of 

complex formation during the imprinted material synthesis.  Figure 4.7 shows the 

rate of polymerization of imprinted (MI) and non-imprinted (non-MI) hydrogels. The 

imprinted hydrogels demonstrated a lower rate of propagation during the initial 3 

minutes of the reaction, which confirms the possible explanation of a lower monomer 

transfer through the imprinting process. The auto-acceleration effect is also present 

during the MI and non-MI hydrogels’ synthesis. It is suggested that the structural 

integrity of the MAA-hydrocortisone complex was preserved during the synthesis 

thus reducing the MAA’s mobility that resulted in lower rates of propagation. Higher 

dissociation rates of the MAA-hydrocortisone complex relative to the propagation 

rate will not influence the MAA’s mobility. Consequently, the rate of propagation will 

not be reduced. In addition, favorable orientation of the polymer chain during the 

MIP synthesis produces a higher rate of polymerization in the final steps of the 

polymer’s growth previously observed by the 6-fold slope increment. Consequently, 

the formation of specific sites with recognition abilities as a result of the functional 

monomer-template molecule’s interactions and by changing the shape during the 

completion of fully polymerized system is foreseen. As depicted in Figure 4.4, the 

auto-acceleration is observed at 2.5 minutes for 1:1 MAA:TEGDMA ratio. 
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4.4 Concluding Remarks 
 

The formation of the MAA-Hydrocortisone complex was elucidated with the 

Job method and NMR titration studies. The results indicated that, under the relative 

stoichiometry and concentration employed in this study, methacrylic acid is capable 

of interacting with hydrocortisone forming complexes, which results in imprinted 

cavities on molecularly imprinted hydrogels. The presence of 1:2 complexes 

supports the prediction of high affinity sites in further MIP fabrication. Knowledge of 

the association constants between the template and the monomer in solution is 

qualitatively related with the selectivity and affinity of the resultant MIP and it shows 

the feasibility for the further development of MIP in more polar solvents. The 

optimization of the functional monomer-template molar ratio, the porogen selection, 

and the type and degree of crosslinking would lead to a larger fraction of high affinity 

sites on the MIP. 

The synthesis of imprinted hydrogels based on Poly(MAA-TEGDMA) was 

monitored by ATR-FTIR.  In situ polymerization experiments were performed in a 

variety of solvents that had a direct impact on MIP synthesis. In situ polymerization 

identified the presence of a functional group in an aqueous media that will promote 

the formation of imprinted sites. A reduction of the rate of polymerization at the 

beginning of the imprinted synthesis confirmed the structural integrity of the MAA-

hydrocortisone complex already observed from the Job method results.  In situ 
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polymerization results also demonstrated that the monomer-template interactions 

were not perturbed during the synthesis. It was observed that the arrangement of the 

carboxyl groups was fixed in space and complementary to the template molecule 

(hydrocortisone).  

In summary, this study clearly demonstrated that monitoring the stability of 

the functional monomer-template complex before and during the imprinting process 

provides an in depth insight of the imprinting phenomenon to enhance the MIP 

design. 
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CHAPTER 5 

5 Molecular Recognition Properties and 
Characterization of a Hydrogel based-MIP in an 
Aqueous media  
 

5.1 Introduction 
 

The monitoring of specific clinical markers is highly desirable and has been 

achieved through the creation of advanced imprinted materials. Imprinted hydrogels 

are attractive for the production of biomimetic sensors and non-immunogenic 

synthetic systems as an alternative to biological recognition agents139. The 

molecular imprinting technique provides the means to develop polymeric recognition 

materials with predetermined ligand selectivity140. The imprinted materials are stable, 

robust, reproducible, and engineerable 141.  

The development of the non-covalent approach for imprinting material 

synthesis in the 1980s and 1990s raised the need of fully understanding the 

imprinting process to enhance imprinting performance in an aqueous environment. 

The non-covalent strategy has been used more extensively, recognizing that the 

synthesis’ conditions are compatible with the different solubility of templates and a 

variety of functional monomers are introduced with the non-covalent method. In 

addition, high yields can be achieved during the polymer’s synthesis using different 

solvents. Therefore, research into the fundamental aspects of the preparation, 
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design, and evaluation of an imprinted system is essential to expand hydrogel 

based-MIPs in an aqueous media. One major challenge in the development of MIPs 

in an aqueous media is that the presence of polar solvent can disturb the formation 

of the pre-polymeric complex. As a result, the molecular imprinting of polymers using 

a non-covalent interaction has been performed mostly in a non-polar solvents78. 

However, the feasibility of generating MIPs in an aqueous buffer has been 

demonstrated. In addition, imprinted materials have been synthesized traditionally in 

the presence of a high crosslinking degree in order to fix the orientation of the 

functional groups and retain their recognition capabilities80. Conversely, stimuli-

sensitive hydrogel systems are recently under investigation142 to engineer 

biomimetic networks with specific reversible-swelling properties. They will provide 

novel capabilities to MIPs for advanced applications such as drug delivery systems69 

and targeted imprinted matrixes70. Furthermore, extending the molecular imprinting 

technique to biomedical applications required the rational design of an imprinted 

polymers to optimize the design by selecting functional monomers that promote a 

better stability of the functional monomer-template complex in a fully aqueous 

environment. In addition, the MIPs employed for drug delivery systems and target 

sensor devices should advance in order to reduce the crosslinking agent 

concentration. Lower crosslinked networks should be optimized in order to retain the 

integrity of the imprinting sites and to have a good accessibility of the template 

molecule promoting the MIP-ligand rebinding. Certainly, enhancement in the MIP’s 
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synthesis with lower crosslinking agents extends their applications to drug release 

systems. 

The elusive goal of molecular recognition in hydrogel systems has been 

reached in certain cases (as discussed in detail in chapter 2 section 4). MIPs 

prepared with the thermoresponsive hydrogel-based isopropylacrylamide (NIPAm) 

have been reported for the recognition of pyranine84. This system provides the 

evidence that recognition sites are formed in low crosslinked systems80. Additional 

reports describe several strategies to develop hydrogels as molecular agents for 

selectively detecting glucose, theophylline, calcium ions, norephedrine, adrenaline, 

and other significant target molecules84, 86, 143. However, it is desirable to fabricate 

imprinted hydrogels with controlled recognition abilities142. The potential to rationally 

design imprinted hydrogels shows great promise to enhance the binding abilities of 

hydrogel networks. 

This research attempts to further expand the scope of application for hydrogel 

based-MIPs through the synthesis, characterization and elucidation of the 

biomimetic recognition of hydrocortisone in molecularly imprinted polymers in an 

aqueous media. The strategies employed in chapter 4.0 promoted the understanding 

of the binding abilities of the functional monomer-imprinted complex at the pre-

polymeric mixture and during MIP synthesis for the further development of MIPs. In 

fact, this information assists in the design for the imprinting of biomimetic hydrogel 

membranes. In this study, hydrogel based-MIPs were synthesized using different 
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functional monomer/crosslinker ratios for the detection of hydrocortisone in biological 

fluids. The approach undertaken was to design an intelligent targeted biomimetic 

membranes that exhibited swelling transitions promoted by external stimuli and with 

template diffusion abilities that enhanced the MIP-ligand rebinding kinetics. To this 

end, imprinted and non-imprinted biomimetic membranes were characterized by 

permeability, swelling, selectivity, and electroconductivity studies. It is important to 

note that the goal was not to accomplish a better affinity and selectivity compared to 

traditional densely imprinted polymers, but to form a self-organized active sites that 

can be controlled and memorized upon gel shrinkage or swelling.  

 

5.2 Experimental 
 

5.2.1 Materials 
 

All solvents and chemicals were of analytical grade. Hydrocortisone was 

obtained from Sigma Chemical Co. (St. Louis, MO, USA). The photoinitiator was 1-

hydroxylphenyl ketone purchased from Sigma Aldrich, Co. (St. Louis, MO, USA). 

Methacrylic acid (MAA) and tetra(ethylene glycol) dimethacrylate (TEGDMA) were 

obtained from Polyscience, Inc (Warrington, PA, USA). Methacrylic acid was purified 

by vacuum distillation prior to use. Ethanol (HPLC grade) was purchased form 

Fisher Scientific (Fair Lawn, New Jersey, USA). The buffer solutions were prepared 
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using sodium phosphate monobasic and sodium phosphate dibasic obtained from 

Fisher Scientific (Fair Lawn, New Jersey, USA). 

5.2.2 Biomimetic membrane synthesis 
 

Imprinted and non-imprinted hydrogel networks were polymerized to evaluate 

their binding and selectivity abilities. Methacylic acid (MAA) and tetra(ethylene glycol) 

dimethacrylate (TEGDMA) were utilized as the functional monomer and crosslinker, 

respectively.  The molar feed compositions of MAA:TEGDMA used during the 

synthesis were 4:1, 17:1 and 39:1. A 1:1 mass ratio of ethanol and water was 

employed as the solvent with a 50% w/w dilution of monomer mixture. The pre-

polymeric mixture was purged during 15 minutes with nitrogen to remove dissolved 

oxygen that acts as a reaction inhibitor.  Monomer mixture was casted between 

microscope slides (75 x 50 x 1 mm) using Teflon® spacers to control thickness (381 

m). Free radical solution polymerization was induced by an ultraviolet source 

(EFOS Acticure®, Ontario, Canada) with an intensity of 28 2 mW/cm2. The 

approximate time of polymerization was 8-10 minutes depending on the amount of 

crosslinker added. The hydrogel networks were cut into round discs with a 1.5 cm 

diameter. Similar protocols were employed to produce imprinted hydrogels by 

incorporating the template molecule (e.g., hydrocortisone, fluorescein) in the pre-

polymeric mixture. The template/functional monomer ratio employed during the 

synthesis of the imprinted gel was 1:4. The hydrogel networks were subsequently 
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washed with deionized water to remove any un-reacted monomer or oligomers. In 

the case of imprinted polymers, the template molecule was removed using a 9:1 

volumetric ratio mixture of methanol and acetic acid. Imprinted hydrogels were finally 

washed with deionized water during 7 days. All hydrogel discs were dried under 

vacuum until they attained a constant weight. 

5.2.3 Permeability Studies 
 

Hydrocortisone permeability studies were performed to assess the diffusion 

characteristics of the imprinted and non-imprinted hydrogel networks as a function of 

pH (5.5, and 6.0) and MAA:TEGDMA molar ratio (17:1, and 39:1). The presence or 

absence of the hydrocortisone imprint on the hydrogel networks was indirectly 

evaluated by assessing the hydrocortisone permeability.  Permeation studies were 

performed on equilibrated swollen hydrogels at 37 C employing a membrane 

transport system (PermeGear Inc. Hellertown, PA) with a side by side of diffusion 

cells or half cells (see figure 5.1).  

Imprinted and non-imprinted hydrogels were placed between the half cells 

(7mL of volume). Subsequently, each cell was filled with a buffered solution at the 

appropriate pH (5.5, 6.0) and ionic strength (0.1 M). A constant concentration 

gradient was promoted by keeping the hydrocortisone concentration (662 M) on the 

donor cell and replenishing the receptor cell with a freshly buffered solution. The 

effective area of diffusion was 2.54 cm2. Magnetic stirring (600 rpm) on each 

reservoir kept the solution well mixed. 
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Figure 5.1 Experimental set-up for the permeability studies employing the 
membrane transport system (PermeGear Inc. Hellertown, PA) 
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Hydrocortisone concentration was spectrophotometrically determined as a 

function of time at 242 nm using a PowerWave X UV-Vis spectrophotometer (Bio-tek 

Instruments, Inc, Winooski, VT). All tests were performed in triplicate. The joint effect 

of the imprinting technique, pH, and MAA-TEGDMA ratio on the permeability 

coefficient was evaluated through a 3-factor, 2-level full factorial design. Furthermore, 

the equality of the permeability coefficient means was tested by a one-way and two-

way ANOVA model144. The permeability coefficients data was analyzed using 

MINITAB  (Release 14.13, Minitab, Inc., PA). Counter plot was developed using 

MINITAB  (Release 14.13, Minitab, Inc., PA). 

 MINITAB  is a software package that provides a comprehensive set of 

statistical tools to evaluate the effect of factors on specific response and statistical 

differences between mean and variance (i.e., one-way ANOVA, two-way ANOVA, t-

test).  

Refer to appendix G and H for calculation example and raw data review. 
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5.2.4 Characterization of Hydrogel Networks by Equilibrium Volume 

Swelling (Q) and Correlation Length ( ) 
 

The physical properties of imprinted and non-imprinted hydrogels were 

characterized through buoyancy studies at 37 C in a glutaric acid-sodium hydroxide 

buffer solution (i.e. swelling medium) with the following pHs: 3.2, 4.0, 4.8, 5.4, 5.8, 

6.0, and 7.0. The hydrogel films were weighted in air and n-heptane (non-solvent) at 

their relaxed state (after crosslinking, but before swelling), dried state (after their 

completed drying), and swollen state (after equilibrium was attained in the swelling 

medium). Figure 5.2 illustrates a density kit coupled to a Voyager balance (Ohasu 

Corp., Pine Brook, NJ) employed to determine the network volume. All tests were 

performed in triplicate. The equilibrium volume swelling ratio (Q), and mesh size ( ) 

were determined as indicated in section 5.3.2. The equality of the Q and  means 

were tested by a one-way and two-way ANOVA model144, Design and analysis of 

experiments] using MINITAB  (Release 14.13, Minitab, Inc.,). 

Refer to appendix I and J for calculation example and raw data review. 
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Figure 5.2 Density kit coupled to Voyager balance (Ohasu Corp., Pine Brook,NJ) 
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5.2.5 Binding studies 
 

The binding capacity of imprinted and non-imprinted hydrogels was 

determined via batch studies (see figure 5.3). Equilibrated swollen hydrogels (MIP 

and non-MIP) were immersed in 20 mL of hydrocortisone buffer solution (pH 3.2) at 

37 C with a predetermined concentration. The mixture was allowed to equilibrate 

while stirring (200 rpm) for 24 hours. The remaining concentration at the supernatant 

was spectrophotometrically analyzed at 242 nm using a PowerWave X UV-Vis 

spectrophotometer (Bio-tek Instruments, Inc., Winooski, VT). ). The hydrocortisone 

concentration was incremented from 0 to 331 M.  Binding capacity was calculated 

as described in section 5.3.3. Tests were performed in triplicate. 

Refer to appendix K and L for calculation example and raw data review. 
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Figure 5.3 Experimental set-up for binding assessment – Imprinted and non-
imprinted hydrogels (a) were placed in a 50 mL batch binding beaker (b) with the 
corresponding buffered solution that contains the template molecule. Batch beakers 

were incubated in a water bath (PermeGear Inc. Hellertown, PA) at 37 C and 200 
rpm. The template molecule incorporation (d) was determined 
spectrophotometrically  
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5.2.6 Selectivity Studies 
 

Selectivity of imprinted and non-imprinted hydrogels was evaluated by 

competitive permeability studies. Imprinted hydrogels with fluorescein template were 

characterized using a membrane transport system (PermeGear Inc. Hellertown, PA) 

with a side-by-side diffusion cell previously described in section 5.2.3. Each half-cell 

was filled with PBS buffered solution (pH 6.0). The donor cell was maintained with a 

racemic mixture of fluorescein and rhodamine-B, with a 1:1 molar ratio (fluorescein 

concentration equal to 27 M). The receptor cell was continuously replenished with 

fresh buffer. Fluorescein and rhodamine-B concentrations were determined 

fluometrically at the corresponding excitation (fluorescein 490 nm, rhodamine-B 560 

nm) and emission wavelength (fluorescein 520 nm, rhodamine-B 580 nm) using a 

fluorescence spectophotometer (SpectraMax Gemini EM, Sunnyvale, CA). 
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5.2.7 Sensitivity Studies of Biomimetic Membranes using 
Electroconductivity Measurements 

 

A conductometric device for the evaluation of imprinted hydrogel affinity and 

selectivity was developed145. Electroconductivity studies were completed in order to 

assess the electrochemical activity during the accumulation of the template molecule 

in the imprinted hydrogels. Electroconductivity measurements were performed at 

37 C in a custom-built test cell with two Ag/AgCl electrodes (with a surface area of 

1.257cm2). As a supporting electrolyte, a 0.1 M glutaric acid-sodium hydroxide 

solution (pH 3.2) was used. Equilibrated swollen imprinted and non-imprinted 

hydrogels were placed in the custom-built cell with a buffer solution. Hydrocortisone 

concentration was incremented from 0 to 331 M to promote changes in conductivity. 

A small-amplitude alternating voltage was applied to conduct electrochemical 

studies. The voltage signal was generated by a function generator (Agilent 33120A) 

and amplified with a custom-built differential amplifier. The output signal was 

detected by employing a data acquisition board (National Instruments PCI-6052-E) 

in combination with the software package LabView 6.1 (National Instruments). 

Electroconductivity variation induced by the interaction of hydrocortisone with the 

hydrogel structure was recorded as a function of frequency.  

In addition, the non-specificity binding capacity of the imprinted membrane 

was evaluated by measuring the signal induced by fluorescein on the imprinted 

hydrogel for hydrocortisone. The test was executed as previously discussed by 
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changing the fluorescein concentration from 0 to 331 M to promote changes in the 

electrical signal. 

All tests were performed in triplicate. The assessment was performed in 

collaboration with the Computer and Electrical Engineering Departments of UPRM145.  

 Refer to appendix M and N for calculation example and raw data review. 

 

5.3 Results and Discussion 
 

5.3.1 Template Transport in Biomimetic Gels 
 

Permeability studies were conducted to evaluate the feasibility of the MIP-

ligand rebinding as a function of the pH and MAA/TEGDMA ratio, recognizing the 

potential application as a therapeutic monitoring device.  It is essential to establish 

during the polymer design the binding ability and how the hydrogel morphology 

influences the transport of the template molecule based on the material’s porosity 

(i.e. imprinted site accessibility). The integrity of the recognition sites was 

investigated by varying the solution pH within the range of operation (pH 3.2 to 7). 

The permeability coefficient (P) of imprinted and non-imprinted hydrogels was 

determined using equation (5.1), which considers the steady state mass transfer 

relation of the system under evaluation, and has been previously described in the 

literature 146.  
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Pt
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c

c

o

t
22

1ln   (5.1) 

Here, ct is the solute concentration in the receptor cell at time t, c0 is the initial 

concentration in the donor cell, V is the volume of each half cells (7 mL), and A is the 

effective permeation area (1.803 cm2). 

