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  Testosterone recognitive networks were synthesized with varying feed crosslinking 

percentages and length of the bi-functional crosslinking agent to analyze the effect of 

changing structural parameters on template binding properties such as affinity, 

selectivity, capacity, and diffusional transport. The crosslinking percentage of the 

crosslinking monomer ethylene glycol dimethacrylate was varied from 50% to 90% and 

associated networks experienced a 2 fold increase in capacity and a 4 fold increase in 

affinity with the equilibrium association constants, Ka, ranging from 0.32 ± 0.02 x        

104 M-1 to 1.3 ± 0.1 x 104 M-1, respectively. The higher concentration of crosslinking 

monomer increased the crosslinking points available for inter-chain stabilization creating 

an increased number of stable cavities for template association.  However, by increasing 

the length of the crosslinking agent and increasing the feed crosslinking percentage from 
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77% crosslinked poly(methacrylic acid-co-ethylene glycol dimethacrylate) (poly(MAA-

co-EGDMA)) to 50% crosslinked poly(methacrylic acid-co-poly(ethylene glycol)200 

dimethacrylate) (poly(MAA-co-PEG200DMA)), the mesh size of the network increased 

resulting in an increased template diffusion coefficient from (2.83 ± 0.06)  x 109 cm2/s to 

(4.3 ± 0.06)  x 109 cm2/s, respectively, which is approximately a 40% faster template 

diffussional transport.  A 77% crosslinked poly (MAA-co-PEG200DMA) recognitive 

network had an association constant of (0.20 ± 0.05) x 104 M-1 and bound (0.72 ± 0.04) x 

10-2 mmol testosterone/g dry polymer, which was less by 6 and 3 fold, respectively, 

compared to a similarly crosslinked poly(MAA-co-EGDMA) recognitive network. 

Structural manipulation of the macromolecular architecture illustrates the 

programmability of recognitive networks for specific template binding parameters and 

diffusional transport, which may lead to enhanced imprinted sensor materials and 

successful integration onto sensor platforms.  
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1.0 INTRODUCTION 

  

 Recognitive networks are synthetic polymeric materials that are rationally 

designed to recognize or bind target molecules. Non-covalent molecular imprinting can 

create highly selective recognitive networks by promoting and stabilizing interactions 

between the chemical functionality of chain building monomers and the functionality of 

the template or “guest” molecules. Non-covalent interactions such as hydrogen bonding, 

Van der Waals forces, hydrophobic forces, and ionic interactions ensure the formation of 

site-specific cavities between monomer(s) and template molecules. The concept of 

macromolecular recognition manifests itself in two major synergistic effects: (i) shape 

specific cavities that match the template molecule, which provide stabilization of the 

chemistry in a crosslinked matrix, and (ii) chemical groups oriented to form multiple 

complexation points with the template.  

 In order to facilitate recognitive polymer integration within sensor platforms and 

optimize the response times, imprinted macromolecular structural parameters need to be 

studied to determine relationships between network architecture and template binding 

affinity, capacity, selectivity, and diffusional transport. Recognitive networks typically 

demonstrate increased affinity and selectivity in a highly crosslinked structure, which 

significantly limits template diffusion. Thus, the research that is presented within this 

dissertation focuses on the rational design and characterization of recognitive polymeric 
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networks by altering parameters that will influence network architecture such as the 

degree of network crosslinking and the size of the crosslinking monomer (i.e., feed or 

initial formulation crosslinking percentage and the length of the crosslinking monomer). 

We hypothesize that by tailoring the network structure, favorable and selective template 

binding can occur without significantly limiting the diffusion of the template molecule. In 

effect, imprinted networks can have programmable binding and diffusion parameters by 

rational design of the network, and this may allow them to integrate quite well in a 

number of sensing schemes. It is also important to note that depending on the diversity of 

molecules within a given sample environment (i.e., similarity in size and chemical 

functionality of other molecules compared to the template molecule) a highly-

crosslinked, transport-restrictive, highly-selective network may not be needed to achieve 

adequate recognition.  

Chapter 2.0 comprises of an overview of the literature describing macromolecular 

recognition and the parameters that affect recognitive polymer properties. This chapter 

also includes an overview of the field of biosensor platforms and methods to graft 

polymeric materials to those surfaces. Chapter 3.0 details the synthesis and template 

binding analysis of a testosterone recognitive polymer in conjunction with studying the 

effect of changing certain structural parameters.  Finally, Chapter 4.0 discusses template 

diffusion data analysis, and the rational design of recognitive networks for future use as 

the main sensing element in biosensors.  
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2.0 RECOGNITIVE POLYMERIC NETWORKS COMBINED WITH  

BIODIAGNOSTICS AND BIOSENSORS 
  

 Recognitive polymeric networks are synthetic intelligent materials that have the 

ability to recognize or demonstrate selective binding to a target molecule. Another 

popular name for recognitive networks is molecularly imprinted polymers, implying that 

the target molecule’s opposite molecular configuration and chemical functional groups 

are imprinted into the polymeric matrix of the network, creating synthetic, site-specific 

cavities for the target molecule.  When the recognitive polymer is introduced into a target 

molecule environment, the polymer will bind the target molecule with an association 

constant that is comparable to association constants found in nature. Recognitive 

networks have been highly studied in recent years 1-8. For example, theophylline9, 

morphine10, cholesterol11, and testosterone12 recognitive networks have been designed 

with dissociation constants equal to (8.1 ± 0.9) x 10-9 M, (1.2 ± 0.2) x 10 -6 M, (5.9 ± 1.3) 

x 10-4 M, and 0.9 x 10-4 M, respectively.  These values are comparable to dissociation 

constants found in nature. For example, a carbohydrate-protein13, 14 binding interaction 

has a dissociation constant that ranges from 10-3 to 10-6 M and antigen-antibody15 

interactions have dissociation constants that range from 10-8 to 10-10 M. 

Recognitive materials also exhibit template rebinding efficiency in wide ranges of 

pHs and temperatures 16-20. Mechanical stability and, most importantly, the relatively 

inexpensive cost of production make the material ideal for commercial applications in the 
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area of separations, biomaterials, sensors, and drug delivery 21-24. To demonstrate the 

suitability of recognitive networks in a wide range of environments, a thermal and 

chemical stability study was conducted on a theophylline recognitive methacrylic acid-

ethylene glycol dimethacrylate copolymer20. The network was very resilient withstanding 

temperatures ranging from 20oC to 350oC for 24 hours. However, at temperatures 

between 100oC and 350oC, there was an 80% decrease in the binding capacity. The 

polymers also withstood harsh environments such as acidic, basic, and autoclave 

environments (121oC) without drastically loosing binding affinity for the template 

molecule20.   

It should also be noted that approximately 80% of the recognitive network 

research field uses the poly(methacrylic acid-co-ethylene glycol dimethacrylate) 

(poly(MAA-co-EGDMA)) networks as matrices for macromolecular recognition13. The 

poly(MAA-co-EGDMA) network is a crosslinked network which consists of linear MAA 

chains attached to one another by covalent links formed by the incorporation of a bi-

functional crosslinking monomer, EGDMA25. In this case, the crosslinking monomer is a 

monomer that has two carbon-carbon double bonds that can react and link two growing 

linear polymer chains together. The resulting macromolecular structure formed by the 

crosslinking polymer reaction forms the backbone for the three-dimensional template 

binding cavities. It should be noted that these crosslinked polymer networks do not 

dissolve and are not soluble in solvent. The crosslinks between linear chains form an 

interlinked macromolecule that can swell in the solvent, depending on how well the 

solvent interacts or solvates the polymer chains. The gel point or gelation point during a 
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polymerization reaction is the point at which the polymer becomes no longer soluble in 

solvent26. 

2.1 Free-Radical Polymerization 
 

The most common method for the polymerization of a recognitive network is by 

free-radical polymerization. The monomer mixture usually consists of functional 

monomers, a template molecule, a bi-functional crosslinking agent, solvent, and initiator. 

The initiator frequently used for highly crosslinked networks is azobisnitrile because of 

the compound’s high degree of initiator fragments or free radicals (R) that are formed 

after initiation (Eqn. 2.1). 

                                          •→ RI k 21                                                              (2.1) 

                               •→+• MMR k2                                                          (2.2) 

                               •→+• +1n
k

n MMM p                                                      (2.3) 

                              mn
k

mn MMM t
+→•+•                                                      (2.4) 

 

After free-radical formation, the free radicals react with the carbonyl double bonds that 

are associated with the functional and crosslinking monomers (M) (Eqn. 2.2).   For 

example, the initiator used in the research presented in this dissertation is azo-

bisisobutyronitrile (AIBN). When irradiated with UV light, AIBN breaks into two 2-

cyanoprop-2-yl radicals and two nitrogen molecules. The radical produced by the 

breaking of AIBN reacts with the carbon-carbon double bond within the monomer to 

form a monomer radical.  
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Propagation will occur (Eqn. 2.3), which is the addition of monomers to the 

growing polymer chain.  Free radicals are unstable and will find a way to pair with an 

electron without the formation of other free radicals. Termination begins when two 

radicals come together to form a dead polymer chain (Eqn. 2.4).  This is known as 

coupling.  All the double bonds have reacted within this dead chain to from inter-linking 

between monomer units.  Another form of termination is disproportionation, which is the 

transfer of one hydrogen atom from one growing polymer chain to another, forming  

different end groups without forming an inter-linking chain. 

The two main reaction initiation mechanisms for free-radical polymerization are 

thermal and photo initiation. Thermal initiated free-radical polymerization is based upon 

heat of thermal energy breaking the initiation molecule into radicals from which the 

polymerization reaction begins. Thermal polymerizations at higher temperatures will 

have a faster rate of reaction, but double bond conversion is a better indicator of final 

polymer structure 27-29. In most cases, thermal initiation takes place above a temperature 

of 40°C. With increases in temperature for initiation, hydrogen bond strength decreases 

resulting in weaker non-covalent bonding within the template molecule – functional 

monomer complex.  This gives lower affinity binding sites and lower population density 

of binding sites within the final recognitive polymer structure30-32
. 

Photoinitiated free-radical polymerization employs a photoinitiator that will form 

radicals upon irradiation with ultra-violet light. In photo-polymerization reactions, the 

amount and concentration of incident light plays an important role in the rate of radicals 

forming within the mixture which directly influences the polymerization rate. An increase 
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in intensity will yield an increase in the rate of reaction and double bond conversion 33, 34.  

A major advantage of using photo-polymerization to create recognitive polymer networks 

is the ability to have lower temperatures which increase non-covalent bond strengths, 

which increase the stability of the template molecule–functional monomer complex. This 

results in the creation of more effective template binding sites20-23,26. 

2.2 Polymerization Methods 
 

There are two main polymerization methods that can be used in imprinting a 

target molecule: covalent and non-covalent polymerization35.  We utilized the non-

covalent polymerization method for our research; however, it is important to understand 

the multiple methods in recognitive polymer synthesis. 

2.2.1 Covalent Template Polymerization  
 

 For the covalent polymerization method, the template molecule is covalently 

attached to the monomer in a chemical step that is independent of the polymerization. 

Such molecules as bisphenol A36, testosterone37, and cholesterol38 have been successfully 

imprinted using the covalent polymerization method. Bisphenol A dimethacrylate was 

used as the template-monomer along with the crosslinking agent ethylene glycol 

dimethacrylate to produce a bisphenol A (BPA) recognitive network.  After 

polymerization, the BPA was cleaved by hydrolysis for the creation of site specific 

cavities.  When introduced to a solution of free BPA, the BPA recognitive polymer 
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recognized and bound the BPA molecules resulting in an association constant, Ka, equal 

to 1.72 x 105 M-1 36.  