Hydrocortisone permeation was measured through swollen hydrogel 

networks. Figure 5.4 shows the permeability coefficient (P) obtained at the 

corresponding pH (5.5 and 6.0), and MAA:TEGDMA ratio (17:1, 39:1) for imprinted 

and non-imprinted polymers. Although the functional monomer:crosslinker ratio 

employed during this study is higher than normally reported102, the proposed 

technique provided significant findings that potentially allowed the affinity and 

selectivity calibration of MI hydrogel membranes (i.e. the rational adjustment of 

imprinting factors that influence the MIP’s affinity and selectivity).  MIP design with a 

higher functional monomer:crosslinker ratio will extend the potential applications of 

imprinted materials as biosensors 147.  

As depicted in Figure 5.4, the permeability of hydrocortisone in the biomimetic 

membranes was higher as the MAA:TEGDMA ratio in the polymerization feed was 

increased.  Moreover, a significant increase in the hydrocortisone permeability 

coefficient was observed with increasing media pH. The lower permeability 

coefficient values (P within the range of 1.705x10-7 to 5.352x10-7 cm/s) observed at 

pH 5.5 suggest the influence of mesh size and functional monomer interaction on 
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the hydrocortisone’s permeation. A possible explanation is that the permeability of a 

hydrogel network with a higher MAA:TEGDMA ratio at the polymerization feed 

contained a more expanded structure which translated into a higher mesh size. In 

addition, the nature of interaction (i.e. hydrophobic, ion-pairing, hydrogen bonding) 

between hydrocortisone and the carboxylic group of MAA was modified by medium 

pH and the combination of different factors of recognition (i.e. stereospecificity, 

active site shape, recognition site rigidity) influenced the hydrocortisone diffusion 

through the membrane.  

Consequently, lower permeation at lower pH values is expected. A template 

molecule (cholesterol) with similar functionality has demonstrated higher adsorption 

capacity of imprinted Poly(MAA-EGDMA) over non-imprinted polymers in gastro-

intestinal-mimicking fluid148.  

Furthermore, by comparing the permeability coefficient means, there is strong 

evidence, as it is well known, that the variability in the permeability coefficient around 

the average depends on the MAA:TEGDMA ratio (p-values  0.05, two-way 

ANOVA). For the 39:1 imprinted hydrogel, the permeation results denoted a value of 

4.007x10-5 cm/s at pH equal to 6.0, which demonstrated similarity with 

hydrocortisone permeation through 39:1 non-imprinted hydrogel (p-value = 0.429, 

95% CI for the mean is -1.2x10-5 to 7.0x10-6, t-test). 
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Figure 5.4 The permeability coefficient for hydrocortisone through imprinted and 
non-imprinted biomimetic membranes [Poly(MAA-TEGDMA)] as a function of pH 
and MAA:TEGDMA ratio. Vertical bars represent the average values from 3 

replicates while error bars represent 3  (standard deviation). 
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Regardless, hydrocortisone permeation was significantly reduced (p-value = 0.001  

0.05, t-test) by employing the 17:1 imprinted hydrogel at a similar pH. This behavior 

was not observed at a pH equal to 5.5 (p-value  0.05, two-way ANOVA). 

Experimental data proposed the contribution of imprinted cavities by employing the 

17:1 imprinted membrane at a pH equal to 6.0 that promoted the retention of 

hydrocortisone on the imprinted network due to the MIP-ligand rebinding. 

Nevertheless, this effect was not observed on the 39:1 imprinted hydrogel. It was 

hypothesized that the site’s integrity is unstable for the 39:1 imprinted hydrogel, 

ending on non-specific binding in the hydrogel network. In order to closer investigate 

the variation of the permeability coefficient as a function of the MAA/TEGDMA ratio 

and pH for MIP and non-MIP, a contour plot was generated (see Figure 5.5). The 

interaction between the permeability coefficient and the pH was analyzed using 

MINITAB . As expected, figure 5.5 demonstrated that the permeability coefficient is 

sensitive to the pH and MAA/TEGDMA ratio. The pH influenced the predominant 

interactions between the hydrocortisone and the carboxyl groups of MAA. 

Electrostatic and hydrogen bond interactions are directly influenced by the pH range 

and consequently modified the MIP-ligand rebinding as previously discussed. The 

MAA/TEGDMA ratio affects the ability of the template molecule to diffuse through 

the hydrogel network. Certainly, these results indicated that the 17:1 MIP provided a 

better performance for further detection tests (refer to section 5.3.4). Permeation 
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results are in agreement with those obtained by Piletsky and collaborators, who 

evaluated the selective transfer of nucleic acid components through imprinted 

membranes. The transport of D-Phe through the L-Phe imprinted membrane was 

higher than the permeability of L-Phe149. In addition, Hong et al.150 reported a 

decrease in the MIP membrane’s permeability as a result of template (THO) binding.  

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 123 

 

Figure 5.5 Permeability coefficient variation as a function of MAA/TEGDMA ratio 
and pH for imprinted and non-imprinted biomimetic membranes [Poly(MAA-co-
EGDMA)] 
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Equally important for the rational design of MIPs is the confirmation of the 

recognition sites’ stability by understanding the integrity of the polymeric matrix. To 

this end the integrity of the imprinted cavity was evaluated by estimating the mesh 

size or correlation length. The results are detailed in section 5.3.2. 

 

5.3.2 Characterization of Imprinted and Non-imprinted Hydrogels’ 
Morphology 

 

Following the aforementioned results, the morphology of the imprinted 

structures was studied to understand its influence on the binding capacity of MIP 

hydrogels. The swelling behavior and correlation length or mesh size ( ) of imprinted 

and non-imprinted membranes were evaluated via buoyancy studies. The hydrogel’s 

structure was characterized by the equilibrium volume swelling ratio (Q), the 

number-average molecular weight between cross-links (Mc), and the correlation 

length or mesh size ( ) of the hydrogel network.(see figure 5.6) 

The equilibrium-swelling ratio (Q) of the hydrogels was estimated by the 

determination of the amount of fluid that was incorporated within their structures. It 

can be represented by, 

d

s

V

V
Q   (5.2) 

in which Vs is the volume of a swollen hydrogel and Vd is the volume of a dry 

hydrogel. 
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Figure 5.6  Schematic representation of the hydrogel structure 
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Both volumes were estimated using the buoyancy principle expressed in equation 

5.3. The hydrogel’s weight was determined in air and in n-heptane to calculate 

polymer volume as follows: 

h

ha
WW

V  (5.3) 

Here, V is the polymer volume, Wa is the polymer weight in air, Wh is the polymer 

weight in n-heptane, and h is the density of n-heptane (0.6840 g/cm3). 

Moreover, the correlation length ( ) of imprinted and non-imprinted hydrogels 

was estimated to closer investigate the space available between macromolecular 

chains or mesh size. The variability observed in the swelling ratio of imprinted and 

non-imprinted polymers translates in changes in the correlation length or mesh size, 

which represents the linear distance between two adjacent cross-links (see figure 

5.3). The correlation length ( ) was calculated using the equation (5.3): 

 

NS
Cnl ***3

1

,2
  (5.4) 

 

where  is the correlation length, 2,s is the swollen polymer volume fraction, l is the 

length of the bond along the polymer backbone (1.54 Ǻ), n is the number of links 

between two cross-links, and CN is the Flory characteristic ratio (14.6 for MAA). The 

number of links between two cross-links (n) was calculated by equation 5.4 
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r
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M
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2
 (5.5) 

In equation 5.5, Mr is the molecular weight of the repeating units of which the 

polymer chain is composed and Mc is the molecular weight between two adjacent 

crosslinks. The molecular weight between two adjacent cross-links (Mc) can be 

determined by the Peppas and Merril model151  (equation 5.6) or by equation (5.7). 

This is the modification of the Flory-Rehner theory152 that considers the change of 

chemical potential due to the presence of electrostatic forces. Peppas and Merril 

proposed a model to determine Mc in a neutral hydrogel: 
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This expression was modified to consider the anionic interactions present during the 

swelling of anionic hydrogels that were prepared in the presence of a solvent as 

follows: 
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Here, I is the ionic strength, Ka is the dissociation constant for the acid, Mn is the 

molecular weight of the polymer chains prepared under identical conditions, but in 

the absence of the crosslinking agent,  is the specific volume for the polymer, V1 is 
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the molar volume of the water (18 cm3/mol), and χ1 is the Flory polymer–solvent 

interaction parameter (0.499 for MAA). The relaxed volume fraction ( 2,r) and the 

swollen volume fraction ( 2,r) were determined by equations (5.7) and (5.8), 

respectively. 

r

d

r

V

V
,2

 (5.8) 

s

d

s

V

V
,2

 (5.9) 

For the polymer studied in this work, the value of Mn was calculated from equation 

(5.10) 

2/10
Ikfk

Mk
MM

td

p
n   (5.10) 

Here, M0 is the molecular weight of the monomer, kp is the kinetic constant of 

propagation (670 L mol s-1), kd is the kinetic constant of the decay of the initiator 

(0.0165 s-1), kt is the kinetic constant of termination (2.1x106 L mol s-1),  is the 

efficiency of the initiator (0.5), [M]  and [I] are the concentration of the monomer and 

initiator, respectively. Table 5.1 summarized the parameters used to calculate the 

mesh size ( ) and average molecular weight between crosslinker (Mc). 
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TABLE 5.1 Parameters for the calculation of the mesh size ( ) and average 
molecular weight between crosslinker (Mc) 

Parameter Value Reference 

L 1.54 Ǻ 153 

CNMAA 14.6 153 

χ1 0.499 154 

V1 18 cm3 mol-1 153 

M0 86.0 153 

kp 670 L mol s-1 153 

kd 0.0165 s-1 153 

kt 2.1x106 L mol s-1 153 

 0.5 153 

[M] 4.41 M N/A 

[I] 4.90 x 10-3 M N/A 

 

A typical equilibrium swelling behavior as a function of a pH within the range 

of 3.2 to 7.0 for anionic hydrogels is shown in Figure 5.7.  The equilibrium volume 

swelling ratio (Q) increased with a higher media pH for the imprinted and non-

imprinted membranes with 4:1, 17:1 and 39:1 MAA:TEGDMA ratio. As the pH 

increased from 3.2 to 7.0, the equilibrium swelling data demonstrated a 2.9-fold, 3.7-

fold, and 5-fold increase of the equilibrium swelling ratio for 4:1, 17:1 and 39:1 

biomimetic hydrogels, respectively. The equilibrium volume swelling increased 

significantly as the MAA:TEGDMA ratio increased.  This increment in the 

MAA:TEGDMA ratio provided the expected trend in the increase of swelling abilities. 



 

 

 

 

 

 130 

It is well understood that the hydrophilic properties of the hydrogel’s structure have 

been increased thus leading to a higher equilibrium degree of swelling. The 

incorporation of MAA as a functional monomer promoted the ionization of carboxylic 

groups with the pH increments. The swelling phenomenon can be explained by the 

thermodynamic equilibrium based on the force of mixing, the ionic nature of the 

network, and the elastic retractive force of the polymer chains. During the dynamic 

swelling of the hydrogel in the buffered media, mobile ions diffused from the swelling 

solution into the hydrogel structure to maintain an electro-neutrality in the swollen 

hydrogel phase. The rate of ion exchanged creates an additional difference in the 

osmotic pressure across the hydrogel structure, which produces swelling of the 

hydrogel network. In addition, the electrostatic repulsion contributes to the swelling 

kinetics promoted by the presence of ionic moieties in the hydrogel‘s structure. The 

equilibrium swelling of the hydrogel is reached when the aforementioned forces are 

opposed by the retractive force of the polymer chain that depends on hydrogel 

elasticity. Figure 5.7 also shows a drastic change in the equilibrium swelling ratio 

near the pH equal to 5 that is consistent with the reported pKa value of MAA detailed 

in the literature (pKa 4.7)155.  
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Figure 5.7  Equilibrium volume swelling ratio (Q) [straight line] and correlation length 

( ) [dot lines] of P(MAA-TEGDMA) hydrogels as a function of pH.  Each data point 

represents an average of three replicates and error bars represent 1  (standard 
deviation) 
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The morphology of imprinted and non-imprinted hydrogels is of high interest 

for the design and optimization of a sensing device to enhance the recognition 

mechanism associated with the site shape and size.  Similar equilibrium swelling 

behavior was observed by comparing imprinted and non-imprinted hydrogels for the 

crosslinking ratios evaluated during the study, which suggests equivalence in the 

polymeric matrix. No statistical difference was observed by comparing the swelling 

ratio results of MIP and non-MIP (p-values  0.05 one-way ANOVA). Consequently, 

it is expected that the imprinted and non-imprinted membrane with the same 

monomer/crosslinker ratio would embed a similar amount of fluid in the hydrogel 

network. In this investigation, the influence of mesh size in the MIP’s binding 

capacity was confirmed by estimating the mesh size as a function of the pH and 

monomer/crosslinker ratio as illustrated in figure 5.7. At a lower pH, the mesh size of 

imprinted and non-imprinted hydrogels was reduced for the monomer/crosslinker 

ratios of 4:1, 17:1, and 39:1. The collapsed state (pH 3.2) of imprinted and non-

imprinted hydrogels resulted in mesh size average values of 3.25 Ǻ, 5.45 Ǻ, and 

7.94 Ǻ for 4:1, 17:1, and 39:1 hydrogels, respectively. Conversely, the uncomplexed 

membranes (pH 7.0) reflect maximum values of 24.16 Ǻ, 43.63 Ǻ, and 76.42 Ǻ for 

4:1, 17:1, and 39:1 hydrogels, respectively. It is evident that the mesh size was 

directly affected by the degree of crosslinking on the hydrogel network. The trend in 

mesh size makes the capability to control the imprinted cavities by varying pH 
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evident. Table 5.2 summarizes the mesh size or correlation length ( ) results of 4:1, 

17:1, and 39:1 imprinted and non-imprinted hydrogels between the pH ranged of 3.2 

to 7.0. Similar mesh sizes were observed by comparing the average mesh size of 

imprinted and non-imprinted hydrogels. 2-sample t-tests demonstrated equivalence 

between average mesh size (p-value 0.05) for the monomer/crosslinker ratio of 4:1 

and 17:1 at all pH levels. These results suggest similar average cavity sizes for 

imprinted and non-imprinted polymers due to the similar nature of the chains formed 

during the polymerization. Furthermore, equivalence in the morphology for the 17:1 

MIP and 17:1 non-MIP confirm the hypothesis that a lower permeation was observed 

due to the interaction of hydrocortisone with the recognition site. Regardless, the 2-

sample t-tests demonstrated a statistical difference between average mesh sizes by 

comparing 39:1 imprinted and 39:1 non-imprinted hydrogels at pH values higher 

than pKa of MAA (e.g. 5.4, 5.8, 7.0). These results confirmed the hypothesis that a 

39:1 polymeric architecture produced unstable integrity in their recognition sites. 

The mesh size ( ) was correlated with the polymer volume fraction ( 2,s) in 

order to understand the influence of the swelling properties on the binding abilities of 

the imprinted and non-imprinted hydrogels as a function of the crosslinking ratio. As 

depicted in figure 5.8 (1), the mesh size ( ) has a strong positive correlation with  the 

inverted polymer volume fraction ( 2,s) reflected by the Pearson correlation 

coefficient equal to 0.9996 (p-value  0.001).  
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TABLE 5.2 Correlation length or mesh size ( ) of imprinted (MIP) and non-imprinted 

(non-MIP) hydrogels between pH 3.2 and 7.0. (average  SD, n = 3) 
 

Hydrogel 
Crosslinking 
ratio 

Mesh size  (A) 

pH 3.2 pH 4.0 pH 4.8 pH 5.4 pH 5.8 pH 6.0 pH 7.0 

39:1 non-MIP 7.9 
(±0.32) 

17.8 
(±0.28) 

21.5 
(±0.54) 

52.6 
(±1.90) 

64.2 
(±2.70) 

71.1 
(±0.73) 

62.9 
(±0.66) 

39:1 MIP 8.7 
(±0.13) 

18.6 
(±0.36) 

22.7 
(±0.38) 

58.8  
(±1.30) 

72.9 
(±1.62) 

76.6 
(±2.17) 

76.4 
(±1.83) 

17:1 non-MIP 5.6 
(±0.11) 

8.1 
(±0.05) 

12.9 
(±0.23) 

28.8 
(±0.47) 

38.4 
(±0.53) 

41.3 
(±0.30) 

43.4 
(±0.24) 

17:1 MIP 5.5 
(±0.08) 

7.8 
(±0.44) 

12.5 
(±0.15) 

27.6 
(±0.80) 

36.8 
(±1.48) 

41.7 
(±1.63) 

42.4(±1.69) 

4:1 non-MIP 3.5 
(±0.19) 

4.1 
(±0.22) 

4.7 
(±0.27) 

11.5 
(±0.23) 

16.9 
(±0.33) 

19.7 
(±0.62) 

24.2 
(±0.88) 

4:1 MIP 3.2 
(±0.15) 

3.7  
(±0.08) 

4.1 
(±0.13) 

10.9 
(±0.09) 

16.7 
(±0.39) 

19.2 
(±0.42) 

23.9 
(±0.46) 

  
The amount of fluid incorporated into the hydrogel network directly promoted 

the mesh size increment of the non-imprinted hydrogel. These results are in 

accordance with the linear relationship between the mesh size and the inverse of the 

polymer volume fraction in the swollen state ( 2,s) that has been previously reported 

by Canal and Peppas156. Figure 5.8 (2) illustrates the results near the environmental 

conditions established during the permeation study. The recognition site’s integrity 

stability of the 17:1 MIP was confirmed by observing network structures with similar 

mesh size and swelling ratio compared with 17:1 non-MIP (see figure 5.8 (2) data 

point a and b). However, this behavior was not reflected by the 39:1 hydrogels (i.e. 

MIP compared with non-MIP), which denotes the unstable characteristic of the 

imprinted sites (see figure 5.8 (2) data point c and d). 
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Figure 5.8 Mesh size ( ) of P(MAA-TEGDMA) imprinted and non-imprinted 
hydrogels as a function of polymer volume fraction after equilibrium swelling (1).  

Mesh size ( ) and polymer volume fraction correlation ( 2,s) for the case of 
permeability study (2): (a) 17:1 hydrogels pH 5.4, (b) 17:1 hydrogels pH 6.0, (c) 39:1 
hydrogels pH 5.4, (d) 39:1 hydrogels pH 6.0 
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The abovementioned results of correlation length, swelling ratio, and 

permeability studies illustrate the manipulation of hydrogel morphology to enhance 

the binding abilities of the imprinted hydrogel.  The 17:1 imprinted hydrogel 

demonstrated an effective MIP-ligand rebinding. A possible explanation is that the 

polymer chain’s mobility was reduced, which preserved the stability of the imprinted 

site. It is anticipated that the affinity and electroconductivity studies reinforced the 

MIP rational design by allowing the selection of the optimal environmental conditions.  

 Collectively, the permeation, swelling, and mesh size results demonstrated 

that the synthesis conditions employed during this study achieved a better size 

control of the recognition site. Certainly, an advantage is foreseen during the 

polymeric architecture design of less dense imprinted material because it allowed for 

the optimization of the monomer/crosslinking ratio. Altogether, these results 

constituted a valuable piece of information for the rational design of MIPs, resulting 

in the in situ optimization of the MIP-ligand binding process during the post-

fabrication phase. 

 

5.3.3 Affinity and Specificity of Imprinted Hydrogels 
 

The binding capabilities of imprinted and non-imprinted membranes were 

tested via batch studies in a buffer media with a hydrocortisone concentration range 

of 0 to 331 M. In order to explore the apparent affinity of hydrocortisone to the 

predominant hydrophobic interaction, a pH level of 3.2 was selected for the study.  



 

 

 

 

 

 137 

 

 

 

0.070 0.072 0.074 0.076 0.078 0.080 0.082 0.084 0.086 0.088 0.090

5.0x10
-2

1.0x10
-1

1.5x10
-1

2.0x10
-1

2.5x10
-1

3.0x10
-1

3.5x10
-1

 17:1 MIP

q
/C

q

 

Figure 5.9 Adsorption isotherm in an aqueous media of hydrocortisone to 
17:1MIP  
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Figure 5.9 shows the adsorption isotherm data for the batch rebinding of 

hydrocortisone to 17:1 MIP.  The binding results were fitted to a Langmuir isotherm 

model.  The binding constant (b) was estimated from the slope (15.17309 M-1) of 

linear regression of the Langmuir isotherm (5.11) and the saturation capacity (qs = 

0.09128) from its intercept (1.385). This equation was employed assuming that the 

imprinted absorbent contains only one type of site (r2=0.918). 

 

bqbq
C

q
s

  (5.11) 

 

where q is the amount of template bounded to the polymer, and C is the 

amount of template free in the solution. The binding capacities obtained from the 

adsorption isotherm analysis were lower than the previously reported values157. It is 

known that recognition is more efficient in organic solvents and less in polar solvent. 

However, these experiments show the affinity of imprinted hydrogels in a swollen 

state in an aqueous media. Thus, it demonstrated the potential of imprinted 

hydrogels in an aqueous environment for further applications in intelligent targeted-

drug delivery systems. In addition, it was hypothesized that the integrity of the 

imprinted site is impacted by the MAA/EGDMA ratio, which influenced the mesh size 

of the polymeric network (refer to table 5.2) and eventually the chain’s mobility. The 

lower the crosslinking ratio, the less the crosslinking agent is incorporated in the 
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polymeric network structure. As a result, lower crosslinking increased the polymer 

chain’s mobility158 thus affecting the integrity of the imprinted sites. 

Consequently, the affinity of imprinting material can be increased with a 

higher crosslinking density. However, few reports have demonstrated the binding 

properties of hydrogel polymers84, 86, 88. These experiments indicated that synthetic 

hydrogels are useful as recognition elements for particular analytes. Further 

optimization of MIP formulations with high-throughput and combinatorial techniques 

will provide essential information through this rational design to quickly determine 

candidates with improved binding properties. 

The binding specificity of imprinted and non-imprinted hydrogels was also 

studied by comparing the permeation capacity of fluorescein and rhodamine-B. 

Fluorescein was selected as the template molecule for the selectivity studies 

recognizing that the enantiomers of hydrocortisone are slightly soluble or practically 

insoluble in water. The main objective was to choose molecules with similar 

chemical structures, such as fluorescein and rhodamine-B (see figure 5.10), allowing 

for their comparison. Permeation studies were performed as previously discussed. 

The permeability coefficient was calculated as described in section 5.3.1. As can be 

observed in figure 5.10, imprinted hydrogels demonstrated lower fluorescein 

permeation when compared to non-imprinted hydrogels. The permeation reduction 

on imprinted hydrogels compared to rhodamine-B permeability is attributed to the 

interaction of the template molecule (fluorescein) and the hydrogel network. The 
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data indicated that the biomimetic membrane distinguished fluorescein in a 

fluorescein-rhodamine mixture, thus demonstrating its ability to operate in a 

competitive environment. It also confirms that the imprinted sites were functionalized 

in order to observe the selectivity towards the imprinted template. Results indicated 

that the molecular imprinting technique was responsible for the specificity of the 

hydrogel network. The nature and number of interactions between the functional 

monomer and the template molecule favored the specificity of the biomimetic 

membrane toward the template molecule159. 

 

 

 

 

 

 

 

 

 

 

   

 
Figure 5.10 Chemical structures of Fluorescein (a) and Rhodamine-B (b). 
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Figure 5.11 Selectivity behavior of Fluorescein-imprinted polymer as a function of 
MAA-TEGDMA ratio. 
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5.3.4 Electrochemical Behavior of Imprinted Membranes 
 

The determination of hydrogel electro-conductivity provides vital information 

regarding the molecular recognition phenomenon on imprinted and non-imprinted 

hydrogels. Electro-conductivity measures the ability of the material to transport a 

charge in the presence of an applied electric field160.  In the present work, the  

electroactivity of imprinted hydrogels was further evaluated in terms of its eventual 

clinical application as a targeted sensor device. It also provides information 

concerning the sensitivity and selectivity of imprinted material. 

The electro-conductivity of an imprinted and non-imprinted membrane was 

monitored by estimating the change in hydrogel resistivity induced by the template 

molecule. The resistivity ( ) is inversely proportional to the hydrogel conductivity. 

Consequently, this parameter measured the ability of the membrane to transport a 

charge in the presence of an applied electric field. The resistivity was calculated by 

equation (5.9). 

l

A
RR

ugel
 (5.9) 

Here, Rgel is the estimated resistance promoted by the buffer solution and hydrogel 

network, the Ru is the estimated resistance promoted by the buffer solution, A is the 

effective cross sectional area (1.14 cm2), and l is the hydrogel thickness (381 m)160
. 

The resistivity behavior of an imprinted and non-imprinted polymer as a 

function of equilibrium volume swelling and copolymer composition is reflected in the 



 

 

 

 

 

 143 

resistivity studies shown in figure 5.11. Figure 5.11 presents the resistivity of two 

different compositions (17:1, 39:1) for a non-imprinted polymer in a buffered solution 

(0.1 M glutaric acid-sodium hydroxide solution). A reduction in the resistivity of the 

crosslinked hydrogels was observed as the equilibrium volume swelling increases.  

As depicted in figure 5.12, the results reflected a non-linear correlation with a 

significant reduction with an equilibrium volume swelling higher than 2. These results 

are in accordance with studies reported by Sheppard et al160. The electrical 

conductivity (which is inversely proportional to resistivity) of poly(2-hydroxlethyl 

methacrylate-co-dimethylaminoethyl methacrylate) has been studied as a function of 

pH. The study reported a significant increase in the conductivity measurement at a 

water content of 40%.  In addition, a higher resistivity in the hydrogel network with a 

high crosslinking density (17:1) with an equilibrium volume swelling below two (see 

figure 5.12) was observed. This indicates the idea of ion mobility reduction due to 

the presence of polymer chains at the collapse state of the hydrogel architecture.  

The hypothesis was confirmed by evaluating the hydrogel’s conductivity in the 

presence of the template molecule. 
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Figure 5.12 Electro-resistivity of biomimetic hydrogels [Poly(MAA-TEGDMA)] as a 
function of equilibrium volume swelling ratio 
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In order to understand the effect of the template molecule on the membrane’s 

conductivity, the resistivity ( ) of imprinted and non-imprinted hydrogels [Poly(MAA-

TEGDMA)] was compared in buffered solution (figure 5.13.1) and in a buffered 

solution  containing hydrocortisone (figure 5.13.2). The increment of media pH 

resulted in higher hydrogel conductivity (lower resistivity). In addition, it was also 

observed that the resistivity declines by increasing the MAA/EGDMA ratio, resulting 

in electro-conductivity increments for the imprinted and non-imprinted hydrogel. 

Figure 5.13.1.a illustrates that the imprinting technique promoted a reduction in 

hydrogel conductivity.  The change in electro-conductivity was attributed to the 

degree of ion mobility within the hydrogel membrane and in the solution (diffusivity). 

These facts support the idea that the electrical resistivity of hydrogels as a function 

of composition provides a sensitive measurement of the swelling state. The swelling 

capacities of the anionic hydrogels structure are increased by media pH (see figure 

5.7) thus providing a larger amount of charge carriers to support electrical 

conduction. As previously reported in section 5.3.2, the hydrogel’s degree of swelling 

was influenced by the relative concentration of ions within the hydrogel to that in the 

buffered solution or electrolyte. Higher electro-conductivity (i.e. lower resistivity) 

resulted in a higher flux of ions due to the electrochemical potential gradient across 

the membrane promoted by the application of an electric field.  
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Figure 5.13 Electro-conductivity of imprinted and non-imprinted hydrogels 
[Poly(MAA-TEGDMA)] as a function of pH obtained in buffered solution [straight 

lines] and buffered solution of added hydrocortisone (662 M) [dot lines] (1) 

(1) 

(2) 
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It is important to recognize that this hypothesis cannot elucidate the difference 

in resistivity due to the application of the molecular imprinting technique (imprinted 

versus non-imprinted hydrogels, refer to figure 5.13.1.b). No statistical difference 

was observed by comparing the equilibrium-swelling ratio of imprinted and non-

imprinted hydrogels. Consequently, this factor did not induce change in membrane 

resisitivity. A possible explanation for the resistivity increment (electroconductivity 

reduction) at the collapsed state of the imprinted hydrogel (pH 3.2) is based on a 

lower mobility of ions in the hydrogel’s network due to the presence of a template 

molecule that remained in the structure after the MIP’s synthesis. A low percentage 

of template molecules in the hydrogel’s structure reduced the free volume of water 

within the gel to a characteristic volume necessary to accommodate transported ions. 

These results are in agreement to the free volume theory where the major factor 

controlling the diffusion rate of molecules in the system is the reorganization of the 

free volume which creates holes through which particles are transferred161. 

The relative effect of MIP-ligand binding is summarized in figure 5.13.1.a. A 

significant reduction was observed in hydrogel conductivity (p-value  0.05) in the 

presence of hydrocortisone at media pH of 3.2 and 4.8. The lower conductivity was 

indicated by a higher resistivity reading for the imprinted membrane. The non-

imprinted membrane demonstrated a higher conductivity (low resistivity) when 

compared to the imprinted membranes. The higher resistivity values of the imprinted 

membranes denoted the interaction of hydrocortisone within the hydrogel’s structure 
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as previously discussed. In addition, a linear correlation trend between the resistivity 

and pH was observed with the imprinted membranes by reflecting higher increments 

in resistivity value in the presence of a hydrocortisone solution at 4.8 media pH. The 

most remarkable effect on the hydrogel’s electroconductivity resulted with imprinted 

membranes where the resistivity had a 2-fold (pH 3.2) and 3-fold (pH 4.8) increase 

at the corresponding media pH. 

The response of the imprinted and non-imprinted membranes induced by 

hydrocortisone binding was evaluated over a range of pH values (3.2, 4.8 and 5.4). 

The comparison between the response obtained with buffered solutions and 

buffered solutions with hydrocortisone is represented by delta Y. As depicted in 

figure 5.13.2, bound hydrocortisone produced a higher delta Y for the imprinted 

hydrogels. This suggests a decrease in the ion diffusion across the polymer interface 

due to the presence of the template molecule in the imprinted cavities, as formerly 

described. Variations in hydrogel electroconductivity (i.e. higher delta Y) were most 

significant on the 17:1 imprinted hydrogel. These findings are consistent with the 

permeability results previously reported in section 5.3.1.  The 17:1 imprinted 

hydrogel also generated the most remarkable signal at pH 3.2 (see figure 5.13.2).  

 The performance of biomimetic membranes as a function of hydrocortisone 

concentration was evaluated and compared with a competitive ligand (fluorescein). 

Figure 5.13 shows that the biomimetic membrane’s conductivity was reduced 

inversely proportional to the template’s concentration. The signal obtained with the 
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imprinted hydrogel was 1.7-fold and 8.7-fold higher than those obtained with the 

non-imprinted hydrogel for 60 M and 240 M of hydrocortisone concentration, 

respectively. Therefore, the imprinted hydrogel demonstrated a higher sensitivity and 

affinity toward the template molecule when compared to a non-imprinted hydrogel.  

However, an increment on hydrogel conductivity was observed proportional to 

fluorescein concentration as shown in figure 5.13, which is an inverse response of 

the biomimetic membrane. The response induced by fluorescein suggested that the 

incorporation of these molecules modified the hydrogel’s structure thus promoting a 

more swollen hydrogel, which increased its electroconductivity. As previously 

demonstrated in figure 5.12, the hydrogel’s resistivity strongly declines with the 

increased equilibrium volume swelling. Therefore, a possible explanation of the 

higher conductivity induced by flourescein is a conformational reorganization of the 

hydrogel network that resulted from its interaction with the biomimetic membrane 

(see figure 5.15). The hydrogel’s swelling ratio increased producing resistivity 

reduction in accordance of present expected standards. Piletsky et al.162 also 

measured the electro-resistance of sialic acid-imprinted polymers and observed 

swelling of the empty imprinted cavities resulting from the solvation of the boronic 

acid sites. 
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Figure 5.14 Detection signal induced by the template adsorption on imprinted () 
and non-imprinted () biomimetic hydrogels [Poly(MAA-TEGDMA)] in buffer solution 
at pH equal to 3.2 : (template hydrocortisone). Response curve induced by 
fluorescein adsorption in an imprinted biomimetic hydrogel ()   
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Figure 5.15 Induced fit in imprinted hydrogel structures. 
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The imprinted cavities were functionalized to bind the template molecule, 

which produced a variation in its binding capacity that was indirectly measured via 

electroconductivity studies. The obtained results are satisfactory, in terms that the 

molecular imprinting technique produced binding sites in a water-swollen state. The 

presence of water during the MIP synthesis can disrupt the hydrogen bonds formed 

in between the functional monomer and template. It has been observed that the 

recognition properties of MIP prepared in organic solvents have a higher affinity 

compared to those synthesized in an aqueous media, as previously discussed. 

Regardless, more efforts have to be made in the MIP synthesis in an aqueous media 

in order to have fully compatible MIPs with biological analytes.  Several efforts have 

reported that the molecular recognition phenomenon in an aqueous media resulted 

from a number of weak interactions acting in a concerted fashion which promotes 

the re-binding of the template molecule72. The results indicated that hydrogel-based 

MIPs synthesized in an aqueous media have recognition and specificity abilities 

towards the template molecule at their swollen-state. Therefore, it was confirmed 

that the targeting device response can be tuned to a pre-selected analyte using 

imprinted hydrogels in an aqueous media. 
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5.4 Closing Remarks 
 

In the present work, it was possible to obtain a hydrogel based-MIP via free 

radical polymerization in an aqueous environment by using methacrylic acid and 

ethylene glycol dimethacrylate as the functional monomer and cross-linker, 

respectively.  Swelling and correlation length results indicated that the diffusion of 

the template molecule (hydrocortisone) through the hydrogel network was enhanced 

by the swelling process. This work presents the binding capacity of imprinted gels by 

observing change in hydrogel permeation and conductivity. Collectively, permeability, 

affinity, selectivity, and electrochemical results suggest that the imprinted cavities 

were correctly functionalized and shaped to allow the diffusion of the template 

molecule through the imprinted gel and its effective interaction. The 17:1 

MAA/TEGDMA hydrogel membrane confirmed to be a biomimetic network with 

specific sites for hydrocortisone recognition and showed at the same time good 

diffusion abilities. The hydrogel based-MIP developed in this study demonstrated a 

sensitivity to distinguish, with good accuracy, differences in hydrocortisone content 

in an aqueous media. It was demonstrated that the response was tuned to a pre-

selected analyte using the molecular imprinting technique for hydrogel materials in 

an aqueous media. 

In summary, the aforementioned results are in accordance with the direct 

evidence of adduct formation between the carboxylic groups of the monomer analog 

and hydrocortisone previously reported in the NMR titration studies and Job Plot 
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method. The complex formation during the imprinted synthesis was confirmed by 

ATR-FTIR results. This indicates that it is suitable to predict the binding abilities of 

the system studied. Certainly, these findings provide quantitative information for the 

MIP’s rational design.   

The latter approach confirmed that the detection and selectivity of an 

imprinted hydrogel based in poly(MAA-co-EGDMA) is possible and provides a 

definitive impetus to develop sensor devices for detecting hydrocortisone or other 

biological markers (i.e. transaminase50, glucose163, cholesterol148, 164-166, and human 

serum albumin89, 167). Furthermore, the rapid, low cost, and robustness of imprinted 

biomimetic membranes may enable the novel design of in vitro diagnostic systems. 

Hydrogel-based imprinted sensors demonstrated their ability to quantitatively 

measure hydrocortisone and aid the patient and healthcare professional to monitor 

the clinical treatment of hydrocortisone-drug usage or stress level diseases. 
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CHAPTER 6 

6 Conclusions and Recommendations 
 

6.1 Closing Remarks 
 

Overall, the work performed in chapter 4 illustrates the formation of an MAA-

hydrocortisone complex in the pre-polymeric mixture. The effect of the selected 

solvent for synthesis during the imprinting was measured through the determination 

of the association constant using NMR titration studies. The presence of an 

imprinted site with a higher binding affinity through the observation of 1:2 complex 

equilibrium was predicted. NMR titration and Job plot analysis demonstrated to be 

an essential technique to confirm the presence of a solution adduct and the stability 

of a functional monomer-template complex108, 123, 132, 134. Furthermore, in situ 

polymerization was employed using ATR-FTIR spectroscopy to assess the 

imprinting process168. The rate of polymerization was found to be lower during the 

molecular imprinting synthesis due to the presence of the MAA-hydrocortisone 

complex. This suggests that the structural integrity of the MAA-hydrocortisone 

complex was preserved during the synthesis. Certainly, the imprinted sites are 

created and are present in the hydrogel polymeric network. The monitoring of the 

imprinting synthesis through in situ polymerization allows the evaluation of the rate 

of propagation relative to the rate of dissociation to confirm the stability of the MAA-

hydrocortisone complex. In summary, this work established the present and the 
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future of imprinted materials in the development of tools that predict and control the 

optimization and design of the next generation of engineered MIP.  