The template to monomer ratio and the feed crosslinking percentage are two 

important parameters in recognitive network polymerization. For the covalent method, 

the template to monomer ratio is stoichiometrically set due to the chemically modified 

step that covalently binds the monomer to the template molecule. Therefore, a known 

value of template monomers is used for imprinting.  The crosslinking percentage of the 

monomer mixture is also of importance. Highly crosslinked networks create a very rigid 

structure.  When the rigidity of the network is decreased (decreasing the feed crosslinking 

percentage), template binding decreases39.  One of the advantages of using the covalent 

method for molecular imprinting is that only the functional monomers are associated with 

the template molecule, decreasing the non specific interactions. However, some 

disadvantages are the tedious synthetic steps that are needed in the formation of the 

template monomer, and the chemical treatment to release the template from the 

network35. 

2.2.2 Non-Covalent Template Polymerization 
 

 The non-covalent method is the most commonly used method for recognitive 

polymerization. The rational design of the polymer network using the non-covalent 

method is to pair a functional monomer with chemical functional groups that will non-

covalently bond with target molecule.  Van der Waals, ionic, hydrophobic, and hydrogen 

bonding play a vital role in the functional monomer-template complexation. Figure 2.1 
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illustrates the non-covalent polymerization method.  In Figure 2.1 A, the choice of the 

monomer is heavily dependent on the functionality of the target biomolecule. The 

functional monomer to template ratio is usually much higher than unity to ensure a higher 

probability of complexation between the template and functional monomer.  The pre-

polymerization solution, Figure 2.1 B, usually consists of the target molecule, functional 

monomer or monomers, a bifunctional crosslinking agent, solvent, and an initiator. Non-

covalent complexation, which in most cases involves hydrogen bonding, will occur 

between the functional monomer(s) and the target molecule (Figure 2.1 C). After 

complexation, polymerization occurs usually by a free-radical thermal or UV photo-

polymerization initiation mechanism, forming a network that entraps the biomolecule 

(Figure 2.1 D). 

 A solvent is used to wash the template molecule out of the network disrupting the 

non-covalent interactions between the template molecule and the polymer.  The cavity 

that is formed has the opposite configuration and chemical functional groups to bind 

template molecule. When the recognitive network is introduced into a solution of the 

same template molecule, the network rebinds the template with high selectivity and 

affinity9-12. Typically, a control polymer is polymerized by the same method except the 

target molecule is not included. 

One main advantage of using the non-covalent polymerization method over 

covalent polymerization is the elimination of synthetic chemistry in preparing the 

template-monomer complex. The number of target molecules available for imprinting 

significantly increases with the non-covalent method. The removal of the template is also 
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easier for non-covalently imprinted polymers which involves a washing step instead of a 

chemical hydrolysis step. 

2.3 Network Altering Parameters of Templated Polymerization 
 

The formation of site-specific cavities during polymerization is a function of the 

three-dimensional interactions between the functional monomer, the template, and the 

crosslinking agent40. However, different characteristics of the monomer solution and 

post-polymerization conditions, such as the solvent or porogen used during 

polymerization and rebinding studies35, 41, the temperature of polymerization and 

rebinding29, 42, 43, pH and ion concentration35, 44, and the crosslinking agent type and 

concentration all play a vital role in the binding affinity and selectivity of  the polymer.  

2.3.1 Solvent Effect 
 

The solvent plays an important role in recognition ability, surface area, swelling 

capacity, and pore size of the polymer21, 45. The selection of an aprotic solvent will 

increase the hydrogen bonding capacity between the template and the functional 

monomer. An aprotic solvent has a small or negligible degree of hydrogen bonding 

capability, forcing stronger template and functional monomer complexation to occur46.  

  Low to moderately crosslinked polymers will exhibit swelling behavior by 

absorbing a large quantity of solvent within the network when in contact with a suitable 

solvent. Swelling behavior within crosslinked polymer networks is very similar to linear 

polymer chains being solvated by a solvent to form a polymer solution. Swelling 
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behavior is dictated by the change in Gibbs free energy ∆G , which a combination of the 

Gibbs free energy of mixing, Gm, and Gibbs elastic free energy, Gel (Eqn. 2.5). The Gibbs 

free energy of mixing, ∆Gm, is further defined in equation 2.6,  

 

                                                    ∆G = ∆Gm +∆Gel                                                      (2.5) 

 

                                                   ∆Gm =∆Hm - T∆Sm                                                                             (2.6) 

 

 where ∆Hm is the enthalpy of mixing (i.e., heat of mixing), T is the temperature, and ∆Sm 

is the entropy of mixing. The elastic free energy is calculated by equation 2.7, where T is 

temperature and ∆Sel is the entropy change associated with the change in configuration of 

the network. 

                                                   ∆Gel = -T∆Sel                                                                                               (2.7) 

 

The Flory solvent interaction parameter, χ1, is a unitless quantity representing the 

enthalpy of mixing. The free energy of mixing equation using the Flory solvent 

interaction parameter is shown in equation 2.8, where k is a combination of the universal 

gas constant, R, multiplied by the temperature, T, N1 and N2 are the number of molecules 

for species 1 and species 2, respectively, and v1 and v2 are the volume fractions, where 

the subscript 1 usually represents the solvent and subscript 2 represents the polymer.  

 

                  ∆Gm=kT (N1 ln v1 + N2 ln v2 + χ1N1 v 2)                                           (2.8) 
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Swelling behavior would be augmented by (χ1< 0), where complete miscibility is 

obtained at any temperature, and diminished by (χ1> 0), where there is an upper limit 

where partial miscibility occurs25, 47, 48. 

The effect of the interaction energy between the functional monomer and template 

molecule was studied by varying the porogen for a nicotinamide methacrylic acid (MAA) 

-co-ethylene glycol dimethacrylate (EGDMA) recognitive polymer45. The solvents that 

were used in the monomer mixture varied by dielectric constants (toluene, 2.4; 

chloroform, 5.5; methanol, 33.6; and acetonitrile 37.5). The results indicated that with 

aprotic solvents (i.e., chloroform, acetonitrile, and toluene) the interaction energy 

between the template and functional monomer was influenced by the dielectric constants 

of the solvents (e.g., the smaller the dielectric constant, the higher the interaction energy 

between the template and functional monomer). More complexes were formed with the 

smaller dielectric constant solvents because of the decreased interference of hydrogen 

bonding between the solvent and polymeric network. Additionally, protic solvents 

lowered the interaction energy by interfering with hydrogen bonding between the 

template and functional monomer, thereby, lowering the amount of complexes that were 

formed.   

2.3.2 Temperature Effect 
 

The temperature of polymerization and template rebinding also plays an important 

role in the binding affinity of recognitive networks42. Lower polymerization temperatures 

are ideal for non-covalent polymerization because non-covalent interactions, such as 



 
13 

hydrogen bonding, are stronger at lower temperatures, stabilizing the template-monomer 

complexes in the pre-polymerization solution. For polymerization reactions, conversion 

follows an Arrhenius relationship with respect to temperature. For acrylate and 

dimethacrylate copolymer networks, increasing the temperature increases both the 

polymerization rate and the double-bond conversion. The polymerization temperature can 

be varied, but the structural characteristics of the polymer product are better described by 

the final double bond conversion. For example, a polymer polymerized at 70°C with a 

double bond conversion of 50% has the same glass-transition temperature, Tg, as the same 

polymer polymerized at 40°C with a double bond conversion of 50%27-29. Glass-

transition temperature is the temperature where a smaller second order transition occurs 

at which amorphous portions of a polymer soften and become rubbery 47. Higher 

temperatures correspond to higher double bond conversion and are a direct result of 

increased vibrational energy which translates to more flexibility within the growing 

network resulting in fewer steric hindrances. 

Recently, the temperature of polymerization was varied in the synthesis of a 3-L-

phenylalanylaminopyridine poly(MAA-co-EGDMA) network42.  Various azobisnitriles 

(2,2-azobisisobutyronitrile (AIBN)  and azobisdivaleronitrile (ABDV)) were used as the 

initiator in either thermal or UV polymerization initiation mechanisms with the 

temperature set at 10oC, 40oC, or 60oC. At the lowest temperature, UV light was utilized 

for polymerization, and for the higher temperatures, thermal free-radical polymerization 

was used as the polymerization initiation mechanism. In comparison to a thermally 
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initiated free-radical polymerization, the UV polymerized network had a higher template 

capacity (0.7 μmol) than that of the polymer made thermally at 60oC (0.3 μmol).   

2.3.3 pH and Ion Concentration Effect  
 

The pH and ion concentration play a vital role in the formation and rebinding of 

recognitive networks35, 44.  pH values either above or below the pKa of monomers 

(depending on the electrostatic makeup of the monomer backbone of the polymer) can 

influence the uptake of the template molecule. A study of the pH and the ionic 

concentration dependence was conducted on an ochratoxin A (OTA) imprinted 

poly(MAA-co-diethyl amino ethyl methacrylate(DEAEM)-co-acrylamide(AM)–co-

EGDMA) network41. The results indicated that at a more acidic pH, the binding capacity 

of the template OTA was higher (95%), but at a basic pH the rebinding of the template 

molecule decreased to approximately 80%. Once the pH was above the pKa of the 

polymer, around pH 7.4, hindered the template binding due to electrostatic repulsion 

between the carboxylic acid groups and the template molecule. Thus, the binding 

capacity of the network decreased41.  

2.3.4 Crosslinking Agent and Feed Concentration Effect 
  

 Diffusional transport limitations, which is a function of the concentration and 

length of the crosslinking agent in the monomer feed solution,  also play a  role in the 

design of the polymeric network (especially in respect to sensor design).  The higher the 

feed crosslinking percentage, the more rigid the matrix, which will hinder the template 
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transport through the polymer.  However, this can be overcome slightly by changing the 

thickness of the polymer. Thickness of the sensing element is a vital factor in the design 

of a recognitive network based sensor.   

The feed concentration of the double bonds does not accurately represent the final 

double bonds reacted to form the polymeric network2. In this paper, reaction analysis of a 

typical poly(MAA-co-EGDMA) molecularly imprinted network measured via differential 

scanning calorimetry revealed low double bond conversion (35 ± 2.3% at 0oC to 54 ± 

1.9% at 50oC) which is due to severely constrained network formation2. In one study, an 

FT-IR spectroscopic analysis was performed on a polymeric network to relate the amount 

of carbonyl bonds reacted at different reaction temperatures. At higher temperatures, the 

number of unreacted double bonds was lower at 4.1% unreacted units compared to 12.9% 

unreacted units at 0oC42. The unreacted double bonds of the network are due to pendant 

double bonds that are hindered because of the network.   

2.4 Polymer Network Mesh Size and Mesh Size Calculation 
 

The mesh size of a crosslinked polymer network is defined as the average 

distance between the linear polymer chains, and it is representative of the space available 

within the polymer network for diffusion49.  Peppas and Merrill50 have developed a 

model using hydrogels, which are loosely crosslinked, water containing gels, to describe 

the relationship of average molecular weight between crosslinks ( )cM  and the polymer 

volume fraction in the swollen state (υ2,s) within a swollen crosslinked networks 

synthesized in the presence of a solvent (Eqn 2.9). The equation allows us to 
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calculate cM from experimentally determined values such as the polymer volume fraction 

in the swollen state (υ 2,s); polymer volume fraction in the relaxed state (υ 2,r); specific 

density of the polymer (ν ); known quantities such as V1 (molar volume of water); 

molecular weight of uncrosslinked polymer chains ( )nM ; and the Flory polymer-solvent 

interaction parameter (χ1). 
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The mesh size (ξ) can be calculated from the ( )cM  using equation 2.10, where  Cn 

is the rigidity factor, Mr is the molecular weight of the polymer repeating unit, and l is the 

length of the carbon-carbon bond (1.54Å).  
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The average mesh size of a crosslinked polymer structure can be altered by the 

feed crosslinking percentage and by the length and branching of crosslinking monomer. 

In addition, a change in solvent, or pH of the solvent, can alter the Flory interaction 

parameter and the extent of swelling, which will directly affect the mesh size. High 

numbers of junction points or crosslinks within a polymer network are the reason that 

highly crosslinked polymer networks do not exemplify swelling behavior. Increasing the 

crosslinking monomer length has shown to increase the mesh size48, 51. By changing the 
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swelling characteristics of the network, the diffusion characteristics of the template 

molecule through the polymer will change52. Recent literature demonstrates that an 

increase in solvent concentration in the pre-polymerization formulation results in a 

polymer network with increased mesh size, which would increase the template 

diffusional transport through the macromolecular structure 53-55. Explanation given for the 

change in transport properties are as follows:  the solvent does not become actively 

incorporated into the growing polymer chains, and the growing polymer chains have to 

form around the solvent within the system. Increasing the average mesh size of the 

macromolecular structure allows for increased diffusional transport through the polymer 

matrix. In the synthesis of imprinted polymer networks, solvent is used as a porogen to 

create pores within the macromolecular structure, allowing for faster diffusion of the 

template molecule through the macromolecular structure 56.  

2.5 Template Rebinding and Selectivity Studies 
  

 Batch mode and chromatographic mode template rebinding studies are two main 

ways to determine the amount of template or substrate bound to the recognitive network.  

Within the batch mode, a known amount of recognitive polymer is placed in a known 

concentration of the substrate.  After a predetermined amount of time, the polymer is 

separated and the effluent collected to determine the amount of free substrate in solution. 

The change in concentration of the free substrate compared to the original substrate 

concentration is the amount of substrate that is bound to the recognitive network.  A 

binding isotherm is constructed for each polymeric network by obtaining final 
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equilibrium binding readings for a range of substrate concentrations for both the 

recognitive network and the control network. The uptake of the substrate molecule by the 

control polymer is through non specific interactions. 

 After the binding isotherm is completed, a mathematical analysis, using tools such 

as the Scatchard Analysis (Eqn. 2.11), the Freundlich Isotherm (Eqn. 2.12), or the 

Langmuir Isotherm (Eqn. 2.13), is used to analyze the data and the final determination of 

binding parameters is dependent on the fit of the data. The equations are presented below,   

                                                    ba
f

b SNK
C
S

−=                                                   (2.11) 
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where Sb is the amount of substrate bound; Cf is the concentration of free substrate; Ka is 

the template association constant; N is the total number of binding sites; A is the 

Freundlich binding constant; v is the Freundlich heterogeneity parameter (0<v<1); S is 

the equilibrium concentration of the stationary phase; and C is the equilibrium 

concentration of the mobile phase. The Scatchard plot, however, is not the ideal 

mathematical analysis tool because it does not work well with hydrogen bonding solid 

phases. After mathematical analysis, an association constant, Ka, is determined, 

indicating how well the substrate binds to the network57-59. 

The site-specific cavities within the recognitive network are highly selective to 

the template molecule. However, the cavity could also be selective to a molecule that has 

a similar configuration, or is the chiral opposite of the target molecule.  For example, a 
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selectivity study was conducted on a α-bilirubin recognitive methacrylic acid poly(MAA-

co-EGDMA) network to illustrate how selective the network was toward α-bilirubin 

compared to biliverdin, progesterone, and testosterone.  The bilirubin had a superior 

binding capacity ratio of 5.3±1.4 over the biliverdin, and a binding capacity ratio of 1.93, 

1.37, and 2.89  with bilirubin in a mixture of progesterone, testosterone and biliverdin, 

respectively60. The study demonstrates that the network is highly selective to α-bilirubin, 

but is capable of binding other molecules at lower selectivity due to the similar shape, 

size, and configuration of the molecules.   

2.6  Biomolecular Diagnostics and Sensing 
 

Biomolecular diagnostics and detection has reached a new frontier in the past 

decade with the development of micro/nanotechnology that is capable of moving 

conventional in-vitro diagnostic capabilities in-vivo. Such progress has led to 

advancements in cellular imaging and detection of diseases in the early stages, which is 

beneficial for the early administration of therapeutics.  These new developments have led 

to the tracking of cellular migration, which is a crucial part of understanding the 

biological phenomena that takes place once transplanted cells have been distributed in-

vivo61, 62. Also, the development of micro/nanotechnology for biosensing has allowed, 

among other things, diagnostic tests to be administered at point-of-care instead of sending 

the sample off to another location for analysis. The general idea of using 

micro/nanotechnology for diagnostics and detection strategies is to have a faster, more 

reliable, less expensive means to detect and diagnose illness for early treatment, which 
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can lead to overall improved health of the patient.  The rational design of synthetic 

recognitive polymers for biomolecular sensing will make such advancements a reality. A 

brief literature review is presented in the following sections. 

 2.6.1Biomolecular Diagnostics 
 

Molecular Resonance Imaging (MRI) is one technique that offers near cellular 

resolution that has the ability to detect at a molecular level.   This is very crucial in cancer 

diagnostics and therapy 61-69.  Magnetic nanoparticles are used as the reagents in support 

of imaging cells with MRI. For specific cell targeted imaging, the nanoparticles are 

modified with molecular ligands (i.e., glycoproteins, saccharides, antibodies) to aid the 

attachment to the specific cell for imaging (e.g., the T cell response to certain pathogens 

or cancer cells  and  the tracking of stem cell migration  for the advancement of stem cell 

research61). Gadolinium-rhodamine modified nanoparticles were investigated as contrast 

agents for use with MRI for the tracking of stem cell migration in- vivo, tissue 

procurement, and fluorescence characterization61. The cells that were labeled with 

gadolinium-rhodamine had higher resolution not only in the MR imaging, but also in 

fluorescence and optical imaging, improving the overall imaging capability of the 

gadolinium-rhodamine nanoparticles 61.  

 Quantum Dots (QDs) have become a topic of research for their use as 

biomolecular probes for biomedical application such as targeted imaging 70-75.  QDs have 

excellent advantages over the conventional organic dyes and fluorescent tags:  size, 

composition dependent spectrum of wavelengths, large absorption coefficients, and high 



 
21 

levels of brightness and photostability72, 73. QDs are composed of thousand of atoms of 

semiconducting crystals that have a ‘quantum confinement effect’. This means that, 

depending on the size and the composition of the nanoparticle, the nanoparticle will 

contain a certain characteristic emission wavelength and color74. QDs are encapsulated 

inside a transparent shell that is composed of a material similar to the core material of the 

QDs which is non-emissive and contains a higher band gap22. An example of a high 

quality QDs was described by Gao et al.72. The nanoparticles were coated with poly 

(ethylene glycol) to prevent the uptake of the nanoparticles by the reticuloendothelial 

system (RES),thus extending the circulation time of the material inside the blood 

stream72. QDs can have ligands such as antibodies, proteins, or small-molecule inhibitors 

positioned on the surface creating site-specific nanoparticles that enhance the biological 

imaging in-vivo.  

 

2.6.2 Biosensing Platforms for Molecular Detection 
 

Conventional methods for biomolecular detection and analysis are enzymatic 

linked immunosorbent assay (ELISA) and polymerase chain reaction (PCR). The major 

disadvantage is the time required for the analysis (usually 10-28 hour and 4-6 hours, 

respectively) 76.  Thus, there is need for fast and reliable detection that requires only 

minimal amount of sample. Nanotechnology has led to the advancement of nanosensors 

that are capable of monitoring biological signals in real time, and capable of being used 

in conjunction with therapeutic drug delivery vehicles for the screening and treatment in-

vivo.  Nanosensors involved some type of recognition element such as optical based 
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systems (i.e., surface plasmon resonance (SPR)), microcantilevers, or florescent based 

imaging and a transduction element77.   

2.6.2.1 Microcantilevers 
 

Microcantilevers are the simplest form of micromechanical systems (MEMS) 

which exhibit reliable, high precision response to molecular absorption in the micro/nano 

scale78. Microcantilevers are composed of materials that resonate when molecules absorb 

onto the surface of the cantilever. The deflection of the cantilever is a function of the 

material, the thickness, and the length of the cantilever79. Microcantilevers surfaces have 

been modified with molecular tags such single strand DNA 80, 81, pH sensitive 

hydrogels82-84, and antibodies for antibody-antigen detection85. Biochips that have 

microcantilevers as the main detecting element do not require external power, labels, 

signal transduction, or external electronics for the operation of the biosensor.  This makes 

the sensors ideal for point-of-care or implantable devices  for the detection of the 

biological precursors for disease86 .  

Microcantilevers have been designed for the highly selective detection of glucose 

molecules which is beneficial in the diagnosis and treatment of diabetes79, 87. Pei, et al 

immobilized glucose oxidase (GOx) enzymes (an enzyme that breaks glucose into 

gluconic acid) onto the surface of the microcantilever for the detection of glucose.  The 

enzyme is highly selective to GOx, providing an excellent platform for glucose 

recognition. The bending of the microcantilever due to the absorption of the glucose 

molecules is detected by a laser beam which is sent to a position sensitive detector87.  The 
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microcantilever proved to be a highly sensitive biosensor for the detection of glucose 

because the deflection of the microcantilever was a strong function of the glucose 

concentration.   

Microcantilevers can also be arranged into microarrays for the detection of 

multiple molecules within a small sample, even in the picoliter range88, 89.  Antibodies or 

single strand DNA hybrids can be used within each array as the recognition tag with 

optical detection as the main readout for the system. Microarrays are of great advantage 

in tests that require multiple reading of molecules that are precursors of certain diseases. 

2.6.2.2 Surface Plasmon Resonance 
 

Surface plasmon resonance (SPR) has become a fast growing technology that 

allows non-invasive and non-destructive techniques to be used in the detection of 

chemical and biological molecules.  The real time detection of molecules using SPR 

technology has a label-free interaction between the biomolecule and the sensing substrate 

on the SPR surface90.  The change of mass or change in thickness of the material on the 

sensor surface is proportional to the change of the refractive index of the metal91.  This 

can elude to structural and binding parameters such as diffusion coefficients, kinetics, and 

association constants for thin polymeric film, as well as absorption rates of certain 

proteins and nucleotides onto the substrate surface. A rapid, robust sensor, such as point-

of-care diagnostics, can be developed using SPR technology.  

There have been investigations of recognitive network/SPR sensors in sensing 

biologically important molecules such domoic acid92, sialic acid93, NAD+ or NADP+ 
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cofactors94, adenosine95, and cytrochrome C 96.  Domoic acid is an important amino acid 

neurotoxin that is found in seafood such as crabs, mussels and anchovies.  If ingested, 

symptoms such as nausea, vomiting, cramps, diarrhea, headaches, seizures and even 

memory loss may occur93, 97. Lotierzo and coworkers investigated a recognitive based 

SPR biosensor that could detect domoic acid.  Using a Biacore system, gold was 

deposited onto a glass surface by vacuum deposition to optimize the grafting of the 

recognitive network onto the gold coated glass slide before transferring the gold onto the 

Biacore chip92.  The gold slide was then soaked in a 1mM solution of the self assembled 

monolayer (SAM) molecule, 2-mercaptoethylamine, for 24 hours to ensure the 

attachment and configuration of the SAM on the gold slide.  A polymer solution 

consisting of 2-diethylamino ethyl methacrylate (DEAEM), N,N’-

methylenebisacrylamide and the template molecule, domoic acid, was deposited onto the 

surface of the gold and polymerized using a UV light source. After polymerization, the 

gold piece was soaked in methanol to wash the template from the grafted polymer92.   