Through the work performed in chapter 5, a substantially better understanding 

of the MIP-ligand rebinding phenomenon was reached. In this work the molecular 

imprinting technique was applied to fabricate hydrogel networks based on poly(MAA-

co-EGDMA), which shows recognition properties towards hydrocortisone in an 

aqueous environment.  The affinity of the recognition sites of equilibrated hydrogels 

was evaluated by monitoring the transport of hydrocortisone through non-porous 

biomimetic hydrogels. This particular study demonstrated the recognition abilities of 

hydrogel networks at a swollen state of imprinted hydrogels with a 17:1 

MAA:TEGDMA ratio. Swelling trends demonstrated a similar amount of accessible 

interaction sites on imprinted and non-imprinted membranes, which supports the 

initial hypothesis that a reduction in hydrocortisone permeation resulted from the 

MIP-ligand rebinding due to the presence of complementary recognition sites. The 

template rebinding capacity of the imprinted hydrogels was confirmed by binding 

studies. The results revealed the presence of affinity sites in the imprinted hydrogels. 

In addition, this study describes that the electrical resistivity depends on the 

equilibrium swelling of the imprinted membrane. Certainly, the response change of 

imprinted hydrogels was induced by the MIP-ligand rebinding process as shown in 

the electrochemical behavior of the imprinted hydrogel. The 17:1 imprinted gel 

exhibited an elevated sensitivity to discriminate differences in concentration of target 
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hydrocortisone. Collectively these results indicated that imprinted hydrogels are 

provident materials for the development of intelligent targeting systems such as 

sensing devices or in combination with drug delivery interfaces. In conclusion, novel 

imprinted methodology to optimize the MIP-ligand binding will bring similar materials 

to the marketplace of biomedicine applications169, 170. 

 

6.2 Future Perspective 
 

As discussed previously in Chapter 4.0, the relative stioichiometry of the 

functional monomer-template complex was accurately monitored by the continuous 

variation method. In addition, the magnitude of association was estimated by NMR 

titration study. Findings suggested that the binding abilities of imprinted hydrogels 

can be predicted by monitoring the functional monomer-template complex. In this 

study, the use of hydrocortisone as a template solution required the synthesis of an 

imprinted polymer having a pre-polymeric saturated solution of hydrocortisone. 

However, the assessment of complex formation was extended by varying the 

template’s concentration in the pre-polymeric solution. The functional monomer-

template ratio at the pre-polymeric phase was estimated in order to enhance the 

MIP’s fabrication.   

 In addition, the work discussed in chapter 4 demonstrated the advantage of 

using ATR-FTIR spectroscopy to examine the polymerization of imprinted hydrogels. 

A better understanding of the structural integrity of imprinted sites during MIP 
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polymerization was accomplished. It remains necessary, however, to evaluate the 

effect of template concentration in the MIP morphology. This will allow for the design 

of homogeneous imprinted material. As a consequence, a better distribution of 

binding sites will be obtained during the MIP design. A study of the effect of 

polymerization techniques on MIP synthesis137, 168 is recommended. Various 

polymerization alternatives such as living polymerization96, 171-173 have been reported. 

As previously mentioned, the collective results obtained in chapter 5 

demonstrated successful imprinting in a hydrogel network and its ability to detect 

hydrocortisone. The evaluation of the structural integrity of the imprinted sites and 

their accessibility provides new insights about the degree of molecular recognition 

that resulted from the molecular imprinting process and the following efforts that still 

have to be done. High throughput permeation studies would be helpful for the 

optimization of MIP performance. Thus, using techniques that would allow the 

simultaneous evaluation of vast crosslinking agent alternatives and the functional 

monomer-crosslinker ratio during the MIP synthesis will advance the MIP design. It 

may be useful to expand permeation and affinity studies with several solvents as a 

function of dielectric constant to reinforce the binding abilities of MIP. It would allow 

for the accurate assessment of the mechanism underlying the ligand recognition of 

the MIP’s system. It remains necessary to correlate the affinity of the imprinted sites 

at the MIP-ligand rebinding with the association of the MIP’s complex formation. The 
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idea is to quantitatively relate the pre-polymeric complex’s stability with the 

selectivity and affinity distribution of the resultant MIP. 

It would also be interesting to focus future studies on dynamic 

electrochemical evaluations for the better understanding of the mass transfer 

limitations and the amount of binding sites present in the MIP’s morphology.  

Findings of higher resistivity values due to the presence of hydrocortisone after MIP 

synthesis suggest it would be necessary to develop more effective methods of 

template removal, which enhance the template extraction after MIP synthesis. It 

would also be interesting to focus future studies to develop a predicted model of 

resistivity to understand the relative importance of various components that inversely 

influence the resistivity (i.e. solution mobilities of the ions and the mobility within the 

gel inclined by its swelling state). The idea is to provide a semi-quantitative 

description of the observed behavior which supports or rejects the hypothesis that 

the resistivity was impacted by the presence of the template molecule174. 

An additional recommendation is to develop a prototype of biosensors based 

on imprinting technology to evaluate the challenge for their commercialization. It is 

essential to enhance the interaction between the imprinted material and the 

transducer. To this end, the polymerization should be performed over the surface of 

the transducer. Equally important is to evaluate different MIP morphologies to 

improve the template diffusion and consequently the sensor response time. The 

objective is to design MIPs as alternatives to biological receptors for the marketplace. 
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The robustness of the MIP sensors justifies their application in implantable devices, 

biotechnological processes, space, and deep water detection 175. The rational design 

proposed and evaluated in this dissertation is considered an essential tool to 

achieve the integration of polymer network with lower crosslinking agent with 

transducers in the biosensor fabrication. 

Finally, it remains necessary to focus future studies in MIP design for 

macromolecules such as enzymes (i.e. transaminase50, glucose163, cholesterol148, 

164-166, human serum albumin89, 167) relevant on the molecular recognition of 

biological system. The rational design illustrated in this dissertation should be 

merged with combinatorial techniques176, chemometrics113,  and computational 

screening177 techniques. The novel design of MIP, which increases the quantity and 

affinity of imprinted sites, may be relevant to future work on imprinted devices from 

the bench to the market. 
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Appendix A – NMR Titration Study Calculation Example 
 
 
 
1. The corresponding peaks of interactions were identified using COSY 
 

 
 
Figure 1. COSY for Hydrocortisone 
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2. The sample spectra were generated 
 

 
 
Figure 2- NMR titration spectra for sample A 
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Figure 2  NMR titration spectra for sample B 
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Figure 3 NMR titration spectra  for sample C 
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Figure 4 NMR titration  spectra for sample D 
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Figure 5. NMR titration spectra for  sample E 
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Figure 6. NMR titration spectra for sample F 
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Figure 7. NMR titration spectra for sample G 
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Figure 8 NMR titration spectra for sample H 
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Figure 9 NMR titration spectra of sample I 
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Figure 10 NMR titration Spectra for Smaple J 
 
 
3. The chemical shift were estimated to generate NMR titration curve (refer to 
Chapter 4) 
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Appendix B – NMR Titration Study Raw Data 
 
Table 1 NMR titration Hydrocortisone @ Ethanol  

HAc [uL] Acetit acid Concentration [M] H17 

0.0 0 5.275 

0.5 0.018103448 5.285 

0.7 0.025344828 5.294 

1.0 0.036206897 5.287 

1.5 0.054310345 5.287 

2.0 0.072413793 5.293 

4.0 0.144827586 5.319 

6.0 0.217241379 5.321 

8.0 0.289655172 5.339 

10.0 0.362068966 5.366 

 
 
Table 2 

HAc [uL] Acetit acid Concentration [M] Change in Chemical Shift 

0.0 0 0 

0.5 0.018103448 0.01 

0.7 0.025344828 0.019 

1.0 0.036206897 0.012 

4.0 0.144827586 0.012 

6.0 0.217241379 0.018 

8.0 0.289655172 0.044 

10.0 0.362068966 0.046 

 
 
Table 3 NMR titration Hydrocortisone @ DMSO 

HAc [uL] Acetit acid Concentration 
[M] 

H17 

0.0 0 5.185 

0.5 0.018103448 5.189 

0.7 0.025344828 5.189 

1.0 0.036206897 5.185 

1.5 0.054310345 5.185 

2.0 0.072413793 5.186 

4.0 0.144827586 5.186 

6.0 0.217241379 5.184 

8.0 0.289655172 5.182 

10.0 0.362068966 5.183 
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Table 4 
 

HAc [uL] Acetit acid Concentration 
[M] 

Change in Chemical Shift 

0.0 0 0.000 0 

1.0 0.036206897 0.000 0.011 

1.5 0.054310345 0.004 0.012 

2.0 0.072413793 0.004 0.015 

4.0 0.144827586 0.003 0.015 

8.0 0.289655172 0.005 0.015 

10.0 0.362068966 0.007 0.017 
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Appendix C – Continuous Variation Study Calculation Example 
 
1. Samples were prepared promoting the variation of the 
hydrocortisone/monomer ratio (0 to 1) 
 
2. The sample spectra were generated 
 

 
 
 
 
Figure 1 Job plot spectra of sample A 
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Figure 2 Job plot spectra of sample B 
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Figure 3 Job plot spectra of sample C 
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Figure 4  Job plot spectra of sample D 
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Figure 5 Job plot spectra of sample E 
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Figure 6. Job plot spectra of sample G 
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Figure 7. Job plot spectra of sample H 
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Figure 8. Job plot spectra of sample I 
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Figure 9. Job plot spectra of sample J 
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Appendix D – Continuous Variation Study Raw Data 
 
Ft Hyd  C17 ft* 

C17 
      

0 4.278 0 

0.1 4.436 0.0158 

0.2 4.418 0.028 

0.3 4.402 0.0372 

0.4 4.38 0.0408 

0.5 4.351 0.0365 

0.6 4.323 0.027 

0.7 4.303 0.0175 

0.8 4.279 0.0008 

0.9 4.266 0.0108 

1 4.278 0 
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Appendix E – Conversion of Double Bond and Polymerization Rate Calculation 
Example 
 
1. Samples were prepared at the corresponding monomer/crosslinker ratio for 
imprinted and non imprinted synthesis. 
 
2. ATR-FTIR spectra were generated as a function of time. The height of the –
CH2 rocking vibration was measure using the ThermoNicolet software 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 198 

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0.7

 0.8

 0.9

 1.0

 1.1

 1.2

 1.3

A
b
s

o
rb

a
n
c
e

 1200   1300   1400   1500   1600   1700   1800  

Wavenumbers (cm-1)  
 
Figure 1. FTIR spectra for 1_1 MIP EtOH_D20 
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Figure 2. FTIR spectra for 1_1 non MIP EtOH_D20 
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Figure 3. FTIR spectra for 1_1  MIP DMSO 
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Figure 4. FTIR spectra for 1_1 non MIP DMSO 
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Appendix F – Conversion of Double Bond and Polymerization Rate Raw Data 
 
Table 1  1 1 MIP@Etoh 
 Height -CH2 Rocking     

time (min) R1 R2 R3 R4 R5 

0 0.8324 0.7384 0.7021 0.7112 0.8185 

0.5 0.8377 0.7315 0.6988 0.7057 0.8293 

1 0.8256 0.7384 0.6919 0.6828 0.8226 

1.5 0.8125 0.7299 0.6832 0.6615 0.8064 

2 0.8008 0.7257 0.6691 0.6077 0.7948 

2.5 0.8000 0.6987 0.6269 0.4950 0.7410 

3 0.7510 0.6703 0.5734 0.3693 0.6731 

3.5 0.6972 0.6288 0.5221 0.2882 0.6115 

4 0.6493 0.5852 0.4924 0.2603 0.6194 

4.5 0.6062 0.5496 0.4669 0.3137 0.6308 

5 0.5753 0.5275 0.4513 0.2989 0.6423 

5.5 0.5515 0.5150 0.4421 0.2858 0.6300 

6 0.5323 0.5056 0.4442 0.2707 0.6042 

6.5 0.5186 0.4968 0.4342   0.5859 

7 0.5107 0.4913 0.4542   0.5593 

7.5 0.5005 0.4825 0.5029   0.5461 

8 0.4945 0.4843 0.4910   0.5354 

8.5 0.4897 0.4746 0.4892   0.5328 

9 0.4813 0.4666 0.4640   0.5328 

9.5   0.4484  0.5041 

10   0.4203  0.4760 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 

 203 

 
 
 
 
Table 2  
 Conversion of Double bound   

time 
(min) 

R1 R2 R3 R4 R5 

0 0 0 0 0 0 

0.5 -0.00637 0.009345 0.0047 0.007733 -0.01319 

1 0.008169 0 0.014528 0.039933 -0.00501 

1.5 0.023907 0.011511 0.026919 0.069882 0.014783 

2 0.037963 0.017199 0.047002 0.145529 0.028955 

2.5 0.038924 0.053765 0.107107 0.303993 0.094685 

3 0.09779 0.092226 0.183307 0.480737 0.177642 

3.5 0.162422 0.148429 0.256374 0.594769 0.252902 

4 0.219966 0.207476 0.298675 0.633999 0.24325 

4.5 0.271744 0.255688 0.334995 0.558915 0.229322 

5 0.308866 0.285618 0.357214 0.579724 0.215272 

5.5 0.337458 0.302546 0.370318 0.598144 0.230299 

6 0.360524 0.315276 0.367327 0.619376 0.26182 

6.5 0.376982 0.327194 0.38157 1 0.284178 

7 0.386473 0.334642 0.353084 1 0.316677 

7.5 0.398727 0.34656 0.28372 1 0.332804 

8 0.405935 0.344122 0.300669 1 0.345877 

8.5 0.411701 0.357259 0.303233 1 0.349053 

9 0.421792 0.368093 0.339125 1 0.349053 

9.5   0.361345  0.384117 

10   0.401367  0.418448 
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Table 3 

time 
(min) 

Average SDV 

0 0 0 

0.5 -0.00273 0.014799 

1 0.017462 0.031779 

1.5 0.042333 0.038961 

2 0.087242 0.08243 

2.5 0.199339 0.148003 

3 0.329189 0.21432 

3.5 0.423836 0.241737 

4 0.438624 0.276301 

4.5 0.394118 0.233057 

5 0.397498 0.257707 

5.5 0.414222 0.260105 

6 0.440598 0.25283 

6.5 0.642089 0.506162 

7 0.658338 0.483182 

7.5 0.666402 0.471779 

8 0.672938 0.462535 

8.5 0.674527 0.460289 

9 0.674527 0.460289 
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Table 4  
 
   Rp 

instantantaneo 
time 
(min) 

R1 R2 

0   

0.5 -0.01273 0.018689 

1 0.029073 -0.01869 

1.5 0.031475 0.023023 

2 0.028111 0.011376 

2.5 0.001922 0.073131 

3 0.117732 0.076923 

3.5 0.129265 0.112405 

4 0.115089 0.118093 

4.5 0.103556 0.096425 

5 0.074243 0.059859 

5.5 0.057184 0.033857 

6 0.046132 0.02546 

6.5 0.032917 0.023835 

7 0.018981 0.014897 

7.5 0.024507 0.023835 

8 0.014416 -0.00488 

8.5 0.011533 0.026273 

9 0.020183 0.021668 
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Table 5 1 1 non MIP @ EtOH 
 Height -CH2 Rocking 

time (min) R1 R2 R3 

0 0.7686 0.6496 0.7559 

0.5 0.7686 0.6517 0.7480 

1 0.7505 0.6433 0.7489 

1.5 0.7483 0.6501 0.7299 

2 0.7403 0.6499 0.7184 

2.5 0.7102 0.6326 0.6894 

3 0.6611 0.5953 0.6278 

3.5 0.6188 0.5578 0.5407 

4 0.5959 0.5272 0.4868 

4.5 0.5933 0.4953 0.4489 

5 0.5837 0.5030 0.4220 

5.5 0.5786 0.4735 0.4017 

6 0.5733 0.4821 0.3820 

6.5 0.5715 0.4785 0.3820 

7 0.5682 0.4611 0.3823 

7.5 0.5661 0.4446 0.3631 

8 0.5688 0.4422 0.3536 

8.5 0.5670 0.4339 0.3463 

9 0.5625 0.4182 0.3637 

 
Table 6 
 Conversion of Double bound 

time (min) R1 R2 R3 

0 0 0 0 

0.5 0 -0.00323 0.010451 

1 0.023549 0.009698 0.00926 

1.5 0.026412 -0.00077 0.034396 

2 0.03682 -0.00046 0.04961 

2.5 0.075982 0.02617 0.087975 

3 0.139865 0.08359 0.169467 

3.5 0.1949 0.141318 0.284694 

4 0.224694 0.188424 0.355999 

4.5 0.228077 0.237531 0.406138 

5 0.240567 0.225677 0.441725 

5.5 0.247203 0.27109 0.468581 

6 0.254098 0.257851 0.494642 

6.5 0.25644 0.263393 0.494642 

7 0.260734 0.290179 0.494245 

7.5 0.263466 0.315579 0.519645 

8 0.259953 0.319273 0.532213 

8.5 0.262295 0.33205 0.541871 

9 0.26815 0.356219 0.518852 
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Table 7 
   Rp 

instantantaneo 
  

time 
(min) 

R1 R2 R3 

0    

0.5 0 -0.00647 0.020902 

1 0.047098621 0.025862 -0.00238 

1.5 0.005724694 -0.02094 0.050271 

2 0.02081707 0.000616 0.030427 

2.5 0.078324226 0.053264 0.07673 

3 0.127764767 0.11484 0.162985 

3.5 0.110070258 0.115456 0.230454 

4 0.059588863 0.094212 0.142611 

4.5 0.006765548 0.098214 0.100278 

5 0.024980484 -0.02371 0.071173 

5.5 0.013270882 0.090825 0.053711 

6 0.013791309 -0.02648 0.052123 

6.5 0.004683841 0.011084 0 

7 0.008587041 0.053571 -0.00079 

7.5 0.005464481 0.0508 0.0508 

8 -
0.007025761 

0.007389 0.025136 

8.5 0.004683841 0.025554 0.019315 

9 0.011709602 0.048337 -0.04604 

 
 
Table  8 1 1  non MIP @ DMSO 
 Height -CH2 Rocking 

time (min) R1 R2 

0 0.8700 0.8843 

0.5 0.8834 0.8757 

1 0.8576 0.8421 

1.5 0.8472 0.8475 

2 0.8226 0.8049 

2.5 0.7669 0.7508 

3 0.6813 0.6729 

3.5 0.5846 0.5478 

4 0.4817 0.4434 

4.5 0.4278 0.4132 

5 0.4209 0.4039 

5.5 0.4189 0.3996 

6 0.4136 0.3989 
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Table 9 
 Conversion of Double bound 

time (min) R1 R2 R3 

0 0 0 #DIV/0! 

0.5 -0.0154 0.009725 #DIV/0! 

1 0.014253 0.047721 #DIV/0! 

1.5 0.026207 0.041615 #DIV/0! 

2 0.054483 0.089789 #DIV/0! 

2.5 0.118506 0.150967 #DIV/0! 

3 0.216897 0.239059 #DIV/0! 

3.5 0.328046 0.380527 #DIV/0! 