The domoic acid recognitive SPR sensor was then tested by flowing a solution of 

domoic acid into the Biacore system. The recognitive network binds the domoic acid 

which increases the mass of the imprinted polymer, corresponding to an increase in the 

refractive index. A regeneration step followed with a sodium dodecil sulfphate in 10mM 

HCL wash, stripping the polymer of the domoic acid.  It is important to note, that after 

the regeneration step, the domioc acid solution was injected again and the polymer 

experienced similar resonance or binding capacity as the first injection. This illustrates 
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that the polymer does in fact have the capability of multiple regeneration and rebinding 

steps. 

2.6.3 Surface Plasmon Resonance Theory 
 

 In order to appreciate the full capacity SPR has for fast and reliable biomolecular 

detection, the theory behind SPR should be presented. Researchers commonly use a gold 

substrate SPR sensor for the absorption of molecules, such as RNA, DNA, proteins, and 

antibodies. Gold is used because of the plasmon state characteristic it exhibits. The 

absorption of the molecules, however, is strongly influenced by the surface assembly 

monolayer (SAM) that is absorbed onto the gold surface. Such compounds as silanes and 

sulfur groups are used because of the strong and stable covalent bond between the silane 

and sulfur with the gold surface.   

 Plasmon state for metal is initiated when optical light is absorbed onto the thin 

substrate and excites the surface plasmon molecules91. Figure 2.2 illustrates the theory. In 

a configuration such as the Kretschmann configuration, light is illuminated from a high 

refractive index medium to a lower refractive index medium with the thin film substrate 

acting as a boundary between the two layers. The light undergoes a total internal 

reflection which exhibits an evanescent wave that excites a charge on the substrate. All 

the optical energy is reflected back to the higher refractive index, while the evanescent 

field penetrates the lower refractive index91.  In order for the gold film to have a standing 

charge of excitation, the substrate must be in contact with a sample of lower refractive 

index than that of the waveguide.  This will only occur when the wavevector of the 
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standing charge, ksp, and the evanescent wave, kx, are equal, as indicated by the following 

equations: 
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where ko is the wavevector of the incident light; εm is the dielectric constant of the 

thin metal substrate; εs is the dielectric constant of the sample; and ηD is the refractive 

index of the waveguide. The thickness of the gold substrate also plays a key role in SPR 

detection affecting the appearance of the SPR as well as the phase detection range and 

resolution. For example, when the gold substrate is 45nm thick, the resolution of the 

phase detection reaches as high as 10-5 RIU (refractive index unit) 90 .  

There are many different ways to detect the output of light when SPR occurs, such as 

wavelength interrogation, angular interrogation, and intensity measurement.  In 

wavelength interrogation, the polychromatic SPR reflected light (more than one 

wavelength) is passed through a narrow interference band and the output is measured by 

some sort of detection camera such as a CCD camera90, 93.  For the angular interrogation, 

a monochromatic (one wavelength) SPR light is reflected and is detected by the CCD 

camera at assorted angles by rotating the light beam90, 94, 95.   Finally, with intensity 
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measurement, the angle of the monochromatic light is fixed and the output is measured 

by the CCD camera90, 95.   

One of the most common ways to detect SPR is the heterodyne phase detection with 

the Kretschmann prism configuration. This system follows the Fresnel equation and the 

equation of reflectivity of single layer membrane to calculate the reflection coefficient, r, 

and the phase shift of the reflective light, δ, 
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where kzi is the wave number vectors of the transmission light in the sequenced optical 

medium; ri,i+1 is the reflection ratio of the electric field intensity at the interface between 

two adjacent mediums; and di is the thickness of the sequenced medium.  

Heterodyne interferometry has several ways to detect SPR such as single channel, 

multichannel, or micro-array biosensors. For example, in single channel detection, after 

SPR excitation, two light rays, p-polarized (extraordinary ray) and s-polarized (ordinary 

ray) take on two different paths once they go through the prism.  The p-polarized light is 

changed, while the s-polarized light is used as the reference.  The change between the p-

polarized light and the reference light measures the change in the refractive index on the 

biological/chemical film on the gold substrate.  A photo-detector detects the phase shift 

between the measured and reference signals converting them into an electric signal88.  
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2.7 Facilitation of Intelligent Polymers at the Micro/Nano Scale  
 

 The transfer of intelligent polymeric material onto micro/nano valves and sensors 

is accomplished by different methods, which include, but are not limited to, lithography, 

micromachining, and micromolding.  The scope of this scope is not to fully detail each 

process, but to concentrate on the most applicable process for microfabricating intelligent 

polymers onto these substrates. 

2.7.1 Lithography Techniques 
 

 One of the first techniques available for manufacturing microfluidic devices was 

silicon micromachining. Due to the high cost of labor, specialized skills, and equipment, 

micromachining is not widely used98.  Soft lithography became the method of choice 

because it not only offered a less expensive and faster approach, it also required less 

specialized methods of fabrication99.  The steps to process a biomicroelectromechanical 

system (bioMEMS), valve, or sensor with intelligent polymers usually takes places in 

four distinct steps: (i) thin-film deposition, (ii) lithography, (iii) etching, and (iv) 

substrate bonding100.  

 Thin-film deposition techniques deposit materials on the substrate which are used for 

masking, isolation, and structural purposes99.  The four types of techniques include 

oxidation, chemical vapor deposition (CVD), physical vapor deposition (PVD), and 

electrodeposition.  An oxidation technique takes place in a high temperature range from 

800oC to 1200oC in the presence of an oxygen or water atmosphere, resulting in the 
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oxidation of the substrate.  Chemical vapor deposition is the reaction of the material in 

the gas phase to form the thin film on the substrate. The two most common types of CVD 

are low pressure CVD and plasma enhanced CVD (PECVD). 

 Physical vapor deposition involves two types of processes for evaporation and 

sputtering.  During the evaporation process, the substrate is placed inside a vacuum 

chamber where the film is heated and allowed to form on the surface of the substrate.  In 

sputtering, the material is targeted by high energy inert ions allowing clusters to be 

removed and ejected towards the substrate99. The last technique, electrodeposition or 

electroplating, involves the substrate being introduced to a solution containing the 

reducible form of the ion of the desired material and maintained at a negative potential 

compared to the counter anode electrode101. 

 The next step in microfabricating is soft lithography which involves the transfer 

or the molding of the desired image onto the substrate using a photoresist master99, 101.  

Soft lithography is deemed to be inexpensive and affordable eliminating the need for 

cleanrooms, specialized equipment, and skills102. Photolithography refers to the process 

of stamping a polymer that is photosensitive.  The typical substrate used is 

polydimethylsiloxane (PDMS) which is compromised of two parts: elastomer and curing 

agent.  The photosensitive pre-polymer is placed in the cavity of the PDMS and is 

exposed to UV light through a mask containing the desired pattern to be transferred.  The 

unreacted or unexposed regions of the substrate are then washed off and then the mold is 

hard baked for 20-30 minutes at 120-180 oC to improve the adhesion of the polymer to 

the substrate101.   
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 The next two steps involve etching and substrate bonding 100, 102-104.  The etching 

step entails patterning the substrate and selectively removing material from the substrate.   

The selectivity and directionality of the etching process are the two important 

characteristics.  Selectivity indicates the degree with which the etchant can distinguish 

between the masking material and the material to be etched.  Directionality is the profile 

of the etch under the mask.  An anisotropic etch has dissolution rates that are a function 

of the specific directions, and an isotropic etch is where the etchant attacks the material in 

all directions at the same rate.  The three most common chemicals for the anisotropic 

etching process are potassium hydroxide (KOH), ethylene diamine pyrochatechol (EDP), 

and tetramethyl ammonium hydroxide (TMAH).   Substrate bonding (silicon-silicon, 

silicon-glass, and glass-glass) is used to fabricate 3-dimensional structures. Silicon-

silicon fusion or silicon direct bonding is an important technique used to fabricate 

micromechanical devices and silicon-insulator (SOI) substrates100.  Another technique 

that is used is silicon-glass anodic bonding or electrostatic bonding, which is used to join 

the substrates for microsensor packaging and device fabrication100.   

 Only recently has the integration of recognitive networks onto sensing substrates 

been investigated.  Through our research that is presented in the next chapters, the 

evidence that imprinted networks can be programmed for enhanced template binding 

affinity and diffusion may lead to increases in the use of the materials as the main sensing 

element in a number of sensing schemes. 
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Figure 2.1: Template-Mediated Polymerization. A schematic of the non-covalent, 

template–mediated polymerization steps. 
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Figure 2.2: Illustration of the Surface Plasmon Refractive Theory. Illustration of the  

excitation of a standing charge on a thin gold substrate which corresponds to the SPR  

theory . 
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3.0 STRUCTURAL DESIGN, SYNTHESIS, AND BINDING PARAMETER  

ANAYLSIS OF RECOGNITIVE NETWORKS 
 

The design, synthesis, and template binding parameter analysis of recognitive 

networks are presented and discussed in this chapter. Different structural parameters, 

such as the length and feed concentration of the crosslinking monomer, were varied to 

program binding parameters such as template binding capacity, affinity, and selectivity. 

The specific aims presented in this chapter include: (i) the synthesis of testosterone 

selective recognitive networks with variations in macromolecular structure; and (ii) the 

characterization of recognitive testosterone networks via reaction analysis. Template 

diffusional transport will be discussed in detail in Chapter 4.0. 

The macromolecular structure was altered by varying the feed crosslinking 

monomer concentration (mole percent of crosslinking monomer in feed, mole of 

crosslinking monomer/moles of total monomers) from 50%-90%. The length of the 

crosslinking monomer was also varied by using ethylene glycol dimethacrylate and 

poly(ethylene glycol)200 dimethacrylate (which have 1 and 4.5 ethylene glycol units, 

respectively).  The characterization of the different networks involved dynamic and 

equilibrium binding studies to elucidate binding parameters such as binding affinity, 

capacity, and selectivity. Polymerization reaction analysis was also conducted to find the 

relationship between the number of double bonds in the feed and the number of double 

bonds reacted or the fractional double bond conversion of the macromolecular structure. 



 
49 

3.1 Scientific Rationale 

 

The results presented in this chapter are the subject of a published research 

article1. A pre-existing testosterone recognitive poly(methacrylate-co-ethylene glycol 

dimethacrylate) network (poly(MAA-co-EGDMA)) with well documented binding 

parameters2,3 was used as the basis and starting point of this research.  The main objective 

was to synthesize the literature network, determine the binding parameters, compare the 

binding parameters to the literature values, and then vary structural components of the 

network to analyze the effect of structural differences on the template binding 

parameters. We hypothesized that by varying the feed concentration of the crosslinking 

monomer, the affinity of the network to testosterone would vary. We also hypothesized 

that by increasing the length of the crosslinking monomer, the macromolecular structure 

would become more mobile, decreasing the binding capacity and affinity to testosterone. 

Therefore, in this chapter, we provide a detailed analysis on the effects of changing 

multiple structural parameters of the polymeric network on the template binding 

parameters. Finally, the rates of polymerization and degree of double bond conversion of 

the different polymeric systems were also studied to obtain a more precise understanding 

of the post-polymerization macromolecular structure of the network in comparison to the 

feed crosslinking percentage.  Previous studies on similar systems indicate that the post-

polymerization structure does not accurately represent the feed concentration of the 

crosslinking monomer, which may also play a key role in the binding enhancement and 

template diffusion through templated polymeric networks4.  
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3.2 Synthesis of a Typical Recognitive Polymer for Testosterone 
 

Described in this section is the synthesis of a testosterone recognitive 

poly(methacrylate-co-ethylene glycol dimethacrylate), poly(MAA-co-EGDMA), network 

with a 77% feed crosslinking percentage (i.e., moles of crosslinking monomer divided by 

the total moles of monomers in feed solution). Also described is the synthesis of 

networks with different feed crosslinking percentages (varied from 50-90%) as well as 

the incorporation of crosslinking monomers differing in linear size.  

3.2.1 Materials 
  

 In this work, we synthesized methacrylate copolymer networks imprinted for 

testosterone using ethylene glycol dimethacrylate (EGDMA) and poly(ethylene 

glycol)200dimethacrylate (PEG200DMA) as crosslinking agents, which have 

approximately 1 and 4.5 ethylene glycol units, respectively. Methacrylic acid (MAA), 

testosterone, chloroform, azobisisobutyronitrile (AIBN), and EGDMA were purchased 

from Sigma Aldrich (Milwaukee, WI) (Figure 3.1). PEG200DMA was purchased from 

Polysciences Inc. (Warrington, PA). All chemicals were analytical grade and used as 

received except for MAA which had inhibitor removed by vacuum distillation prior to 

use. 

3.2.2 Polymer Synthesis 
 

An 8:1 functional monomer to template molar ratio was used to produce 

testosterone recognitive networks with MAA as the functional monomer, testosterone as 
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the template molecule dissolved in chloroform, AIBN as the initiator, and EGDMA or 

PEG200DMA as the crosslinking monomer. Control polymers were produced by the 

same method as the imprinted polymers but without testosterone. Monomer solutions 

were prepared with the molar ratio of initiator to double bonds held constant at 0.015 and  

 the weight percentage of the solvent constant at 50% (w/v). The feed crosslinking 

percentage was varied from 50%, 77%, and 90%, and the length of the crosslinking 

monomer was varied.  

In a typical experiment, the functional monomer, template molecule, crosslinking 

monomer, and solvent were added to a glass vial and sonicated for 30 minutes to make 

certain the solution was well mixed. For example, a solution to form a 50% crosslinked 

poly(MAA-co-EGDMA) recognitive network consisted of EGDMA (9.40 mmole), MAA 

(9.40 mmole), testosterone (1.20 mmole), AIBN (0.41 mmole), and chloroform (25.0 

mmole).  It should be noted that the order in which the individual components were 

added to the solution was very important. The monomer and crosslinker agent were 

mixed together first, then the template molecule was added, followed by solvent and 

initiator. Failure to follow the appropriate sequence resulted in the template not 

dissolving completely in the pre-polymerization solution.  Since this experiment dealt 

with a very hydrophobic template molecule, testosterone, it was advantageous to dissolve 

the template in the solvent separately before adding to the monomer/crosslinking agent 

solution. 

Oxygen acts as a free-radical scavenger and hinders the polymerization reaction. 

To eliminate dissolved oxygen, nitrogen was slowly bubbled through the solution for 30 
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minutes. Separate experiments were conducted to determine optimum nitrogen purge 

times. The nitrogen was bubbled very slowly through the solution to prevent significant 

evaporation of the solvent during the nitrogen purge step. 

The nitrogen-purged pre-polymerization solution was then transferred to an 

aluminum mold with a cooling system that held the temperature constant at 0oC and 

maintained a nitrogen atmosphere. A Novacure 2100 (Exfo, Ontario, Canada) mercury 

spot cure lamp was used as the light source with intensity of 50 mW/cm2, as determined 

via a radiometer, for 17 minutes.  The intensity versus wavelength spectrum can be found 

in Appendix A-1, Figure A.1.1. After synthesis, the polymer was crushed using a mortar 

and pestle to produce particles that were separated using molecular sieves. Particle sizes 

ranged between 53μm-150μm, which was determined to be the optimal particle size for 

template rebinding 3. The polymer particles were washed using a Soxhlet apparatus with 

ethanol for 1 week or until testosterone and unreacted monomers were not detected in the 

effluent via spectrophotometric monitoring (Biotek Synergy, Winooski, VT). The 

particles were then dried in a vacuum oven (T=30°C at 27mm Hg) for 24 hours in 

preparation for the template rebinding studies.  

 3.2.3 Polymer Recognition Studies: Template Affinity, Capacity, and Selectivity  
 

Prior to template binding studies, a standard curve for testosterone in chloroform 

was developed. The results indicated a linear absorbance versus concentration region 

until 0.18mM and a concentration-independent region after 0.18mM where the 

absorbance did not change with increasing concentration of testosterone (Appendix 1-1, 
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Figure A.1.2). Therefore, a 0.025mM to 0.167mM concentration range or serial sample 

dilution was used in all experiments. 

The testosterone recognitive networks were thoroughly washed with 100% 

ethanol solution in a Soxhlet apparatus to remove the template.  After one week of 

rigorous washing, the effluent was analyzed for testosterone by measuring the absorbance 

(λTestosterone,max=238nm) via Synergy UV-Vis spectrophometer (BioTeck Instruments, 

Winooski, Vermont). The polymers were washed until testosterone was no longer 

detected in the effluent. The appropriate time needed to wash the recognitive networks 

was a function of the structural components.  For example, the 90% crosslinked 

poly(MAA-co-EGDMA) recognitive network washed for 3 weeks. The higher the feed 

concentration of the crosslinking agent, a more constricted network was formed, 

requiring more time to wash away the template molecule.   

Dynamic binding studies were performed in quadruplicate by introducing 5 mg of 

recognitive or control polymer particles into 2.5ml of varying concentrations of 

testosterone in chloroform for a pre-determined equilibrium time of 24 hours. Dynamic 

binding studies were conducted on separate samples measuring the supernatant at various 

time intervals. Final equilibrium values of testosterone concentration were obtained by 

spectrophotometric analysis at a wavelength of 238 nm (i.e., the wavelength of maximum 

absorbance of testosterone). A mass balance was used to determine the bound 

testosterone within the polymeric network.  
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Various binding isotherms were utilized to analyze the rebinding data. The 

equations for Scatchard, Langmuir, and Freundlich isotherms are shown in equations 3.1, 

3.2, and 3.3, respectively. The linear form of the Scatchard equation is shown below 
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where Q is the bound amount of template, Ce is the equilibrium concentration of template 

in the solution, the template equilibrium binding affinity is represented by Ka, and Qmax is 

the maximum template binding capacity. The affinity and the maximum template loading 

capacity are calculated via linear regression of the data. 

The Langmuir isotherm is represented by the equation 3.2,  
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where Q is the bound amount of template, Ce is the equilibrium concentration of the 

template in solution, the template binding affinity is Ka, and Qmax is the maximum 

template loading capacity. Linearized form of the equation was used to determine the 

affinity and capacity. The Langmuir isotherm assumes that there is uniform one-layer 

adsorption of the template molecule, equilibrium conditions, and that the surface is 

homogeneous. 

The Freundlich isotherm is an empirical equation can be applied to heterogeneous 

surfaces with a multiplicity of sites.  Equation 3.3 is the Freundlich Isotherm, 
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                                                            n
ef CkQ =                                                            (3.3) 

where Q is the amount bound by the recognitive polymer, the equilibrium template 

concentration is Ce, the Freundlich affinity is kf, and n is the exponent value. At n=1, the 

Freundlich isotherm is in linear form. The R2 values for the Freundlich isotherms 

indicated that the Freundlich isotherms were the best fit for the recognitive networks 

studied (95% confidence). It is a statistical measuring tool that represents how well the 

regression line fits the data points where R2 values range between zero and one with one 

indicating a perfect fit. The Freundlich isotherm analysis has been validated in literature 

for the characterization of molecularly imprinted polymers5-8.  

Association affinities or constants describe how well a molecule (ligand) is 

attracted to a receptor site. Molecularly imprinted networks have been reported with 

binding affinities comparable to biological systems. For example, theophylline9, 

morphine10, cholesterol11, and testosterone3 recognitive networks have been designed 

with dissociation constants equal to (8.1 ± 0.9) x 10-9 M, (1.2 ± 0.2) x 10 -6 M, (5.9 ± 1.3) 

x 10-4 M, and 0.9 x 10-4 M, respectively.  These values are comparable to dissociation 

constants found in nature. For example, carbohydrate-protein12,13 dissociation constants 

range from 10-3 to 10-6 M and antigen-antibody14 dissociation constants range from 10-8 to 

10-10 M. 

Linear regression analysis of the Freundlich isotherm was used to calculate the 

average affinity and capacity for the recognitive polymers as discussed by Rampey et al8. 

Equation 3.4 and 3.5 give the maximum affinity (Kmax) and minimum affinity (Kmin). 
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Kmax and Kmin represent the limits of the affinity spectrum and are determined from the 

maximum (Ce max) and minimum equilibrium concentrations (Ce min).   
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The number of binding sites, (NK1-K2), (Eqn 3.6) was taken between K1 and K2. K1 and K2 

are affinity values between Kmin and Kmax.  
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The average affinity ( Kavg ) is calculated by equation 3.7. 
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When weighted-average affinity values are high, the molecules, on average, bind tightly 

to the receptor. Conversely, low weighted-average affinity values are indicative of weak 

binding systems. The reciprocal of the equilibrium association constant is the dissociation 

constant.  

          Selectivity studies followed a similar procedure as the template binding studies 

except progesterone dissolved in chloroform (wavelength of maximum absorbance equal 
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to 240 nm) was used as the rebinding solution. Progesterone was chosen because of the 

similar structure of progesterone compared to testosterone, where progesterone differs 

only by the carbonyl group located at the C17 chemistry (Figure 3.2). 

The selectivity, α, for the testosterone recognitive network was determined by 

equation 3.8, 

 
moleculeotheravg

templateavg

K
K

,

,=α  (3.8) 

where, Kavg is the equilibrium, weighted-average affinity or association constant 

determined by Freundlich analysis. 

3.2.4 Double Bond Conversion 
 

The UV polymerization mechanism was investigated to determine the extent of 

double bond conversion within each network. As indicated in the literature, the final 

crosslinking content does not accurately represent the feed concentration of the 

crosslinking monomer, with less double bond conversion than expected4. For UV photo-

polymerization, the double bond conversion for each polymer system was determined via 

Differential Photo  Calorimetry (DPC) (TA Instruments). The instrument measures the 

heat flow from the monomer solution sample relative to a reference pan. The heat 

evolved was measured as a function of time and the theoretical reaction enthalpy of the 

monomer solution was used to calculate the rate of polymerization, Rp, in the units of 

fractional double bond conversion per second.   Integration of the rate of polymerization 

curve versus time yielded the experimental heat of reaction.  The experimental heat of 

reaction and the theoretical heat of reaction are used to determine the final double bond 
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conversion.  The calculations were analyzed by a Microsoft Excel Visual Basic program 

created by Vaughan15. 