4 0.446322 0.498586 #DIV/0! 

4.5 0.508276 0.532738 #DIV/0! 

5 0.516207 0.543255 #DIV/0! 

5.5 0.518506 0.548117 #DIV/0! 

6 0.524598 0.548909   

 
 
Table 10 
   Rp 

instantantaneo 
time 
(min) 

R1 R2 

0   

0.5 -0.0308 0.01945 

1 0.05931 0.075992 

1.5 0.023908 -0.01221 

2 0.056552 0.096347 

2.5 0.128046 0.122357 

3 0.196782 0.176185 

3.5 0.222299 0.282936 

4 0.236552 0.236119 

4.5 0.123908 0.068303 

5 0.015862 0.021034 

5.5 0.004598 0.009725 

6 0.012184 0.001583 
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Table 11 
 
 Area -CH2 Rocking 

time (min) R1 R2 R3 

0 0.8568 0.8981   

0.5 0.8524 0.8828   

1 0.8195 0.8649   

1.5 0.7891 0.8635   

2 0.7184 0.8277   

2.5 0.6288 0.8297   

3 0.5104 0.7798   

3.5 0.4411 0.6976   

4 0.4227 0.6179   

4.5 0.4232 0.5357   

5 0.4236 0.4827   

5.5 0.3716 0.423   

6 0.3637 0.4596   

 
 
 
 
 
Table 12 
 
 Conversion of 

Double bound 
time (min) R1 R2 

0 0 0 

0.5 0.005135 0.017036 

1 0.043534 0.036967 

1.5 0.079015 0.038526 

2 0.161531 0.078388 

2.5 0.266106 0.076161 

3 0.404295 0.131723 

3.5 0.485177 0.223249 

4 0.506653 0.311992 

4.5 0.506069 0.403519 

5 0.505602 0.462532 

5.5 0.566293 0.529006 

6 0.575514 0.488253 
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Table 13 
   Rp 

instantantaneo 
  

time 
(min) 

R1 R2 

0   

0.5 0.010271 0.034072 

1 0.076797 0.039862 

1.5 0.070962 0.003118 

2 0.165033 0.079724 

2.5 0.20915 -0.00445 

3 0.276377 0.111123 

3.5 0.161765 0.183053 

4 0.042951 0.177486 

4.5 -0.00117 0.183053 

5 -0.00093 0.118027 

5.5 0.121382 0.132947 

6 0.018441 0.08151 
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Appendix G – Permeability Study Calculation Example 
 
1. A correlation between hydrocortisone concentration and absorbance was 
performed developing a calibration curve (refer to raw data in table 3) 
 
2. The change in the reservoir concentration was measure using UV 
spectroscopy at 242 nm (refer to raw data in table 4) 
 
3. The concentration of hydrocortisone was estimated by changing the 
absorbance of the solution to hydrocortisone concentration (refer to raw data in 
table 5) 
 
4. The accumulative concentration of hydrocortisone was estimated to generate 
a graph using the following equation  
 

Pt
V

A

c

c

o

t
22

1ln

  (equation G.1) 

 

 
 
Refer to raw data in table 13. 
 
Figure 1 illustrates the behavior of equation G.1.  
 
5. The permeability coefficient was estimated from the slope obtained form 
figure1. This procedure was repeated for each polymer recipe at the 
corresponding pH of evaluation. 
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Figure 1. Permeability data as a function of time using  equation G.1 
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Appendix H – Permeability Study Raw Data 
 
Table 1 
Hydrogel Type Impirinting MAA/EGDMA pH Replicate no. Permeability coefficient 

[cm/s] 
DOE run 

nonMIP 17:1 no 17 5.5 1 1.68912E-07 15 

nonMIP 17:1 no 17 5.5 2 1.70000E-07 20 

nonMIP 17:1 no 17 5.5 3 1.72622E-07 21 

MIP 17: 1 yes 17 5.5 1 1.89124E-07 4 

MIP 17: 1 yes 17 5.5 2 1.72622E-07 14 

MIP 17: 1 yes 17 5.5 3 1.99124E-07 16 

nonMIP 39:1 no 39 5.5 1 5.75000E-07 6 

nonMIP 39:1 no 39 5.5 2 6.13889E-07 8 

nonMIP 39:1 no 39 5.5 3 5.91556E-07 19 

MIP 39:1 yes 39 5.5 1 5.19444E-07 5 

MIP 39:1 yes 39 5.5 2 5.22222E-07 10 

MIP 39:1 yes 39 5.5 3 5.63889E-07 12 

nonMIP 17:1 no 17 6.0 1 1.95000E-05 9 

nonMIP 17:1 no 17 6.0 2 1.95000E-05 17 

nonMIP 17:1 no 17 6.0 3 1.94981E-05 18 

MIP 17: 1 yes 17 6.0 1 2.73132E-06 3 

MIP 17: 1 yes 17 6.0 2 2.70583E-06 11 

MIP 17: 1 yes 17 6.0 3 2.69950E-06 13 

nonMIP 39:1 no 39 6.0 1 3.87817E-05 1 

nonMIP 39:1 no 39 6.0 2 3.86667E-05 2 

nonMIP 39:1 no 39 6.0 3 3.63333E-05 22 

MIP 39:1 yes 39 6.0 1 3.68833E-05 7 

MIP 39:1 yes 39 6.0 2 3.95000E-05 23 

MIP 39:1 yes 39 6.0 3 4.38333E-05 24 
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Table 2 

Hydrogel 
Type 

pH Average 
Permeability 
coefficient 

[cm/s] 

SDEV 
Permeability 
coefficient 

[cm/s] 

3*SDEV 

nonMIP 17:1 5.5 1.70511E-07 1.90692E-09 5.72076E-
09 

MIP 17: 1 5.5 1.86957E-07 1.33834E-08 4.01502E-
08 

nonMIP 39:1 5.5 5.93481E-07 1.95158E-08 5.85475E-
08 

MIP 39:1 5.5 5.35185E-07 2.48969E-08 7.46907E-
08 

nonMIP 17:1 6.0 1.94994E-05 1.08157E-09 3.24471E-
09 

MIP 17: 1 6.0 2.71222E-06 1.68453E-08 5.05358E-
08 

nonMIP 39:1 6.0 3.79272E-05 1.38155E-06 4.14464E-
06 

MIP 39:1 6.0 4.00722E-05 3.51016E-06 1.05305E-
05 
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Table 3 Calibration Curve of permeability study (January 4, 2006) 
    Absorbancia     

Conc. 
[mg/mL] 

R1 R2 R3 Average sdev 

0.12 3.014 2.696 2.948 2.886 0.167821 

0.06 1.672 1.603 1.584 1.619667 0.046307 

0.03 0.823 0.788 0.796 0.802333 0.018339 

0.015 0.409 0.39 0.392 0.397 0.01044 

0.0075 0.198 0.191 0.193 0.194 0.003606 

0.00375 0.095 0.091 0.092 0.092667 0.002082 

0.001875 0.053 0.043 0.045 0.047 0.005292 

 
Table 4 
 
R1   Absorbancia 

tiempo (hr) A B C 

0 0.003 0.004 0.004 

1 0.153 0.16 0.159 

2 0.227 0.234 0.238 

3 0.213 0.213 0.211 

4 0.146 0.156 0.158 

5 0.107 0.111 0.112 

6 0.092 0.093 0.093 

 
Table 5 
R1   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.004846 0.005134 0.005093 

2 0.007888 0.008176 0.008341 

3 0.007313 0.007313 0.007231 

4 0.004559 0.00497 0.005052 

5 0.002956 0.00312 0.003161 

6 0.002339 0.00238 0.00238 
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Table 6 
R1   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.007846 0.008134 0.008093 0.008025 0.000156 

2 0.015735 0.01631 0.016434 0.01616 0.000373 

3 0.023048 0.023623 0.023664 0.023445 0.000345 

4 0.027606 0.028593 0.028716 0.028305 0.000608 

5 0.030562 0.031713 0.031877 0.031384 0.000717 

6 0.032901 0.034093 0.034257 0.03375 0.00074 

 
Table 7 
R2   Absorbancia 

tiempo (hr) A B C 

0 0.003 0.004 0.004 

1 0.15 0.129 0.13 

2 0.172 0.184 0.186 

3 0.168 0.181 0.181 

4 0.171 0.183 0.181 

5 0.164 0.171 0.172 

6 0.159 0.173 0.173 

 
Table  8 
R2   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.004723 0.00386 0.003901 

2 0.005627 0.006121 0.006203 

3 0.005463 0.005997 0.005997 

4 0.005586 0.00608 0.005997 

5 0.005299 0.005586 0.005627 

6 0.005093 0.005669 0.005669 

Table 9 
R2   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.007723 0.00686 0.006901 0.007161 0.000487 

2 0.013351 0.012981 0.013104 0.013145 0.000188 

3 0.018814 0.018978 0.019101 0.018964 0.000144 

4 0.0244 0.025058 0.025099 0.024852 0.000392 

5 0.029699 0.030644 0.030726 0.030356 0.000571 

6 0.034792 0.036313 0.036395 0.035833 0.000903 
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Table 10 
R3   Absorbancia 

tiempo (hr) A B C 

0 0.003 0.004 0.004 

1 0.118 0.127 0.129 

2 0.187 0.191 0.192 

3 0.177 0.193 0.186 

4 0.184 0.191 0.193 

5 0.177 0.178 0.184 

6 0.478 0.471 0.477 

 
Table 11 
R3   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.003408 0.003778 0.00386 

2 0.006244 0.006409 0.00645 

3 0.005833 0.006491 0.006203 

4 0.006121 0.006409 0.006491 

5 0.005833 0.005874 0.006121 

6 0.018206 0.017918 0.018165 

 
Table 12 
R3   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.006408 0.006778 0.00686 0.006682 0.000241 

2 0.012652 0.013186 0.01331 0.013049 0.00035 

3 0.018485 0.019677 0.019513 0.019225 0.000646 

4 0.024606 0.026085 0.026003 0.025565 0.000832 

5 0.030439 0.03196 0.032124 0.031507 0.000929 

6 0.048645 0.049878 0.050289 0.049604 0.000856 

 
Table 13 
R1           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.049606 0.049606 0.049606 0.049606 9.31323E-10 

60 0.132496 0.13753 0.13681 0.135612 0.002722143 

120 0.275393 0.286238 0.288569 0.2834 0.007031499 

180 0.417872 0.429537 0.430373 0.425928 0.006988557 

240 0.512237 0.533271 0.535916 0.527141 0.012975079 

300 0.575938 0.601317 0.604969 0.594075 0.015812471 

360 0.627861 0.654862 0.658616 0.647113 0.016778468 
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Table 14 
R2           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.0496 0.0496 0.0496 0.049606 9.31323E-10 

60 0.1303 0.1153 0.1160 0.120576 0.008466073 

120 0.2311 0.2243 0.2266 0.227324 0.003455058 

180 0.3341 0.3373 0.3397 0.337045 0.002799257 

240 0.4454 0.4589 0.4598 0.454696 0.008065558 

300 0.5571 0.5777 0.5795 0.571467 0.012459625 

360 0.6709 0.7062 0.7081 0.695034 0.020952485 

 
Table 15 
R3           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.0496 0.0496 0.0496 0.049606 9.31323E-10 

60 0.1075 0.1139 0.1153 0.112257 0.004162433 

120 0.2183 0.2281 0.2303 0.225571 0.006399614 

180 0.3278 0.3509 0.3477 0.342125 0.012539346 

240 0.4496 0.4802 0.4785 0.469464 0.017212452 

300 0.5732 0.6068 0.6105 0.596833 0.020514827 

360 1.0185 1.0527 1.0642 1.045116 0.023755595 

 
Table 16 
time 
[min] 

"-V/2Aln(1-2ct/c0)" 

  AVERAGE STDEV 

0 0.04960609 9.31323E-10 

60 0.122814782 0.011837397 

120 0.245431724 0.032893149 

180 0.368365788 0.049914721 

240 0.483767121 0.038282075 

300 0.58745831 0.013917012 

360 0.671073563 0.033885327 
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Table 17 Calibration Curve of permeability study (January 9, 2006) 
    Absorbancia     

Conc. 
[mg/mL] 

R1 R2 R3 Average sdev 

0.12 2.722 2.722 2.662 2.702 0.034641 

0.06 1.418 1.393 1.387 1.399333 0.016442 

0.03 0.69 0.682 0.683 0.685 0.004359 

0.015 0.338 0.334 0.335 0.335667 0.002082 

0.0075 0.166 0.162 0.16 0.162667 0.003055 

0.00375 0.077 0.08 0.077 0.078 0.001732 

0.001875 0.035 0.036 0.036 0.035667 0.000577 

 
Table 18 
R1   Absorbancia 

tiempo (hr) A B C 

0 0.001 0.003 0.002 

1 0.016 0.019 0.018 

2 0.223 0.229 0.233 

3 0.108 0.114 0.114 

4 0.099 0.102 0.105 

5 0.103 0.108 0.11 

6 0.108 0.113 0.114 

 
Table 19 
R1   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.000688 0.00082 0.000776 

2 0.009814 0.010079 0.010255 

3 0.004744 0.005009 0.005009 

4 0.004347 0.00448 0.004612 

5 0.004524 0.004744 0.004832 

6 0.004744 0.004965 0.005009 
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Table 20 
R1   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.003688 0.00382 0.003776 0.003761 6.73E-05 

2 0.013502 0.013899 0.014031 0.013811 0.000275 

3 0.018246 0.018908 0.01904 0.018731 0.000425 

4 0.022593 0.023387 0.023652 0.023211 0.000551 

5 0.027117 0.028131 0.028484 0.027911 0.00071 

6 0.031861 0.033096 0.033492 0.032816 0.000851 

 
Table 21 
R2   Absorbancia 

tiempo (hr) A B C 

0 0.001 0.003 0.002 

1 0.156 0.134 0.136 

2 0.18 0.192 0.193 

3 0.176 0.189 0.189 

4 0.179 0.191 0.189 

5 0.172 0.178 0.18 

6 0.167 0.18 0.18 

 
 
Table 22 
R2   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.00686 0.00589 0.005979 

2 0.007919 0.008448 0.008492 

3 0.007742 0.008315 0.008315 

4 0.007874 0.008404 0.008315 

5 0.007566 0.00783 0.007919 

6 0.007345 0.007919 0.007919 

 
Table 23 
R2   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.00986 0.00889 0.008979 0.009243 0.000536 

2 0.017779 0.017338 0.01747 0.017529 0.000226 

3 0.025521 0.025653 0.025786 0.025653 0.000132 

4 0.033395 0.034057 0.034101 0.033851 0.000395 

5 0.040961 0.041887 0.042019 0.041623 0.000577 

6 0.048307 0.049806 0.049938 0.04935 0.000906 
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Table 24 
R3   Absorbancia 

tiempo (hr) A B C 

0 0.001 0.003 0.002 

1 0.124 0.132 0.134 

2 0.195 0.2 0.2 

3 0.184 0.201 0.194 

4 0.192 0.2 0.202 

5 0.185 0.186 0.193 

6 0.493 0.499 0.5 

 
Table 25 
R3   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.005449 0.005802 0.00589 

2 0.00858 0.0088 0.0088 

3 0.008095 0.008844 0.008536 

4 0.008448 0.0088 0.008888 

5 0.008139 0.008183 0.008492 

6 0.021719 0.021983 0.022027 

 
 
Table 26 
R3   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.008449 0.008802 0.00889 0.008714 0.000233 

2 0.017029 0.017603 0.017691 0.017441 0.000359 

3 0.025124 0.026447 0.026226 0.025933 0.000709 

4 0.033572 0.035247 0.035115 0.034645 0.000931 

5 0.041711 0.04343 0.043607 0.042916 0.001047 

6 0.063429 0.065413 0.065634 0.064826 0.001214 
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Table 27 
R1           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.049606 0.049606 0.049606 0.049606 9.31323E-10 

60 0.061158 0.063388 0.062644 0.062397 0.001135129 

150 0.233881 0.241195 0.243639 0.239571 0.005077582 

210 0.323165 0.335941 0.338506 0.332538 0.008217606 

270 0.408715 0.424744 0.430116 0.421192 0.011134068 

330 0.501888 0.523397 0.530934 0.51874 0.015072717 

390 0.604609 0.632246 0.641213 0.626023 0.019079223 

 
 
Table 28 
 
R2           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.0496 0.0496 0.0496 0.049606 9.31323E-10 

60 0.1680 0.1508 0.1524 0.157064 0.00950164 

120 0.3142 0.3058 0.3083 0.309407 0.004327866 

180 0.4685 0.4713 0.4740 0.471252 0.002746892 

240 0.6390 0.6540 0.6550 0.649366 0.008975949 

300 0.8181 0.8412 0.8445 0.834627 0.014384449 

360 1.0092 1.0506 1.0543 1.038075 0.025038853 

 
 
 
Table 29 
R3           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.0496 0.0496 0.0496 0.049606 9.31323E-10 

60 0.1431 0.1493 0.1508 0.147714 0.004105487 

120 0.2999 0.3108 0.3125 0.307726 0.006853786 

180 0.4603 0.4878 0.4832 0.477096 0.014732026 

240 0.6430 0.6814 0.6783 0.667563 0.021316891 

300 0.8368 0.8803 0.8848 0.867313 0.026523101 

360 1.4734 1.5434 1.5513 1.522704 0.042859227 
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Table 30 Calibration Curve of permeability study (January 28, 2006) 
    Absorbancia     

Conc. 
[mg/mL] 

R1 R2 R3 Average sdev 

0.12 2.528 2.515 2.471 2.504667 0.029872 

0.06 1.273 1.26 1.256 1.263 0.008888 

0.03 0.617 0.616 0.617 0.616667 0.000577 

0.015 0.302 0.3 0.301 0.301 0.001 

0.0075 0.148 0.147 0.148 0.147667 0.000577 

0.00375 0.071 0.069 0.072 0.070667 0.001528 

0.001875 0.032 0.033 0.034 0.033 0.001 

 
Table 31 
R1   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.001 0.000 

1 0.142 0.147 0.147 

2 0.177 0.179 0.181 

3 0.17 0.169 0.169 

4 0.16 0.163 0.164 

5 0.155 0.162 0.163 

6 0.152 0.16 0.162 

 
Table 32 
R1   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.006363 0.006601 0.006601 

2 0.008031 0.008126 0.008222 

3 0.007697 0.00765 0.00765 

4 0.007221 0.007364 0.007411 

5 0.006983 0.007316 0.007364 

6 0.00684 0.007221 0.007316 

 
Table 33 
R1   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.009363 0.009601 0.009601 0.009522 0.000138 