The assumptions in the copolymerization of multiple monomers (i.e., two types in 

this case, functional and crosslinking monomer) were that each monomer had equal 

reactivity and the theoretical reaction enthalpy derived for a co-monomer mixture was 

calculated by the summation of component mole fraction multiplied by the monomer heat 

of reaction. The theoretical enthalpy of methacrylate double bonds was equal to 13.1 kcal 

mole-17 4,16. The majority of the heat of reaction was due to the double bounds reacting 

from the high amount of EGDMA present in the monomer solution. EGDMA has two 

moles of double bond per mole of monomer; therefore, this system can be considered 

EGDMA in chloroform with a dilute amount of MAA. 

For photo-polymerization, a recognitive polymer disk was produced by placing 

12.5 μL of pre-polymerization solution within an aluminum hermetic pan, and placing it 

in the cell of the DPC. The solution was allowed to purge with nitrogen for 5 minutes at a 

40 mL/min purge rate and a temperature of 20°C. To prevent possible evaporation of the 

solvent, a small quartz plate was placed on top of the pan after the 5 minute purge time. 

Nitrogen continued to flow for the duration of the experiment at a purge rate of 40 

mL/min. The solution was then cooled to the polymerization temperature of 0°C and was 

held at 0°C for 15 minutes. The shutter on the UV light source (Novacure 2100, Exfo, 

Canada, with a 100 Watt mercury arc light bulb) was opened and the solution was 

irradiated by 52.5 mW/cm2
 UV light (checked with internal radiometer) for 17 minutes at 

which time the polymerization reaction was ensured to be over (i.e., the typical 



 
59 

polymerization time was on the order of a few minutes). The temperature of the sample 

was held between 0°C to 1°C throughout the reaction, and the end point of each reaction 

was determined when the heat flow changed less than 1%.  

3.3 Results and Discussion 
  

In this section, detailed analysis of template binding parameters such as the 

binding affinity, binding capacity, selectivity, as well as fractional double bond 

conversions of testosterone recognitive poly(MAA-co-EGDMA) and poly(MAA-co-

PEG200DMA) networks are discussed.   The results show that by changing structural 

parameters, such as the length of the crosslinking agent and feed crosslinking percentage, 

the binding capacity and affinity of the networks change.  Also, results clearly 

demonstrated that the crosslinking percentage of the polymeric network does not 

accurately represent the feed crosslinking percentage of the polymer solution. Template 

diffusional analysis is presented in Chapter 4.   

3.3.1 Analysis of Template Binding Parameters 
 

Figure 3.3 highlights the differences in binding capacity for a 77% crosslinked 

testosterone recognitive poly(MAA-co-EGDMA) network and a 77% crosslinked control 

poly(MAA-co-EGDMA) network. To reiterate, the control network was synthesized by 

the same method as the recognitive network but without the template molecule.  As seen 

in Figure 3.3, the poly(MAA-co-EGDMA) recognitive network bound 3.6 fold more 

testosterone, (1.8 ± 0.4) x 10-2 mmol testosterone /g dry polymer, compared to the 
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corresponding control network, which bound (0.5± 0.2) x 10-2 mmol testosterone /g dry 

polymer. The increased template loading by the recognitive network compared to the 

control provides evidence that three-dimensional cavities are formed during the 

imprinting polymerization process and the macromolecular structure provides “memory” 

for the template rebinding. When the imprinted networks are introduced into a template 

solution, the polymers bind the free testosterone molecules by non-covalent forces such 

as hydrogen bonding, van der Waals forces, and hydrophobic forces 17.  It is expected that 

the template molecule binds non-specifically to the control network because the 

macromolecular chains of the network provide some opportunity for non-specific 

interaction. 

We then investigated the effects of changing the three-dimensional 

macromolecular structure of the recognitive polymer network on the template binding 

parameters.  The first structural change was achieved by varying the feed crosslinking 

percentage of the crosslinking monomer.  We hypothesized that by increasing the feed 

crosslinking percentage of crosslinking monomer, a more constrictive polymeric network 

would form, corresponding to an increased formation of three-dimensional cavities 

available for template binding.  By lowering the feed crosslinking percentage, effective 

cavities may not be able to form during polymerization and for the ones that do form, 

there would be more mobility within the chains leading to less stable three-dimensional 

cavities and less template binding. Different monomer solutions were prepared with 

varying crosslinking percentage, ranging from 50%-90%.  Figure 3.4 highlights the 

variation of the feed crosslinking percentage of the poly(MAA-co-EGDMA) network, 
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from 50%-90%. The highest crosslinked recognitive network, 90% poly(MAA-co-

EGDMA), bound approximately 2 fold more testosterone ((0.22 ± 0.03) x 10-1 mmol 

testosterone /g dry polymer) compared to the least crosslinked recognitive network, 50% 

poly(MAA-co-EGDMA) ((0.13 ± 0.03) x 10-1 mmol testosterone /g dry polymer).  

Increasing the crosslinking percentage of the network increases the amount of 

crosslinking points available for inter-chain stabilization, creating more effective cavities 

for template binding.  

To analyze the effect of a longer bi-functional crosslinking monomer on the 

template binding parameters, poly(ethylene glycol)200dimethacrylate (PEG200DMA) 

was used as the crosslinking monomer.  This bi-functional crosslinking monomer has 

approximately 4.5 more ethylene glycol repeating units than the EGDMA monomer 

resulting in a longer, more flexible crosslinking monomer. By increasing the length of the 

crosslinking monomer, it is expected that there will be more chain mobility introduced 

into the network which would result in the formation of fewer, less effective three-

dimensional cavities. As seen in Figure 3.5, a decrease in binding capacity is evident 

when utilizing a longer bi-functional crosslinking monomer. The 77% crosslinked 

poly(MAA-co-PEG200DMA) recognitive network had a 2.5 fold lower binding capacity 

((0.72 ± 0.02) x 10-2 mmol testosterone/g dry polymer) than the 77% crosslinked 

poly(MAA-co-EGDMA) recognitive network. By increasing the linear size of the 

crosslinking monomer, the mobility of the network increases as well as the spacing 

between the functional chemistry, creating fewer, less effective cavities with decreased 

stability for template binding. 



 
62 

 By varying the crosslinking percentage of the poly(MAA-co-PEG200DMA) 

network, we see a similar trend in the variation of the binding capacities as compared to 

the poly(MAA-co-EGDMA) networks (Fig. 3.4). The 77% crosslinked poly(MAA-co-

PEG200DMA) bound 1.5 more testosterone than the 50% crosslinked poly(MAA-co-

PEG200DMA) recognitive network ((0.51 ± 0.03) x 10-2 mmol testosterone/g dry 

polymer). With fewer crosslinking monomers available for inter-chain stabilization, 

fewer three-dimensional cavities are formed which lowers the binding capacity for the 

network. This analysis demonstrates that by varying structural components, the 

macromolecular structure can be rationally tailored to specific template binding 

capacities. 

 The linearized form of the Freundlich isotherm (Eqn 3.3) was used to calculate 

the template binding affinity for each network (Figure 3.6).  Comparing the 77% 

crosslinked polymers, the recognitive poly(MAA-co-EGDMA) network had an 

association constant of  (1.20 ± 0.07) x 104 M-1 which was 6 fold more compared to the 

recognitive poly(MAA-co-PEG200DMA) network (Ka= (0.20 ± 0.05) x 104 M-1 ). It also 

should be noted that the 77% crosslinking poly(MAA-co-EGDMA) recognitive network 

(Ka = (1.20 ± 0.07) x 104 M-1) is in experimental agreement with a literature value3 (Ka= 

1.10 x 104 M-1).  

 Equilibrium selectivity studies were conducted to determine how selective the 

testosterone recognitive poly(MAA-co-EGDMA) network was to progesterone, a 

molecule similar in size, functionality, and configuration to testosterone.  Progesterone 

differs from testosterone only at the C17 chemistry (Fig. 3.2). The 77% crosslinked 
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testosterone recognitive poly(MAA-co-EGDMA) polymer demonstrated 2.3 fold lower 

binding capacity for progesterone (0.80 ± 0.20) x 10-2 mmol progesterone /g dry 

polymer) compared to testosterone (1.8 ± 0.4) x 10-2 mmol testosterone /g dry polymer) 

(Fig. 3.7). The selectivity ratio, α, was calculated using equation 3.8, and for the 77% 

crosslinked testosterone recognitive poly(MAA-co-EGDMA) network the selectivity 

ratio  was equal to 1.2. The selectivity ratio is based upon the template binding affinities 

of the network in the different molecule solution (i.e., testosterone and progesterone).  

The binding affinity of the 77% recognitive poly(MAA-co-EGDMA) network in 

testosterone solution was (1.20 ± 0.07) x 104 M-1, while the 77% recognitive poly(MAA-

co-EGDMA) network in progesterone solution was (0.98± 0.03) x 104 M-1. The cavities 

formed during the imprinting process have chemical functional groups as testosterone to 

promote non-covalent interactions with testosterone. This macromolecular memory for 

testosterone allows for the testosterone recognitive poly(MAA-co-EGDMA) network to 

decipher between the progesterone and testosterone molecules. There is some non-

specific interaction between progesterone and the network. It should be noted that the 

77% crosslinked testosterone recognitive poly(MAA-co-PEG200DMA) polymer did not 

demonstrate a statistically different selectivity ratio. 

3.3.2 Double Bond Conversion via Reaction Analysis 
 

Polymerization reaction analysis was performed on each network to determine if 

the feed crosslinking concentration accurately represents the post-polymerization network 

or macromolecular structure. A better understanding of the recognitive network’s 
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macromolecular structure will support our hypothesis that the macromolecular memory 

changes when certain structural parameters (i.e., the feed crosslinking percentage and the 

length of the crosslinking agent) are varied.  Is the final product as highly crosslinked as 

indicated by the feed crosslinking percentage? And, if not, does the macromolecular 

structure correlate with our template rebinding analysis? 

A DPC was used in the double bond conversion analysis. The DPC measures the 

heat flow from the exothermic free-radical polymerization reaction, and the fractional 

double bond conversion of each network was calculated by integrating the rate of 

polymerization, which is a function of the theoretical enthalpies both of the methacrylic 

groups and acrylate groups in the monomer solution.  A visual basic program developed 

by Vaughan15 was used to calculate the final double bond conversion.  

The fractional double bond conversion for the testosterone recognitive and control 

networks with varying structural parameters (i.e., varying feed crosslinking percentages 

and length of the crosslinking agent) are shown in Figure 3.9. The fractional double bond 

conversion for the 77% crosslinked testosterone recognitive poly (MAA-co-EGDMA) 

network was approximately 45 ± 0.5 %, while the 77% crosslinked testosterone 

recognitive poly(MAA-co-PEG200DMA) network had a slightly higher fractional double 

bond conversion of approximately 60 ± 0.5 %. The shorter length of the bi-functional 

crosslinking monomer, EGDMA, limits the diffusion of the chains around pendant 

double bonds in the severely constraint network.  However, increasing the length of 

crosslinking agent increases the mobility of the bi-functional crosslinking monomer to 
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react with free radicals. This decreases the amount of pendant double bonds or unreacted 

double bonds in the network.  

This study reveals viable information on the true macromolecular structure of the 

network; the macromolecular structure is not as crosslinked as indicated by the feed 

crosslinking percentage. One would suspect that higher double bond conversion would 

correspond to a higher binding capacity and affinity. However, this is not the case as seen 

with the recognitive and control poly(MAA-co-PEG200DMA) networks. The networks 

had a higher fractional double bond conversion but lower binding capacity and affinities 

compared to the EGDMA networks. Also, varying the crosslinking percentage from 50% 

to 77% of the testosterone recognitive and control poly(MAA-co-EGDMA) did not show 

a significant statistical change in the fractional double bond conversion (40±3% and 

45±5%, respectively), but binding analysis indicated a decrease in binding capacity and 

affinity when the feed crosslinking percentage is decreased. The fractional double bond 

conversion does not change for networks that have the same crosslinking monomer, but 

there is still an increase in the number of reacted double bonds as the feed crosslinking 

percentage is increased.  Thus, a higher feed amount of crosslinking monomer 

corresponds to a larger amount of crosslinker incorporated in the network structure. 