2 0.017394 0.017728 0.017823 0.017648 0.000225 

3 0.025091 0.025377 0.025473 0.025314 0.000198 

4 0.032312 0.032741 0.032884 0.032646 0.000298 

5 0.039295 0.040057 0.040248 0.039867 0.000504 

6 0.046134 0.047278 0.047564 0.046992 0.000757 
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Table 34 
R2   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.001 0.000 

1 0.136 0.142 0.139 

2 0.161 0.162 0.166 

3 0.152 0.156 0.157 

4 0.145 0.153 0.153 

5 0.149 0.155 0.156 

6 0.134 0.135 0.142 

 
 
Table 35 
R2   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.006077 0.006363 0.00622 

2 0.007268 0.007316 0.007507 

3 0.00684 0.00703 0.007078 

4 0.006506 0.006887 0.006887 

5 0.006697 0.006983 0.00703 

6 0.005982 0.006029 0.006363 

 
 
Table 36 
R2   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.009077 0.009363 0.00922 0.00922 0.000143 

2 0.016345 0.016679 0.016727 0.016584 0.000208 

3 0.023185 0.023709 0.023805 0.023566 0.000334 

4 0.029691 0.030596 0.030692 0.030326 0.000552 

5 0.036387 0.037579 0.037722 0.037229 0.000733 

6 0.042369 0.043608 0.044085 0.043354 0.000886 
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Table 37 
R3   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.001 0.000 

1 0.116 0.122 0.123 

2 0.134 0.141 0.142 

3 0.132 0.14 0.14 

4 0.132 0.134 0.134 

5 0.161 0.17 0.172 

6 0.129 0.135 0.137 

 
 
Table 38 
R3   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.005124 0.00541 0.005457 

2 0.005982 0.006315 0.006363 

3 0.005886 0.006268 0.006268 

4 0.005886 0.005982 0.005982 

5 0.007268 0.007697 0.007793 

6 0.005743 0.006029 0.006125 

 
 
 
 
 
 
 
 
 
 
 
Table 39 
R3   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.008124 0.00841 0.008457 0.00833 0.00018 

2 0.014105 0.014725 0.01482 0.01455 0.000388 

3 0.019992 0.020992 0.021088 0.020691 0.000607 

4 0.025878 0.026974 0.027069 0.02664 0.000662 

5 0.033146 0.034672 0.034862 0.034227 0.00094 

6 0.03889 0.040701 0.040987 0.040192 0.001137 
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Table 40 
R1           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average Sdev 

0 0.049606 0.049606 0.049606 0.049606 9.31323E-10 

60 0.159169 0.163394 0.163394 0.161986 0.002439268 

120 0.306822 0.313204 0.315031 0.311686 0.004309662 

180 0.459616 0.465529 0.467504 0.464216 0.004104324 

240 0.614662 0.62427 0.627484 0.622139 0.006671358 

300 0.777245 0.795847 0.800525 0.791206 0.012314586 

360 0.950753 0.981333 0.989053 0.973713 0.020255115 

 
Table 41 
R2           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.0496 0.0496 0.0496 0.049606 9.31323E-10 

60 0.1541 0.1592 0.1566 0.15664 0.002528963 

120 0.2869 0.2932 0.2941 0.291413 0.003933998 

180 0.4206 0.4313 0.4332 0.428388 0.006772655 

240 0.5569 0.5767 0.5788 0.570807 0.01204947 

300 0.7079 0.7360 0.7394 0.727785 0.017302811 

360 0.8533 0.8849 0.8971 0.878445 0.02259126 

 
 
 
 
Table 42 
R3           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.0496 0.0496 0.0496 0.049606 9.31323E-10 

60 0.1373 0.1424 0.1432 0.140967 0.003164712 

120 0.2450 0.2565 0.2583 0.253265 0.007205663 

180 0.3571 0.3768 0.3787 0.370832 0.011960673 

240 0.4759 0.4989 0.5009 0.491892 0.013868851 

300 0.6334 0.6681 0.6725 0.657991 0.021418814 

360 0.7674 0.8117 0.8188 0.799292 0.027815569 
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Table 43 Calibration Curve of permeability study (February 8, 2006) 
    Absorbancia     

Conc. 
[mg/mL] 

R1 R2 R3 Average Sdev 

0.12 2.408 2.394 2.353 2.385 0.028583 

0.06 1.215 1.201 1.198 1.204667 0.009074 

0.03 0.589 0.588 0.589 0.588667 0.000577 

0.015 0.289 0.286 0.288 0.287667 0.001528 

0.0075 0.141 0.141 0.142 0.141333 0.000577 

0.00375 0.068 0.066 0.069 0.067667 0.001528 

0.001875 0.031 0.031 0.032 0.031333 0.000577 

 
 
 
Table 44 
R1   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.000 0.004 

1 0.164 0.167 0.17 

2 0.184 0.194 0.2 

3 0.186 0.19 0.188 

4 0.179 0.185 0.187 

5 0.17 0.188 0.176 

6 0.171 0.175 0.187 

 
 
Table 45 
R1   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.007843 0.007993 0.008144 

2 0.008844 0.009345 0.009645 

3 0.008944 0.009145 0.009044 

4 0.008594 0.008894 0.008994 

5 0.008144 0.009044 0.008444 

6 0.008194 0.008394 0.008994 
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Table 46 
R1   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.010843 0.010993 0.011144 0.010993 0.00015 

2 0.019688 0.020338 0.020789 0.020271 0.000554 

3 0.028632 0.029483 0.029833 0.029316 0.000618 

4 0.037226 0.038377 0.038828 0.038144 0.000826 

5 0.045369 0.047422 0.047271 0.046688 0.001144 

6 0.053563 0.055815 0.056266 0.055215 0.001448 

 
 
 
 
 
 
Table 47 
R2   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.000 0.004 

1 0.131 0.135 0.135 

2 0.149 0.153 0.156 

3 0.145 0.163 0.157 

4 0.145 0.153 0.168 

5 0.141 0.147 0.151 

6 0.138 0.14 0.142 

 
 
Table 48 
R2   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.006192 0.006392 0.006392 

2 0.007092 0.007293 0.007443 

3 0.006892 0.007793 0.007493 

4 0.006892 0.007293 0.008043 

5 0.006692 0.006992 0.007193 

6 0.006542 0.006642 0.006742 
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Table 49 
R2   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.009192 0.009392 0.009392 0.009325 0.000116 

2 0.016284 0.016684 0.016835 0.016601 0.000285 

3 0.023176 0.024478 0.024327 0.023994 0.000712 

4 0.030068 0.03177 0.032371 0.031403 0.001194 

5 0.03676 0.038763 0.039563 0.038362 0.001444 

6 0.043302 0.045405 0.046305 0.045004 0.001541 

 
Table 50 
R3   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.000 0.004 

1 0.106 0.113 0.148 

2 0.131 0.142 0.166 

3 0.137 0.137 0.14 

4 0.13 0.133 0.132 

5 0.123 0.128 0.153 

6 0.132 0.134 0.152 

 
Table 51 
R3   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.003 0.003 

1 0.00494 0.005291 0.007042 

2 0.006192 0.006742 0.007943 

3 0.006492 0.006492 0.006642 

4 0.006141 0.006292 0.006242 

5 0.005791 0.006041 0.007293 

6 0.006242 0.006342 0.007243 

 
 
Table 52 
R3   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.00794 0.008291 0.010042 0.008758 0.001126 

2 0.014132 0.015033 0.017986 0.015717 0.002016 

3 0.020624 0.021524 0.024628 0.022259 0.002101 

4 0.026765 0.027816 0.030869 0.028483 0.002132 

5 0.032556 0.033857 0.038162 0.034858 0.002934 

6 0.038798 0.040199 0.045405 0.041467 0.003481 
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Table 53 
R1           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.049606 0.049606 0.049606 0.049606 9.31323E-10 

60 0.185562 0.188259 0.19096 0.188261 0.002699006 

120 0.351116 0.363867 0.372743 0.362575 0.010871219 

180 0.534106 0.552439 0.560037 0.548861 0.013330703 

240 0.727652 0.755094 0.765937 0.749561 0.019732971 

300 0.930572 0.985203 0.981154 0.965643 0.03043994 

360 1.158436 1.226014 1.239814 1.208088 0.043550018 

 
 
 
 
 
 
 
 
 
 
Table 54 
time 
[min] 

"-V/2Aln(1-2ct/c0)" 

  AVERAGE STDEV 

0 0.04960609 9.31323E-10 

60 0.165102274 0.020663581 

120 0.309871822 0.046377377 

180 0.46275808 0.076573379 

240 0.625138097 0.112304145 

300 0.797920531 0.150893948 

360 0.987124568 0.202806104 

 
Table 55 Calibration Curve of permeability study (February 9, 2006) 
    Absorbancia     

Conc. 
[mg/mL] 

R1 R2 R3 Average sdev 

0.12 2.551 2.577 2.59 2.572667 0.019858 

0.06 1.292 1.309 1.32 1.307 0.014107 

0.03 0.631 0.644 0.648 0.641 0.008888 

0.015 0.309 0.315 0.321 0.315 0.006 

0.0075 0.151 0.151 0.159 0.153667 0.004619 

0.00375 0.074 0.073 0.075 0.074 0.001 

0.001875 0.035 0.033 0.034 0.034 0.001 
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Table 56 
R1   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.000 0.002 

1 0.037 0.034 0.033 

2 0.086 0.093 0.092 

3 0.096 0.099 0.101 

4 0.096 0.098 0.098 

5 0.091 0.089 0.094 

6 0.092 0.095 0.098 

 
Table 57 
R1   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.005 0.006 

1 0.001485 0.001346 0.001299 

2 0.003758 0.004083 0.004037 

3 0.004222 0.004362 0.004454 

4 0.004222 0.004315 0.004315 

5 0.00399 0.003898 0.00413 

6 0.004037 0.004176 0.004315 

 
Table 58 
R1   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.004485 0.006346 0.007299 0.006043 0.001431 

2 0.008243 0.010429 0.011336 0.010003 0.00159 

3 0.012465 0.01479 0.01579 0.014349 0.001706 

4 0.016688 0.019105 0.020105 0.018633 0.001757 

5 0.020678 0.023003 0.024235 0.022639 0.001806 

6 0.024715 0.027179 0.02855 0.026815 0.001943 

 
Table 59 
R3   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.000 0.002 

1 0.029 0.033 0.032 

2 0.072 0.078 0.077 

3 0.121 0.124 0.127 

4 0.106 0.109 0.111 

5 0.098 0.101 0.101 

6 0.079 0.09 0.083 
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Table 60 
R3   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.005 0.006 

1 0.001114 0.001299 0.001253 

2 0.003109 0.003387 0.003341 

3 0.005382 0.005522 0.005661 

4 0.004686 0.004826 0.004918 

5 0.004315 0.004454 0.004454 

6 0.003434 0.003944 0.003619 

 
 
 
 
 
 
 
 
Table 61 
R3   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.004114 0.006299 0.007253 0.005889 0.001609 

2 0.007222 0.009686 0.010594 0.009167 0.001744 

3 0.012605 0.015208 0.016254 0.014689 0.001879 

4 0.017291 0.020033 0.021173 0.019499 0.001995 

5 0.021606 0.024488 0.025627 0.023907 0.002072 

6 0.02504 0.028432 0.029246 0.027573 0.002231 

 
 
Table 62 
R1           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.049606 0.049606 0.049606 0.049606 9.31323E-10 

60 0.07463 0.106449 0.122958 0.101346 0.024564992 

120 0.139438 0.178136 0.194426 0.170667 0.02824459 

180 0.2149 0.257723 0.276435 0.249686 0.031545375 

240 0.293384 0.339779 0.359296 0.33082 0.033856932 

300 0.370562 0.416969 0.442015 0.409849 0.036254527 

360 0.451859 0.503193 0.532353 0.495801 0.040752602 
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Table 63 
R3           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.0496 0.0496 0.0496 0.049606 9.31323E-10 

60 0.0683 0.1056 0.1222 0.098715 0.027565993 

120 0.1216 0.1649 0.1811 0.155871 0.03074346 

180 0.2174 0.2655 0.2852 0.256044 0.034849759 

240 0.3049 0.3579 0.3803 0.347694 0.038759457 

300 0.3890 0.4472 0.4707 0.435617 0.042085825 

360 0.4585 0.5298 0.5473 0.511896 0.047021341 

 
 
Table 64 Calibration Curve of permeability study (February 27, 2006) 
    Absorbancia     

Conc. 
[mg/mL] 

R1 R2 R3 Average sdev 

0.12 2.553 2.521 2.518 2.530667 0.019399 

0.06 1.298 1.258 1.298 1.284667 0.023094 

0.03 0.634 0.621 0.641 0.632 0.010149 

0.015 0.31 0.305 0.315 0.31 0.005 

0.0075 0.149 0.147 0.152 0.149333 0.002517 

0.00375 0.071 0.069 0.07 0.07 0.001 

0.001875 0.031 0.031 0.032 0.031333 0.000577 

 
Table 65 
R1   Absorbancia 

tiempo (hr) A B C 

0 0.000 0.000 0.002 

1 0.09 0.097 0.098 

2 0.108 0.111 0.113 

3 0.11 0.115 0.116 

4 0.108 0.113 0.115 

5 0.102 0.108 0.108 

6 0.105 0.106 0.107 
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Table 66 
R1   Concentración 

tiempo 
(hr) 

A B C 

0 0.003 0.005 0.006 

1 0.003945 0.004275 0.004322 

2 0.004794 0.004935 0.005029 

3 0.004888 0.005124 0.005171 

4 0.004794 0.005029 0.005124 

5 0.004511 0.004794 0.004794 

6 0.004652 0.0047 0.004747 

 
 
Table 67 
R1   Concentración Average Sdev 

tiempo 
(hr) 

A B C     

0 0.003 0.003 0.003 0.003 0 

1 0.006945 0.009275 0.010322 0.008848 0.001729 

2 0.011739 0.01421 0.015352 0.013767 0.001847 

3 0.016627 0.019334 0.020523 0.018828 0.001997 

4 0.021421 0.024364 0.025646 0.02381 0.002166 

5 0.025932 0.029157 0.03044 0.02851 0.002323 

6 0.030584 0.033857 0.035187 0.033209 0.002369 

 
 
Table 68 
R1           

time 
[min] 

"-V/2Aln(1-2ct/c0)"       

  A B C average sdev 

0 0.049606 0.049606 0.049606 0.049606 9.31323E-10 

60 0.116816 0.157618 0.176236 0.150223 0.030392312 

120 0.201709 0.246955 0.26821 0.238958 0.033964021 

180 0.292234 0.344227 0.367498 0.334653 0.038534862 

240 0.38527 0.444649 0.471109 0.433676 0.043959136 

300 0.477045 0.545408 0.573274 0.531909 0.049514518 

360 0.576427 0.649485 0.679971 0.635294 0.053210889 

 
 
 
 
 
 
 
 



 

 

 

 

 

 235 

Appendix I – Swelling and Correlation Length Studies Calculation Example 
 
1. The weight in are and in heptane was measured using the density kit. 
2. The following equations were employed to calculate the equilibrium swelling 
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Refer to raw data for details 
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Appendix J – Swelling and Correlation Length Studies Raw Data 
 
 
Table 1. 
Vg,r (relaxed volume)     

     

  Wair (g) Wliq (g) aux density (g/cm3) Volume 
(cm3) 

39:1 nonMIP P1-A1 0.0508 0.0230 0.6840 0.0406 

39:1 nonMIP P1-A3 0.0499 0.0226 0.6840 0.0399 

39:1 nonMIP P1-A6 0.0490 0.0226 0.6840 0.0386 

39:1 MIP P1-A3 0.0484 0.0220 0.6840 0.0386 

39:1 MIP P1-A1 0.0499 0.0227 0.6840 0.0398 

39:1 MIP P1-A2 0.0557 0.0251 0.6840 0.0447 

17:1 nonMIP P1-A1 0.0459 0.0210 0.6840 0.0364 

17:1 nonMIP P1-A2 0.0511 0.0230 0.6840 0.0411 

17:1 nonMIP P1-A3 0.0468 0.0213 0.6840 0.0373 

17:1 MIP P1-A1 0.0427 0.0194 0.6840 0.0341 

17:1 MIP P1-A2 0.0463 0.0213 0.6840 0.0365 

17:1 MIP P1-A3 0.0444 0.0206 0.6840 0.0348 

4:1 nonMIP P1-A5 0.0608 0.0251 0.6840 0.0522 

4:1 nonMIP P1-A3 0.0602 0.0249 0.6840 0.0516 

4:1 nonMIP P1-A4 0.0575 0.0239 0.6840 0.0491 

4:1 MIP P1-A3 0.0608 0.0250 0.6840 0.0523 

4:1 MIP P1-A1 0.0606 0.0246 0.6840 0.0526 

4:1 MIP P1-A2 0.0656 0.0265 0.6840 0.0572 
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Table 2 
Vd (Dry volume)     

     

  Wair (g) Wliq (g) aux density 
(g/cm3) 

Volume (cm3) 

39:1 nonMIP P1-A1 0.0444 0.0226 0.6840 0.0319 

39:1 nonMIP P1-A3 0.0439 0.0222 0.6840 0.0317 

39:1 nonMIP P1-A6 0.0426 0.0212 0.6840 0.0313 

39:1 MIP P1-A3 0.0385 0.0188 0.6840 0.0288 

39:1 MIP P1-A1 0.0387 0.0188 0.6840 0.0291 

39:1 MIP P1-A2 0.0423 0.0207 0.6840 0.0316 

17:1 nonMIP P1-A1 0.0395 0.0203 0.6840 0.0281 

17:1 nonMIP P1-A2 0.0436 0.0220 0.6840 0.0316 

17:1 nonMIP P1-A3 0.0412 0.0210 0.6840 0.0295 

17:1 MIP P1-A1 0.0388 0.0196 0.6840 0.0281 

17:1 MIP P1-A2 0.0415 0.0207 0.6840 0.0304 

17:1 MIP P1-A3 0.0399 0.0199 0.6840 0.0292 

4:1 nonMIP P1-A5 0.0422 0.0196 0.6840 0.0330 

4:1 nonMIP P1-A3 0.0404 0.0192 0.6840 0.0310 

4:1 nonMIP P1-A4 0.0395 0.0184 0.6840 0.0308 

4:1 MIP P1-A3 0.0410 0.0188 0.6840 0.0325 

4:1 MIP P1-A1 0.0399 0.0184 0.6840 0.0314 

4:1 MIP P1-A2 0.0425 0.0198 0.6840 0.0332 
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Table 3 
Vs (equillibrium swelling  volume)   

pH=3.2     

  Wair 
(g) 

Wliq 
(g) 

aux density 
(g/cm3) 

Volume (cm3) 