 

3.4 Conclusions 
 

In this work, recognitive polymeric networks that are selective to testosterone 

were prepared using crosslinking molecules differing in size and concentration to 

program the binding characteristics of the network. By manipulating these structural 
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parameters, the macromolecular architecture can be rationally tailored to have tuned 

capacity, affinity, and selectivity. In this chapter, we have shown that a highly 

crosslinked recognitive network, 90% crosslinked poly(MAA-co-EGDMA), had a 2 fold 

increase in the binding capacity and a 4 fold increase in binding affinity compared to a 

similar, but lower crosslinked recognitive network, 50% crosslinked poly(MAA-co-

EGDMA). Also, by increasing the length of the crosslinking monomer within recognitive 

networks (i.e., comparing 77% crosslinked poly(MAA-co- EGDMA) to poly(MAA-co-

PEG200DMA)), there was approximately a 3 fold decrease in the amount of testosterone 

bound. The longer crosslinking agent has more flexibility, resulting in fewer effective 

three dimensional cavities and less stable cavities. Selectivity studies indicated that at a 

crosslinking percentage of 77%, the testosterone recognitive polymer had a higher 

affinity for testosterone ((1.2±0.7) x 104 M-1)) than that of progesterone ((0.98±.03)x104 

M-1)).  Reaction analysis performed on the networks showed the fractional double bond 

conversion for networks with the same crosslinking agents are statistically the same, but 

however, there is still an increase in the number of reacted double bonds as the feed 

crosslinking percentage is increased. This is an indication that the feed crosslinking 

percentage does not accurately represent the post-polymerization macromolecular 

structure.   

 Since the recognitive networks have been shown in this research to have 

programmable binding affinities, the next area that needs to be explored is the diffusional 

transport of the template molecule through the network.  Ultimately, in any sensor design 

incorporating recognitive thin films, there will be trade-off involving binding parameters 
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(e.g., affinity, selectivity, capacity) and transport considerations. A more structurally 

open network will have faster template transport, allowing for a decrease in response 

time. The affinity and selectivity may be lower; however, depending on the size, shape, 

and configuration of molecules in the sample fluid (i.e., how difficult a sensing 

environment), the lower values may be a workable tradeoff for a faster response time.  
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(a)                                                    

 

                                                                                                                                                                       

(b)                                                                 

                                                                       

Figure 3. 1: Functional Monomer and Crosslinking Agent Structure. The structures 

of a) the functional monomer, methacrylic acid and b) the crosslinking agent, 

poly(ethylene glycol) n dimethacrylate, where n is the molecular weight of the ethylene 

glycol repeating units. To see the effect of the length of the crosslinking agent on the 

binding affinity and selectivity,the molecular weight (MW) of the ethylene repeating unit 

was increased to approximately 200 (PEG200DMA). 
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Figure 3. 2: The Molecular Structure of Testosterone and Progesterone. 

Progesterone (a) was used in the selectivity studies because of the similar structure as 

compared to testosterone (b) where the only difference is at the C17 chemistry.  
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Figure 3.3: Testosterone Equilibrium Binding Isotherms of 77% Crosslinked 

Poly(MAA-co-EGDMA) Recognitive and Control Networks. Poly(MAA-co-

EGDMA) Recognitive Network (◊) and Control Network (). The recognitive network 

binds more testosterone compared to the control network illustrating that the recognitive 

network forms cavities during polymerization that have the configuration and 

functionality to promote non-covalent bonding to the template molecule. Error bars 

represent the standard deviation with four replicates at T=25oC 
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Figure 3.4: Testosterone Equilibrium Binding Isotherms of Poly(MAA-co-EGDMA) 

and Poly(MAA-co-PEG200DMA) Recognitive Networks at Various Feed 

Crosslinking Percentages. Poly(MAA-co-EGDMA) networks: 90% (∆), 77% (◊), and 

50% (). Poly(MAA-co-PEG200DMA) networks: 77% (o) and 50% (x). A higher 

crosslinking percentage increases the binding capacity and affinity of the network. An 

increase in length of the crosslinking monomer lowers the binding capacity and affinity 

of the network.  Error bars represent standard deviation with four replicates at T=25oC. 
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Figure 3.5: Testosterone Equilibrium Binding Isotherms of Poly(MAA-co-EGDMA) 

and Poly(MAA-co-PEG200DMA) Networks at 77% Feed Crosslinking. Poly(MAA-

co-EGDMA) Recognitive Network (◊) and Control Network (). Poly(MAA-co-

PEG200DMA) Recognitive Network (∆) and Control Network(X).  As the length of the 

crosslinking agent increases, the binding capacities of the networks decrease. Error bars 

represent standard deviation with four replicates at T=25oC.  
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Figure 3.6: Testosterone Binding Affinity Constants for Poly(MAA-co-EGDMA) 

and Poly(MAA-co-PEG200DMA) Networks at Various Feed Crosslinking  

Percentages.  Poly(MAA-co-EGDMA) networks, (◊), and poly(MAA-co-PEG200DMA) 

networks, (). The higher the feed crosslinking percentage, the higher the association 

constant due to the increase stability of binding sites.  Error bars represent standard 

deviation with four replicates at T=25oC. 
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Figure 3.7: Selectivity Study of Poly(MAA-co-EGDMA) Recognitive Networks at  

77% Crosslinking.  Recognitive network in a concentration of testosterone solution, (◊), 

and the recognitive network in a concentration of progesterone solution, (∆). The 

testosterone recognitive network binds more testosterone than progesterone illustrating 

that the imprinted network is more selective and has a higher affinity for testosterone.  

Error bars represent standard deviation with four replicates at T=25oC. 
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Figure 3.8: Heat flow versus Time for the UV Polymerization of 77% Crosslinked 

poly(MAA-co-EGDMA) Recognitive Network. The area underneath the curve 

represents the final bond conversion. 
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Figure 3.9: Fractional Double Bond Conversion Versus Feed Crosslinking 

Percentage using UV Polymerization where (o) is the poly(MAA-co-EGDMA) 

recognitive network, () is the poly(MAA-co-EGDMA) control network, (∆) 

poly(MAA-co-PEG200DMA) Recognitive Network, (◊) poly(MAA-co-PEG200DMA) 

Control Network .  The DPC studies indicate that the feed crosslinking composition does 

not accurately represent the final product . 
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4.0 TRANSPORT CONSIDERATIONS OF RECOGNITIVE NETWORKS 
 

 The fabrication of selective, inexpensive, robust biosensors has become a topic of 

major interest in the past decade. Our laboratory is interested in the creation of thin film 

recognitive structures for use in point-of-care (POC) diagnostic sensors that can function 

away from the hospital bed or clinical laboratory. With the use of these polymer 

structures, there is significant potential to drastically decrease analysis time and improve 

medicinal therapy. The design and fabrication of new POC sensors will depend on and 

benefit from the development of synthetic recognitive networks.  The rational design and 

synthesis, along with template rebinding analysis of imprinted polymer networks, was 

discussed in Chapter 3 which led to an understanding of how the macromolecular 

memory can influence template binding parameters. In this chapter, the focus is to study 

template transport through recognitive networks to explore the potential of those 

materials for biosensing. 

4.1 Scientific Rationale 
 

 As discussed in Chapter 2, recognitive networks are synthetic, robust materials 

that can operate in a wide spectrum of environments such as differing pH and 

temperature ranges.  This robust behavior and ability to rebind a template molecule 

multiple times without loss of affinity makes these networks strong candidates as the 
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main sensing element of biosensors.  Recognitive networks are expected to increase 

sensor shelf life, facilitate sensor use in a variety of environments, and decrease sensor 

production costs as compared to biological-containing sensing elements. 

 Researchers have recently utilized imprinted networks on sensor platforms such 

as quartz crystal microbalance (QCM)1-12 and surface plasmon resonance (SPR)13,14. 

When the target molecule binds to the recognitive network, there is an increase in the 

acoustic frequency or an increase in the refractive index, respectively, providing a real-

time, label-free analysis. However, the use of imprinted films has had a number of 

limitations15. One limitation is a slow equilibrium response time that is due to thick films 

from inadequate polymer grafting techniques.  Also, lack of research on the rational 

design of recognitive networks limits their utilization in the design of a synthetic 

biosensor. 

The multiple sensor platforms available for recognitive network integration were 

discussed in Chapter 2 (e.g. SPR, Microcantilevers and QCM-D). The best sensor 

platform for recognitive polymer integration would be the sensor that measures the 

change in resonance frequency as a function of mass absorption such as the quartz crystal 

microbalance with dissipation (QCM-D). The QCM-D has the ability to measure the 

mass absorption in a liquid environment, therefore eliminating any solvent constraints 

that the highly crosslinked networks require. For example, a highly crosslinked film will 

crack if it is not remained solvated. Also, with the dissipation measurement, the QCM-D 

can measure the structural properties (i.e., rigidity, viscoelasticity) and the thickness of 

the film. These features would be advantageous for sensor design. 
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 Promising studies have been conducted grafting exact patterns of recognitive 

networks onto silicone surfaces using photolithography methods16,17 , but the thickness of 

the film yielded large response times. Theoretical calculations predict that recognitive 

networks less than 1 μm thick will give a response time of seconds17. However, even 

considering a thin film, the imprinted network structure is very important and should be 

designed to allow sufficient diffusional transport of template. For example, the film 

thickness of a bilirubin recognitive polymer-QCM system was approximated (determined 

by frequency shift) to be 150 nm thick. Despite this thin film, the sensor had an 

equilibrium response and regeneration time of 41 minutes, which is an inadequate 

response for a diagnostic sensor17. One reason for the slow response was the slow 

diffusion of the template molecule through the highly crosslinked network. While solvent 

is typically used in imprinted polymer formulations to create porous networks and 

increase the transport of template, many grafting techniques limit the use of solvent.  

Therefore, it would be advantageous to investigate the template diffusion through our 

testosterone imprinted networks to further program the polymeric system for future 

biosensing purposes.  This chapter will discuss in detail the transport properties of the 

template molecule through the various networks that were discussed previously in 

Chapter 3. 

4.2 Theoretical Model of Diffusion 
 

The transport of a template through a hydrogel can be a mathematically 

modeled18. We consider the case in which the hydrogel is shaped like a slab. The aspect 
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ratio of the exposed surface diameter to the thickness is greater than 10 so one can 

assume diffusion is occurring in one dimension. By application of Fick's Second Law, we 

assume the given initial and boundary conditions where, 
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We describe a system in which a planer hydrogel undergoes one-dimensional diffusion 

over time in an environment in which the template concentration is very small (i.e., the 

concentration of template is negligible in the bulk fluid), where Co represents the initial 

template concentration (assumed to be uniform) in the homogeneous gel, x represents the 

distance from the central, length-wise axis of the hydrogel to the surface, C is the 

concentration of the template within the gel at any given position and time, Cs is the 

concentration at the surface of the gel, D represents the constant template diffusion 

coefficient which is independent of position and concentration, t is time, and L is the 

thickness of the gel. At x = 0, the flux of the template is effectively zero.  