39:1 nonMIP P1-A1 0.0688 0.0296 0.6840 0.0573 

39:1 nonMIP P1-A3 0.0690 0.0296 0.6840 0.0576 

39:1 nonMIP P1-A6 0.0702 0.0330 0.6840 0.0544 

39:1 MIP P1-A3 0.0657 0.0284 0.6840 0.0545 

39:1 MIP P1-A1 0.0651 0.0280 0.6840 0.0542 

39:1 MIP P1-A2 0.0718 0.0309 0.6840 0.0598 

17:1 nonMIP P1-A1 0.0521 0.0233 0.6840 0.0421 

17:1 nonMIP P1-A2 0.0582 0.0263 0.6840 0.0466 

17:1 nonMIP P1-A3 0.0546 0.0243 0.6840 0.0443 

17:1 MIP P1-A1 0.0507 0.0224 0.6840 0.0414 

17:1 MIP P1-A2 0.0548 0.0245 0.6840 0.0443 

17:1 MIP P1-A3 0.0530 0.0239 0.6840 0.0425 

4:1 nonMIP P1-A5 0.0504 0.0229 0.6840 0.0402 

4:1 nonMIP P1-A3 0.0488 0.0219 0.6840 0.0393 

4:1 nonMIP P1-A4 0.0479 0.0214 0.6840 0.0387 

4:1 MIP P1-A3 0.0491 0.0222 0.6840 0.0393 

4:1 MIP P1-A1 0.0469 0.0211 0.6840 0.0377 

4:1 MIP P1-A2 0.0509 0.0227 0.6840 0.0412 

 
Table 4 
Vs (equillibrium swelling  volume)   

pH=4.0     

  Wair 
(g) 

Wliq 
(g) 

aux density 
(g/cm3) 

Volume 
(cm3) 

39:1 nonMIP P1-A1 0.1049 0.0407 0.6840 0.0939 

39:1 nonMIP P1-A3 0.1033 0.0399 0.6840 0.0927 

39:1 nonMIP P1-A6 0.1045 0.0406 0.6840 0.0934 

39:1 MIP P1-A3 0.0971 0.0378 0.6840 0.0867 

39:1 MIP P1-A1 0.0979 0.0379 0.6840 0.0877 

39:1 MIP P1-A2 0.1090 0.0425 0.6840 0.0972 

17:1 nonMIP P1-A1 0.0616 0.0268 0.6840 0.0509 

17:1 nonMIP P1-A2 0.0676 0.0287 0.6840 0.0569 

17:1 nonMIP P1-A3 0.0640 0.0275 0.6840 0.0534 

17:1 MIP P1-A1 0.0593 0.0250 0.6840 0.0501 

17:1 MIP P1-A2 0.0615 0.0263 0.6840 0.0515 

17:1 MIP P1-A3 0.0621 0.0263 0.6840 0.0523 

4:1 nonMIP P1-A5 0.0527 0.0236 0.6840 0.0425 

4:1 nonMIP P1-A3 0.0513 0.0231 0.6840 0.0412 

4:1 nonMIP P1-A4 0.0504 0.0220 0.6840 0.0415 

4:1 MIP P1-A3 0.0511 0.0228 0.6840 0.0414 

4:1 MIP P1-A1 0.0491 0.0219 0.6840 0.0398 

4:1 MIP P1-A2 0.0531 0.0238 0.6840 0.0428 
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Table 5 
Vs (equillibrium swelling  volume)   

pH=4.8     

  Wair 
(g) 

Wliq 
(g) 

aux density 
(g/cm3) 

Volume 
(cm3) 

39:1 nonMIP P1-A1 0.1203 0.0482 0.6840 0.1054 

39:1 nonMIP P1-A3 0.1210 0.0485 0.6840 0.1060 

39:1 nonMIP P1-A6 0.1217 0.0484 0.6840 0.1072 

39:1 MIP P1-A3 0.1145 0.0456 0.6840 0.1007 

39:1 MIP P1-A1 0.1137 0.0454 0.6840 0.0999 

39:1 MIP P1-A2 0.1257 0.0500 0.6840 0.1107 

17:1 nonMIP P1-A1 0.0796 0.0334 0.6840 0.0675 

17:1 nonMIP P1-A2 0.0874 0.0366 0.6840 0.0743 

17:1 nonMIP P1-A3 0.0826 0.0345 0.6840 0.0703 

17:1 MIP P1-A1 0.0760 0.0314 0.6840 0.0652 

17:1 MIP P1-A2 0.0832 0.0348 0.6840 0.0708 

17:1 MIP P1-A3 0.0810 0.0339 0.6840 0.0689 

4:1 nonMIP P1-A5 0.0549 0.0243 0.6840 0.0447 

4:1 nonMIP P1-A3 0.0540 0.0239 0.6840 0.0440 

4:1 nonMIP P1-A4 0.0523 0.0224 0.6840 0.0437 

4:1 MIP P1-A3 0.0532 0.0236 0.6840 0.0433 

4:1 MIP P1-A1 0.0506 0.0225 0.6840 0.0411 

4:1 MIP P1-A2 0.0543 0.0241 0.6840 0.0442 

 
Table 6 
Vs (equillibrium swelling  volume)   

pH=5.4     

  Wair 
(g) 

Wliq 
(g) 

aux density 
(g/cm3) 

Volume 
(cm3) 

39:1 nonMIP P1-A1 0.2309 0.0869 0.6840 0.2105 

39:1 nonMIP P1-A3 0.2309 0.0869 0.6840 0.2105 

39:1 nonMIP P1-A6 0.2170 0.0818 0.6840 0.1977 

39:1 MIP P1-A3 0.2206 0.0837 0.6840 0.2001 

39:1 MIP P1-A1 0.2246 0.0840 0.6840 0.2056 

39:1 MIP P1-A2 0.2479 0.0932 0.6840 0.2262 

17:1 nonMIP P1-A1 0.1321 0.0523 0.6840 0.1167 

17:1 nonMIP P1-A2 0.1459 0.0582 0.6840 0.1282 

17:1 nonMIP P1-A3 0.1388 0.0554 0.6840 0.1219 

17:1 MIP P1-A1 0.1298 0.0515 0.6840 0.1145 

17:1 MIP P1-A2 0.1396 0.0559 0.6840 0.1224 

17:1 MIP P1-A3 0.1298 0.0515 0.6840 0.1145 

4:1 nonMIP P1-A5 0.0842 0.0346 0.6840 0.0725 

4:1 nonMIP P1-A3 0.0818 0.0340 0.6840 0.0699 

4:1 nonMIP P1-A4 0.0803 0.0334 0.6840 0.0686 

4:1 MIP P1-A3 0.0828 0.0346 0.6840 0.0705 

4:1 MIP P1-A1 0.0796 0.0333 0.6840 0.0677 

4:1 MIP P1-A2 0.0848 0.0356 0.6840 0.0719 
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Table 7 
Vs (equillibrium swelling  volume)   

pH=5.8     

  Wair 
(g) 

Wliq 
(g) 

aux density 
(g/cm3) 

Volume 
(cm3) 

39:1 nonMIP P1-A1 0.2757 0.1036 0.6840 0.2516 

39:1 nonMIP P1-A3 0.2577 0.0965 0.6840 0.2357 

39:1 nonMIP P1-A6 0.2577 0.0965 0.6840 0.2357 

39:1 MIP P1-A3 0.2627 0.0986 0.6840 0.2399 

39:1 MIP P1-A1 0.2625 0.0985 0.6840 0.2398 

39:1 MIP P1-A2 0.2937 0.1101 0.6840 0.2684 

17:1 nonMIP P1-A1 0.1625 0.0636 0.6840 0.1446 

17:1 nonMIP P1-A2 0.1800 0.0710 0.6840 0.1594 

17:1 nonMIP P1-A3 0.1682 0.0655 0.6840 0.1501 

17:1 MIP P1-A1 0.1586 0.0627 0.6840 0.1402 

17:1 MIP P1-A2 0.1739 0.0681 0.6840 0.1547 

17:1 MIP P1-A3 0.1586 0.0627 0.6840 0.1402 

4:1 nonMIP P1-A5 0.1075 0.0441 0.6840 0.0927 

4:1 nonMIP P1-A3 0.1037 0.0427 0.6840 0.0892 

4:1 nonMIP P1-A4 0.1018 0.0416 0.6840 0.0880 

4:1 MIP P1-A3 0.1052 0.0428 0.6840 0.0912 

4:1 MIP P1-A1 0.1013 0.0416 0.6840 0.0873 

4:1 MIP P1-A2 0.1100 0.0450 0.6840 0.0950 

 
Table 8 
Vs (equillibrium swelling  volume)   

pH=6.0     

  Wair 
(g) 

Wliq 
(g) 

aux density (g/cm3) Volume (cm3) 

39:1 nonMIP P1-A1 0.2864 0.1077 0.6840 0.2613 

39:1 nonMIP P1-A3 0.2864 0.1077 0.6840 0.2613 

39:1 nonMIP P1-A6 0.2864 0.1077 0.6840 0.2613 

39:1 MIP P1-A3 0.2715 0.1021 0.6840 0.2477 

39:1 MIP P1-A1 0.2736 0.1025 0.6840 0.2501 

39:1 MIP P1-A2 0.3068 0.1145 0.6840 0.2811 

17:1 nonMIP P1-A1 0.1710 0.0672 0.6840 0.1518 

17:1 nonMIP P1-A2 0.1916 0.0753 0.6840 0.1700 

17:1 nonMIP P1-A3 0.1786 0.0704 0.6840 0.1582 

17:1 MIP P1-A1 0.1682 0.0664 0.6840 0.1488 

17:1 MIP P1-A2 0.1848 0.0722 0.6840 0.1646 

17:1 MIP P1-A3 0.1848 0.0722 0.6840 0.1646 

4:1 nonMIP P1-A5 0.1174 0.0481 0.6840 0.1013 

4:1 nonMIP P1-A3 0.1141 0.0464 0.6840 0.0990 

4:1 nonMIP P1-A4 0.1111 0.0444 0.6840 0.0975 

4:1 MIP P1-A3 0.1162 0.0473 0.6840 0.1007 

4:1 MIP P1-A1 0.1103 0.0448 0.6840 0.0958 

4:1 MIP P1-A2 0.1203 0.0491 0.6840 0.1041 
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Table 9 
Vs (equillibrium swelling  volume)   

pH=7.0     

  Wair 
(g) 

Wliq 
(g) 

aux density 
(g/cm3) 

Volume (cm3) 

39:1 nonMIP P1-A1 0.2611 0.0990 0.6840 0.2370 

39:1 nonMIP P1-A3 0.2611 0.0990 0.6840 0.2370 

39:1 nonMIP P1-A6 0.2611 0.0990 0.6840 0.2370 

39:1 MIP P1-A3 0.2756 0.1047 0.6840 0.2499 

39:1 MIP P1-A1 0.2743 0.1045 0.6840 0.2482 

39:1 MIP P1-A2 0.3076 0.1168 0.6840 0.2789 

17:1 nonMIP P1-A1 0.1792 0.0719 0.6840 0.1569 

17:1 nonMIP P1-A2 0.2001 0.0800 0.6840 0.1756 

17:1 nonMIP P1-A3 0.1894 0.0759 0.6840 0.1659 

17:1 MIP P1-A1 0.1774 0.0707 0.6840 0.1560 

17:1 MIP P1-A2 0.1950 0.0773 0.6840 0.1721 

17:1 MIP P1-A3 0.1774 0.0707 0.6840 0.1560 

4:1 nonMIP P1-A5 0.1353 0.0558 0.6840 0.1162 

4:1 nonMIP P1-A3 0.1323 0.0540 0.6840 0.1145 

4:1 nonMIP P1-A4 0.1293 0.0525 0.6840 0.1123 

4:1 MIP P1-A3 0.1343 0.0547 0.6840 0.1164 

4:1 MIP P1-A1 0.1287 0.0526 0.6840 0.1113 

4:1 MIP P1-A2 0.1395 0.0570 0.6840 0.1206 
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Table 10 
  v2,r v2,s             

    pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8 pH=6.0 pH=7.0 

39:1 nonMIP P1-A1 0.7842 0.5561 0.3396 0.3024 0.1514 0.1267 0.1220 0.1345 

39:1 nonMIP P1-A3 0.7949 0.5508 0.3423 0.2993 0.1507 0.1346 0.1214 0.1339 

39:1 nonMIP P1-A6 0.8106 0.5753 0.3349 0.2920 0.1583 0.1328 0.1198 0.1320 

39:1 MIP P1-A3 0.7462 0.5282 0.3322 0.2859 0.1439 0.1200 0.1163 0.1153 

39:1 MIP P1-A1 0.7316 0.5364 0.3317 0.2914 0.1415 0.1213 0.1163 0.1172 

39:1 MIP P1-A2 0.7059 0.5281 0.3248 0.2853 0.1396 0.1176 0.1123 0.1132 

17:1 nonMIP P1-A1 0.7711 0.6667 0.5517 0.4156 0.2406 0.1941 0.1850 0.1789 

17:1 nonMIP P1-A2 0.7687 0.6771 0.5553 0.4252 0.2463 0.1982 0.1857 0.1799 

17:1 nonMIP P1-A3 0.7922 0.6667 0.5534 0.4200 0.2422 0.1967 0.1867 0.1780 

17:1 MIP P1-A1 0.8240 0.6784 0.5598 0.4305 0.2452 0.2002 0.1886 0.1799 

17:1 MIP P1-A2 0.8320 0.6865 0.5909 0.4298 0.2485 0.1966 0.1847 0.1767 

17:1 MIP P1-A3 0.8403 0.6873 0.5587 0.4246 0.2554 0.2086 0.1776 0.1874 

4:1 nonMIP P1-A5 0.6331 0.8218 0.7766 0.7386 0.4556 0.3565 0.3261 0.2843 

4:1 nonMIP P1-A3 0.6006 0.7881 0.7518 0.7043 0.4435 0.3475 0.3131 0.2708 

4:1 nonMIP P1-A4 0.6280 0.7962 0.7430 0.7057 0.4499 0.3505 0.3163 0.2747 

4:1 MIP P1-A3 0.6201 0.8253 0.7845 0.7500 0.4606 0.3558 0.3222 0.2789 

4:1 MIP P1-A1 0.5972 0.8333 0.7904 0.7651 0.4644 0.3601 0.3282 0.2825 

4:1 MIP P1-A2 0.5806 0.8050 0.7747 0.7517 0.4614 0.3492 0.3188 0.2752 
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Table 11 
Equillibrium volume swelling ratio Q      

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8 pH=6.0 pH=7.0 

39:1 nonMIP P1-A1 1.7982 2.9450 3.3073 6.6055 7.8945 8.1972 7.4358 

39:1 nonMIP P1-A3 1.8157 2.9217 3.3410 6.6359 7.4286 8.2350 7.4700 

39:1 nonMIP P1-A6 1.7383 2.9860 3.4252 6.3178 7.5327 8.3505 7.5748 

39:1 MIP P1-A3 1.8934 3.0102 3.4975 6.9492 8.3299 8.5990 8.6751 

39:1 MIP P1-A1 1.8643 3.0151 3.4322 7.0653 8.2412 8.5980 8.5327 

39:1 MIP P1-A2 1.8935 3.0787 3.5046 7.1620 8.5000 8.9028 8.8333 

17:1 nonMIP P1-A1 1.5000 1.8125 2.4063 4.1563 5.1510 5.4063 5.5885 

17:1 nonMIP P1-A2 1.4769 1.8009 2.3519 4.0602 5.0463 5.3843 5.5602 

17:1 nonMIP P1-A3 1.5000 1.8069 2.3812 4.1287 5.0842 5.3564 5.6188 

17:1 MIP P1-A1 1.4740 1.7865 2.3229 4.0781 4.9948 5.3021 5.5573 

17:1 MIP P1-A2 1.4567 1.6923 2.3269 4.0240 5.0865 5.4135 5.6587 

17:1 MIP P1-A3 1.4550 1.7900 2.3550 3.9150 4.7950 5.6300 5.3350 

4:1 nonMIP P1-A5 1.2168 1.2876 1.3540 2.1947 2.8053 3.0664 3.5177 

4:1 nonMIP P1-A3 1.2689 1.3302 1.4198 2.2547 2.8774 3.1934 3.6934 

4:1 nonMIP P1-A4 1.2559 1.3460 1.4171 2.2227 2.8531 3.1611 3.6398 

4:1 MIP P1-A3 1.2117 1.2748 1.3333 2.1712 2.8108 3.1036 3.5856 

4:1 MIP P1-A1 1.2000 1.2651 1.3070 2.1535 2.7767 3.0465 3.5395 

4:1 MIP P1-A2 1.2423 1.2907 1.3304 2.1674 2.8634 3.1366 3.6344 
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Table 12 
Average Equillibrium volume swelling ratio 
Q 

     

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8 pH=6.0 pH=7.0 

39:1 nonMIP 1.7841 2.9509 3.3579 6.5197 7.6186 8.2609 7.4935 

39:1 MIP 1.8837 3.0346 3.4781 7.0589 8.3571 8.6999 8.6804 

17:1 nonMIP  1.4923 1.8068 2.3798 4.1150 5.0938 5.3823 5.5892 

17:1 MIP  1.4619 1.7563 2.3349 4.0057 4.9588 5.4485 5.5170 

4:1 nonMIP 1.2472 1.3213 1.3970 2.2241 2.8452 3.1403 3.6170 

4:1 MIP 1.2180 1.2769 1.3236 2.1640 2.8170 3.0956 3.5865 

 
Table 13 
STDEV Equillibrium volume swelling ratio Q      

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8 pH=6.0 pH=7.0 

39:1 nonMIP 0.040560978 0.032566 0.060726138 0.175579 0.244547 0.079823337 0.072408299 

39:1 MIP 0.016823026 0.038236 0.039931908 0.106546 0.131509 0.175682858 0.150403683 

17:1 nonMIP  0.01336459 0.005788 0.027227048 0.049468 0.053039 0.024964029 0.029318553 

17:1 MIP 0.010481753 0.055409 0.01748192 0.083091 0.149069 0.16674499 0.165549433 

4:1 nonMIP  0.027100825 0.030188 0.037238019 0.030035 0.036657 0.066025769 0.090048214 

4:1 MIP 0.021835556 0.012945 0.014444023 0.009314 0.043676 0.045561828 0.0474197 

 
 
Table 14 
 
Determination of Number Average Molecular 
weight of the monomer (Mn) 
M:C ratio 17_1 39_1 4_1 

Mn 872740.5744 983919.9 561457.3 
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Table 15 
Determination of  Molecular weight between crosslinker (Mc) 

Peppas-Merril 
equiation 

1/Mc=a-b/c  

 M:C ratio 17_1 39_1 4_1 

A 2/Mn 2.29E-06 2.03E-06 3.56E-06 
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Table 16 
b   pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

 39:1 
nonMIP 
P1-A1 

-0.005515 -0.000962 -0.000654 -7.2E-05 -4.15E-05 -3.69E-05 -4.99E-05 

 39:1 
nonMIP 
P1-A3 

-0.005315 -0.000988 -0.000633 -7.1E-05 -5E-05 -3.64E-05 -4.92E-05 

 39:1 
nonMIP 
P1-A6 

-0.006281 -0.000919 -0.000583 -8.27E-
05 

-4.79E-05 -3.49E-05 -4.71E-05 

 39:1 MIP 
P1-A3 

-0.004539 -0.000894 -0.000544 -6.15E-
05 

-3.51E-05 -3.19E-05 -3.1E-05 

 39:1 MIP 
P1-A1 

-0.00481 -0.000889 -0.000579 -5.84E-
05 

-3.63E-05 -3.19E-05 -3.26E-05 

 39:1 MIP 
P1-A2 

-0.004538 -0.00083 -0.000541 -5.6E-05 -3.3E-05 -2.87E-05 -2.94E-05 

 17:1 
nonMIP 
P1-A1 

-0.011282 -0.0053 -0.001899 -
0.000308 

-0.000156 -0.000134 -0.00012 

 17:1 
nonMIP 
P1-A2 

-0.012054 -0.00543 -0.002057 -
0.000332 

-0.000166 -0.000135 -0.000122 

 17:1 
nonMIP 
P1-A3 

-0.011282 -0.005362 -0.00197 -
0.000315 

-0.000162 -0.000137 -0.000118 

 17:1 MIP 
P1-A1 

-0.012156 -0.0056 -0.002148 -
0.000328 

-0.000171 -0.000142 -0.000122 

 17:1 MIP 
P1-A2 

-0.012789 -0.006907 -0.002135 -
0.000342 

-0.000162 -0.000133 -0.000116 

 17:1 MIP 
P1-A3 

-0.012855 -0.005558 -0.002047 -
0.000374 

-0.000195 -0.000118 -0.000139 

 4:1 nonMIP 
P1-A5 

-0.030646 -0.022808 -0.017908 -
0.002648 

-0.001132 -0.00084 -0.000534 

 4:1 nonMIP 
P1-A3 

-0.024556 -0.019468 -0.014433 -
0.002406 

-0.001039 -0.000734 -0.000455 

 4:1 nonMIP 
P1-A4 

-0.025885 -0.018412 -0.014558 -
0.002531 

-0.001069 -0.000759 -0.000477 

 4:1 MIP  
P1-A3 

-0.031366 -0.023984 -0.01925 -
0.002751 

-0.001124 -0.000807 -0.000501 

 4:1 MIP  
P1-A1 

-0.033124 -0.02493 -0.021191 -
0.002833 

-0.001172 -0.000858 -0.000523 

 4:1 MIP  
P1-A2 

-0.027406 -0.022533 -0.019453 -
0.002769 

-0.001056 -0.000779 -0.00048 
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Table 17 
c   pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

 39:1 nonMIP P1-A1 0.29874 0.18338 0.16178 0.07288 0.05876 0.05612 0.06319 

 39:1 nonMIP P1-A3 0.29655 0.18477 0.15978 0.07228 0.06308 0.05564 0.06265 

 39:1 nonMIP P1-A6 0.30900 0.18025 0.15514 0.07638 0.06176 0.05446 0.06134 

 39:1 MIP P1-A3 0.28377 0.17972 0.15289 0.06926 0.05563 0.05352 0.05295 

 39:1 MIP P1-A1 0.28704 0.17961 0.15635 0.06817 0.05661 0.05376 0.05426 

 39:1 MIP P1-A2 0.28188 0.17603 0.15331 0.06754 0.05494 0.05193 0.05243 

 17:1 nonMIP P1-A1 0.34691 0.29609 0.22621 0.12565 0.09815 0.09275 0.08920 

 17:1 nonMIP P1-A2 0.35086 0.29767 0.23144 0.12908 0.10058 0.09324 0.08978 

 17:1 nonMIP P1-A3 0.34889 0.29775 0.22857 0.12614 0.09921 0.09332 0.08820 

 17:1 MIP P1-A1 0.35659 0.30195 0.23427 0.12722 0.10061 0.09379 0.08871 

 17:1 MIP P1-A2 0.36066 0.31737 0.23382 0.12900 0.09832 0.09135 0.08667 

 17:1 MIP P1-A3 0.36168 0.30188 0.23093 0.13292 0.10518 0.08703 0.09277 

 4:1 nonMIP P1-A5 0.36307 0.35501 0.34668 0.24436 0.19400 0.17743 0.15386 

 4:1 nonMIP P1-A3 0.34573 0.33968 0.32975 0.23712 0.18906 0.17040 0.14658 

 4:1 nonMIP P1-A4 0.35701 0.34629 0.33716 0.24141 0.19077 0.17203 0.14847 

 4:1 MIP P1-A3 0.35861 0.35222 0.34554 0.24607 0.19356 0.17532 0.15096 

 4:1 MIP P1-A1 0.34981 0.34477 0.34088 0.24647 0.19567 0.17867 0.15331 

 4:1 MIP P1-A2 0.33955 0.33602 0.33265 0.24403 0.18977 0.17354 0.14932 

 
 
Table 18 
Mc   pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

 39:1 nonMIP P1-A1 54.17 190.51 247.15 1009.86 1412.78 1514.99 1263.30 

 39:1 nonMIP P1-A3 55.79 186.91 252.38 1015.98 1257.39 1523.38 1270.58 

 39:1 nonMIP P1-A6 49.19 196.14 265.95 921.33 1285.19 1556.24 1298.63 

 39:1 MIP P1-A3 62.51 200.90 280.64 1123.25 1577.74 1673.22 1700.64 

 39:1 MIP P1-A1 59.67 201.87 269.79 1163.69 1553.31 1680.11 1656.60 

 39:1 MIP P1-A2 62.11 212.12 283.29 1202.56 1657.63 1805.62 1779.75 

 17:1 nonMIP P1-A1 30.75 55.86 119.09 407.39 630.09 693.42 740.14 

 17:1 nonMIP P1-A2 29.10 54.81 112.50 388.16 605.12 688.24 733.20 

 17:1 nonMIP P1-A3 30.92 55.52 116.02 400.33 611.14 677.68 744.39 

 17:1 MIP P1-A1 29.33 53.91 109.04 388.06 585.99 659.55 723.28 

 17:1 MIP P1-A2 28.20 45.94 109.49 376.92 606.56 685.87 747.89 

 17:1 MIP P1-A3 28.13 54.31 112.78 355.42 538.29 739.14 665.27 

 4:1 nonMIP P1-A5 11.85 15.56 19.36 92.26 171.30 211.14 288.00 

 4:1 nonMIP P1-A3 14.08 17.45 22.84 98.52 181.83 232.03 321.61 

 4:1 nonMIP P1-A4 13.79 18.81 23.16 95.36 178.32 226.49 310.63 

 4:1 MIP P1-A3 11.43 14.69 17.95 89.40 172.05 217.18 300.77 

 4:1 MIP P1-A1 10.56 13.83 16.09 86.97 166.91 208.06 292.83 

 4:1 MIP P1-A2 12.39 14.91 17.10 88.12 179.56 222.65 310.90 
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Table19 

Average Mc        

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

39:1 nonMIP  53.05 191.19 255.16 982.39 1318.45 1531.54 1277.50 

39:1 MIP 61.43 204.96 277.90 1163.17 1596.22 1719.65 1712.33 

17:1 nonMIP  30.26 55.40 115.87 398.63 615.45 686.45 739.24 

17:1 MIP 28.55 51.39 110.43 373.47 576.94 694.85 712.15 

4:1 nonMIP  13.24 17.27 21.79 95.38 177.15 223.22 306.75 

4:1 MIP  11.46 14.48 17.04 88.16 172.84 215.96 301.50 

 
 
Table 20 

SDEV Mc        

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

39:1 nonMIP  3.436867 4.648895 9.703219 52.96795 82.86053 21.80063 18.65535 

39:1 MIP 1.537607 6.218032 7.152183 39.65693 54.56301 74.52999 62.40097 

17:1 nonMIP  1.003328 0.538101 3.299687 9.726207 13.03076 8.022693 5.65053 

17:1 MIP 0.673226 4.717596 2.04119 16.59437 35.02346 40.54945 42.42374 

4:1 nonMIP  1.214043 1.628422 2.109651 3.130519 5.361222 10.82524 17.14069 

4:1 MIP  0.914766 0.571073 0.932835 1.216626 6.363982 7.369219 9.058256 

 
 
 
Table 21 
Average Number of linkes between two-crosslinks (n)    

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

39:1 nonMIP  1.23 4.44 5.93 22.82 30.63 35.58 29.67 

39:1 MIP 1.43 4.76 6.46 27.02 37.08 39.95 39.78 

17:1 nonMIP  0.70 1.29 2.69 9.26 14.30 15.95 17.17 

17:1 MIP 0.66 1.19 2.57 8.68 13.40 16.14 16.54 

4:1 nonMIP  0.31 0.40 0.51 2.22 4.12 5.19 7.13 

4:1 MIP  0.27 0.34 0.40 2.05 4.01 5.02 7.00 
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Table 22 
SDEV Number of linkes between two-crosslinks (n)    

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

39:1 nonMIP  0.079834 0.107988 0.225394 1.230382 1.924751 0.506403 0.433341 

39:1 MIP 0.035717 0.144437 0.166137 0.921183 1.267434 1.731243 1.4495 

17:1 nonMIP  0.023306 0.012499 0.076648 0.225928 0.302689 0.186358 0.131255 

17:1 MIP 0.015638 0.109584 0.047414 0.385467 0.813553 0.941915 0.985453 

4:1 nonMIP  0.028201 0.037826 0.049005 0.072718 0.124535 0.251457 0.398158 

4:1 MIP  0.021249 0.013265 0.021669 0.028261 0.147828 0.171178 0.210412 

 
Table 23 
Average Correlation length or mesh size () 
nm 

    

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

39:1 nonMIP  0.793675 1.78224 2.149469 5.261308 6.41969 7.109469 6.285509 

39:1 MIP 0.869867 1.862616 2.269768 5.879078 7.28576 7.663985 7.642125 

17:1 nonMIP  0.564864 0.814662 1.29145 2.875182 3.835933 4.126271 4.336204 

17:1 MIP 0.545005 0.776878 1.252866 2.757918 3.680309 4.167802 4.236897 

4:1 nonMIP  0.351785 0.409614 0.46865 1.145579 1.694835 1.965955 2.41568 

4:1 MIP  0.324774 0.370895 0.407275 1.091433 1.668492 1.924618 2.388443 

 
Table 24 
SDEV Correlation length or mesh size () nm     

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

39:1 nonMIP  0.031857 0.028208 0.053749 0.189714 0.26958 0.07344 0.066087 

39:1 MIP 0.013481 0.036007 0.037919 0.129805 0.162275 0.217074 0.182913 

17:1 nonMIP  0.011078 0.004817 0.023322 0.046595 0.053783 0.030466 0.024094 

17:1 MIP 0.007713 0.044183 0.014688 0.080472 0.148982 0.163872 0.169018 

4:1 nonMIP  0.018834 0.02247 0.027085 0.023957 0.032964 0.061604 0.087742 

4:1 MIP  0.014869 0.008484 0.012551 0.009014 0.039315 0.042324 0.046379 
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Table 25 
Average Correlation length or mesh size () A     

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

39:1 nonMIP  7.936753 17.8224 21.49469 52.61308 64.1969 71.09469 62.85509 

39:1 MIP 8.698671 18.62616 22.69768 58.79078 72.8576 76.63985 76.42125 

17:1 nonMIP  5.648644 8.146623 12.9145 28.75182 38.35933 41.26271 43.36204 

17:1 MIP 5.450051 7.768777 12.52866 27.57918 36.80309 41.67802 42.36897 

4:1 nonMIP  3.517849 4.096142 4.686504 11.45579 16.94835 19.65955 24.1568 

4:1 MIP  3.247743 3.708952 4.072755 10.91433 16.68492 19.24618 23.88443 

 
 
 
 
 
Table 26 
SDEV Correlation length or mesh size () A     

        

  pH=3.2 pH=4.0  pH=4.8  pH=5.4  pH=5.8  pH=6.0  pH=7.0 

39:1 nonMIP  0.318568 0.282082 0.537485 1.897141 2.695797 0.734402 0.660865 

39:1 MIP 0.134808 0.360071 0.379186 1.298049 1.622753 2.170741 1.829125 

17:1 nonMIP  0.110781 0.048173 0.233216 0.46595 0.537833 0.304658 0.240939 

17:1 MIP 0.077125 0.441825 0.146882 0.804724 1.489817 1.638724 1.690179 

4:1 nonMIP  0.188339 0.224696 0.270853 0.239566 0.329636 0.616042 0.877418 

4:1 MIP  0.148691 0.084838 0.125506 0.090142 0.393145 0.42324 0.463792 
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Appendix G – Binding Study Calculation Example 
 

1. The concentration of Hydrocortisone in the batch solution was estimated 
using a calibration curve generated y UV spectroscopy at 242 nm 

2. The Langmuir isotherm was employed to calculate the amount of 
hydrocortisone that remains in the solution 

 

bqbq
C

q
s

 (equation G.1)

 

 
 

3. Refer to raw data  in table 1  
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Appendix H – Binding Study Raw Data 
 
Table 1 
  Bounded Bounded/Free 

MIP 0.0717 0.328 

  0.0766 0.177 

  0.0821 0.143 

  0.0884 0.0548 
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Appendix I – Electrochemical Study Calculation Example 
 
 
1. The resistivity of imprinted and non-imprinted polymers was measured 
  
2. It was calculated using the following equation 
 
  

l

A
RR

ugel

       (equation I.1) 

 
 
3. Refer to raw data in table 1. 
 
4. The Delta Y was estimated by calculating the difference between the resistivity 
of the polymer at the buffer and with the buffer in the presence of hydrocortisone. 
(refer to raw data in table 3) 
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Appendix J – Electrochemical Study Raw Data 
 
 
Table 1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 

Hydrogel 
Type 

Composition Resistivity 
@  pH =3.2 

Resistivity 
@  pH 
=4.8 

Resistivity 
@  pH 
=5.4 

Swelling @ 
pH =3.2 

Swelling @  
pH =4.8 

Swelling 
@ pH =5.4 

non MIP 39:1 nonMIP R1 101.211 67.638 41.071 1.79817 3.30734 6.6055 

non MIP 39:1 nonMIP R2 137.377 62.903 21.7417 1.81567 3.34101 6.6359 

non MIP 39:1 nonMIP R3 125.275 64.715 17.5776 1.73832 3.42523 6.3178 

MIP 39:1 MIP R1 253.884 60.03 47.9379 1.8934 3.49746 6.9492 

MIP 39:1 MIP R2 166.096 97.317 33.0831 1.86432 3.43216 7.0653 

MIP 39:1 MIP R3 238.728 73.954 35.5755 1.89352 3.50463 7.162 

non MIP 17:1 nonMIP R1 441.351 72.993 57.1271 1.5 2.40625 4.1563 

non MIP 17:1 nonMIP R2 451.731 108.018 60.7907 1.47685 2.35185 4.0602 

non MIP 17:1 nonMIP R3 441.801 100 52.2122 1.5 2.38119 4.1287 

MIP 17:1 MIP R1 705.215 108.208 66.5865 1.47396 2.32292 4.0781 

MIP 17:1 MIP R2 639.499 119.029 74.4944 1.45673 2.32692 4.024 

MIP 17:1 MIP R3 588.408 142.512 50.4904 1.455 2.355 3.915 
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Table 2 
Hydrogel 

Type 
Composition Buffer pH Average 

Resistance 
(ohms) (450 

samples) 

Resistance 
Standard 
Deviation 

(450 
samples) 

Average 
Resistivity 
(ohms*cm) 

(450 
samples) 

Standard 
Deviation 

(450 
samples) 

non-MIP 17/1 Plain 3.2 14.74 0.73 442.6422 21.9219 

non-MIP 17/1 Plain 4.8 3.07 0.54 92.1921 16.2162 

non-MIP 17/1 Plain 5.4 1.85 0.21 55.5555 6.3063 

non-MIP 39/1 Plain 3.2 4.02 0.55 120.7206 16.5165 

non-MIP 39/1 Plain 4.8 2.17 0.15 65.1651 4.5045 

non-MIP 39/1 Plain 5.4 0.87 0.39 26.1261 11.7117 

non-MIP 17/1 Saturated 3.2 21.55 2.19 647.1465 65.7657 

non-MIP 17/1 Saturated 4.8 2.99 0.44 89.7897 13.2132 

non-MIP 17/1 Saturated 5.4 2.03 0.55 60.9609 16.5165 

non-MIP 39/1 Saturated 3.2 5.43 1.00 163.0629 30.03 

non-MIP 39/1 Saturated 4.8 1.9 0.33 57.057 9.9099 

non-MIP 39/1 Saturated 5.4 1.098 0.15 32.97294 4.5045 

MIP 17/1 Plain 3.2 21.45 1.97 644.1435 59.1591 

MIP 17/1 Plain 4.8 4.11 0.5 123.4233 15.015 

MIP 17/1 Plain 5.4 2.12 0.36 63.6636 10.8108 

MIP 39/1 Plain 3.2 7.27 1.31 218.3181 39.3393 

MIP 39/1 Plain 4.8 2.53 0.51 75.9759 15.3153 

MIP 39/1 Plain 5.4 1.26 0.25 37.8378 7.5075 

MIP 17/1 Saturated 3.2 41.98 6.64 1260.6594 199.3992 

MIP 17/1 Saturated 4.8 14.12 3.46 424.0236 103.9038 

MIP 17/1 Saturated 5.4 1.34 0.28 40.2402 8.4084 

MIP 39/1 Saturated 3.2 16.3 2.61 489.489 78.3783 

MIP 39/1 Saturated 4.8 7.13 2.40 214.1139 72.072 

MIP 39/1 Saturated 5.4 1.15 0.20 34.5345 6.006 
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Table 3 
 
 pH Delta Y 

(Rbinding 
- Rgel) 

17:1  MIP 3.2 616.5159 

17:1  MIP 4.8 300.6003 

17:1  MIP 5.4 23.4234 

17:1 non MIP 3.2 204.5043 

17:1 non MIP 4.8 2.4024 

17:1 non MIP 5.4 5.4054 

39:1 MIP 3.2 271.1709 

39:1 MIP 4.8 138.138 

39:1 MIP 5.4 3.3033 

39:1 non MIP 3.2 42.3423 

39:1 non MIP 4.8 8.1081 

39:1 non MIP 5.4 6.84684 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 