The solution of the PDE is given by equation 4.5, 
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An effective way of comparing the release kinetics from different gels is to compare the 

fractional release of the template at time t relative to the total drug released at infinite 

time, expressed as Mt=M∞ ,where Mt is the total cumulative mass of template released at 

time t, and M∞ is the total cumulative mass of template released at infinite time. 
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The above expression can be expressed in terms of error functions.  
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At short times ( Mt=M∞ < 0.65) the expression can be simplified to 
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By plotting the fractional release of testosterone versus (t0.5/L), we can calculate the 

diffusion coefficient from the slope. We can also measure how well the data matched a 

Fickian release profile by the empirical Power Law equation: 
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By plotting the log of fractional release versus the log of time and calculating the slope, 

we can determine the order of release of the particle from the network. The order of 

release is equal to 1−n . For Fickan release in slab geometry, the order is 0.5. For 

time-independent release, the order is 0.  

 

4.3 Synthesis of Recognitive Networks for Template Release Studies 
 
  
 In this section, the synthesis and the template transport analysis of the testosterone 

recognitive poly(MAA-co-EGDMA) and poly(MAA-co-PEG200DMA) networks are 

discussed. The materials used to synthesis the polymers are the same as discussed in 

Chapter 3; however the synthesis protocol is slightly different as thin-films were needed 

for template transport studies. 

 
4.3.1 Materials 
 

 

In this work, we synthesized methacrylate copolymer networks imprinted for 

testosterone using ethylene glycol dimethacrylate (EGDMA) and poly(ethylene 

glycol)200dimethacrylate (PEG200DMA) as crosslinking agents, which have 

approximately 1 and 4.5 ethylene glycol units, respectively. Methacrylic acid (MAA), 

testosterone (template molecule), chloroform, azobisisobutyronitrile (AIBN), and 

EGDMA were purchased from Sigma Aldrich (Milwaukee, WI). PEG200DMA was 
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purchased from Polysciences, Inc. (Warrington, PA). All chemicals were analytical grade 

and used as received except for MAA which had inhibitor removed by vacuum 

distillation prior to use. 

 
4.3.2 Polymer Synthesis 
 
 

An 8:1 functional monomer to template molar ratio was used to produce 

testosterone recognitive networks with MAA as the functional monomer, testosterone as 

the template molecule dissolved in chloroform, AIBN as the initiator, and EGDMA or 

PEG200DMA as the crosslinking monomer. Control polymers were produced by the 

same method as the imprinted polymers but without testosterone. Monomer solutions 

were prepared with the molar ratio of initiator to double bonds held constant at 0.015 and 

the weight percentage of the solvent constant at 50% (w/v). The crosslinking percentage, 

defined as the moles of crosslinking monomer divided by the total moles of all monomers 

including crosslinking monomer, was varied from 50%, 77%, and 90%.   

In a typical experiment, functional monomer, template molecule, crosslinking 

monomer, and solvent were added to a glass vial and sonicated for 30 minutes to make 

certain the solution was well mixed. After the nitrogen purge, the monomer solution was 

transferred to an aluminum disc mold that created discs of diameter 28mm with 

thicknesses ranging from 0.8 to 1.0 mm. The aluminum disc mold was held constant by 

circulating ethylene glycol/water mixture 0oC through the body of the aluminum mold. In 

the presence of a nitrogen atmosphere, a Novacure 2100 (Exfo, Ontario, Canada) 

mercury spot cure lamp was used as the light source with intensity of 50 mW/cm2, as 
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determined via radiometer, for 17 minutes. The disks were washed in a modified Soxhlet 

extraction device to ensure the disks were immersed in solvent at all times. After the 

washing procedure, the disks were placed in 0.18 mM of testosterone in chloroform and 

allowed to reach equilibrium. Release studies were performed using 50mL polypropylene 

vials with 10mL of chloroform. To ensure an infinite sink for the release studies, the fluid 

was changed every 8 hours for the first 36 hours and thereafter every 24 hours. At every 

fluid change, a 200μL aliquot of the solution was taken and the testosterone concentration 

was measured at 238 nm using UV-Vis spectrophotometer. 

 4.4 Results and Discussion 
 

Template transport analysis was conducted on the testosterone recognitive and 

control poly(MAA-co-EGDMA) and poly(MAA-co-PEG200DMA) networks.  We 

hypothesized that the diffusion coefficients of the polymeric materials are a function of 

both the structural parameters and the macromolecular recognition capability of the 

polymeric network.  The recognitive networks will have slower template transport 

through the network compared to the control networks due template rebinding via 

macromolecular memory within the recognitive network. Also, the transport of the 

template molecule will be a function of the macromolecular structure of the polymeric 

network. Two parameters that can change the macromolecular structure are the feed 

crosslinking percentage and the length of the bi-functional crosslinking monomer.  

Within a highly crosslinked network,  the template transport will be slower compared to a 

less crosslinked network because of the structural hindrance, smaller mesh size, and the 
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decrease in free volume for template transport (Fig. 4.1).  Consequently, with a longer 

crosslinking monomer, the mobility and free volume of the network increases, resulting 

in a faster template transport through the network (Fig. 4.1). 

 In order to calculate the diffusion coefficient of the template molecule through the 

network, a one-dimensional flow cell experiment was designed to measure time 

dependent flow of testosterone through the recognitive and control networks.  However, 

the experiment was not successful because the gels cracked due to the fast evaporation of 

chloroform from the poly(MAA-co-EGDMA) networks. The polymer chains would 

desolate quickly and constrict producing significant strain within the network, causing 

cracks within the gel. The cracks led to solvent leaking out of the side-by-side diffusion 

cell as well as transport of template through the cracks. Therefore, the one-dimensional 

flow experiment was not feasible for determining template permeability through the 

network.  Instead, a fractional template release study was used to calculate the diffusion 

coefficients of template within the networks.  Also, because of the high amount of 

crosslinking within the networks, the mesh size of the network was not calculated since 

this analysis is based on rubber elasticity theroy.  However, as discussed in Chapter 2, 

there has been experimental evidence of decreased mesh sizes in highly crosslinked 

networks with more appropriate statistical analysis available for the more rigid     

networks 21-23. 

 As seen in Figure 4.2 and Figure 4.3, the release of testosterone was measured 

from both the testosterone recognitive and control poly(MAA-co-EGDMA) networks in 

relation to time.  It is important to note that the release profiles of both networks were 
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measured for over 100 hours. Also, there was no short time burst effect that is typically 

seen with a large number of drug delivery systems. Also, there is a linear region of 

release for both the recognitive and control networks. At 100 hours, the control network 

recognitive network released approximately 3 fold more testosterone ((1.5± 0.075) x     

10-3 mg of testosterone) than the recognitive network ((5.0 ± 0.25) x10-4 mg of 

testosterone).  Even though the control network released more testosterone at a given 

time than the recognitive network, the testosterone rate of release does not correlate with 

the testosterone loading capacity of the network. The binding capacities of the networks 

were presented in Chapter 3 and to reiterate, the recognitive network had a larger 

template binding capacity compared to the control network. If the measurements were 

taken past 150 hours, the testosterone release from the control network would reach 

equilibrium much sooner than the release of testosterone from the recognitive network.  

In order to demonstrate the testosterone release rates for each network, the 

testosterone release data was normalized (testosterone fractional release) and plotted 

versus time (Fig.4.3). The recognitive network has a slower rate of release as compared 

to the control network. At a value of the x-axis 350, the control network had released 

approximately 60% of its testosterone released at infinite time (M∞) as compared to 30% 

of the recognitive network’s testosterone released at infinite time (M∞).  The mass 

infinity value for each network was taken as the last data point in the respective linear 

release profile. Using the slope from the linear regression of the fractional release along 

with equation 4.8, the template diffusion coefficients were calculated.  The 77% 

crosslinked control network had 67% faster template diffusion coefficient ((4.24 ± 0.08)  
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x 10-9 cm2/s)  than the 77% testosterone recognitive network ((2.83 ± 0.06)  x 10-9 cm2/s) 

(Fig. 4.8).  There are three potential reasons for differing template release rates: (i) 

change in size of template molecule; (ii) change in the macromolecular structure and 

free-volume; and (iii) the macromolecular memory within the testosterone imprinted 

network.  The template molecule remained constant and, as discussed in Chapter 3, the 

macromolecular structure of the recognitive and control network for a given crosslinking 

monomer did not have a significant statistical difference in the final double bond 

conversion. Therefore, the slower testosterone release rate in the 77% crosslinked 

testosterone recognitive network, compared to the 77% crosslinked control network, is 

due to the macromolecular memory formed during polymerization. 

In Figure 4.4 and Figure 4.5, the release of testosterone was measured from both 

the 50% and 77% crosslinked testosterone recognitive poly(MAA-co-EGDMA) network 

in relation to time. It is important to reiterate that the same trends such as the no short 

time burst effect, the template release profile measured for more than 100 hours, and the 

linear release profile were also apparent in the testosterone release data for the 50% 

recognitive network.  As seen in Figure 4.4, the 50% crosslinked recognitive poly(MAA-

co-EGDMA) network released approximately 2 fold more testosterone ((2.0 ± 0.2) x 10-3 

mg) than compared to 77% crosslinked network ((1.0 ± 0.1) x 10-3 mg).  The fractional 

release, as seen in Figure 4.5, demonstrated that the 50% crosslinked recognitive 

poly(MAA-co-EGDMA) network released the testosterone at a slightly faster rate 

compared to the 77% crosslinked  recognitive poly(MAA-co-EGDMA) network. For 

example, at an x-axis value of 400, the 50% crosslinked recognitive network released 
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50% of its testosterone released at infinite time compared to 40% from the 77% 

crosslinked recognitive network’s testosterone released at infinite time.  Again, the mass 

at infinite time for both cases was taken as the last point in the respective linear profile.  

From Appendix A-2, Figure A.2.4 illustrates that the 50% crosslinked control network, 

has a faster rate of template release than the recognitive network. Because the double 

bond reaction analysis indicated similar post-polymerization macromolecular structures 

for both networks, the faster release rate reiterates the concept previously discussed that 

the slower rate of release is from the imprinting effect within the recognitive network.  

Also, the 50% crosslinked recognitive network had a 1.2 times higher diffusion 

coefficient ((3.32 ± 0.16) x 10-9 cm2/s) compared to the 77% recognitive network ((2.83 ± 

0.06) x 10-9 cm2/s).  Since the template molecular size remained constant, the reason for 

the faster template diffusion coefficient from the 50% recognitive network compared to 

the 77% recognitive network is from both the change in the macromolecular structure and 

the template binding capacity and affinity of the network.  The less crosslinked network 

has fewer bi-functional monomers incorporated within the network for intra-chain 

polymerization, increasing the template holding mesh size, increasing the free volume 

available for template transport. Also, fewer effective cavities are formed during 

polymerization, which will decrease the testosterone competitive binding resulting in 

faster transport of testosterone through the network.  

Figures 4.6 and 4.7 demonstrate the effects of changing the length of the 

crosslinking monomer on the testosterone release rate. At 150 hours, the 77% 

testosterone recognitive poly(MAA-co-EGDMA) network released more testosterone 
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((1.0 ± 0.83 x 10-3) mg of testosterone)  in comparison to the 77% testosterone 

recognitive poly(MAA-co-PEG200DMA) network ((7.0 ± 0.34)x 10-4 mg of 

testosterone). However, at an x-axis value of 420, the fractional analysis indicates, as 

seen in Figure 4.7, the fractional mass release from the 77% testosterone recognitive 

poly(MAA-co-PEG200DMA) network is 1.5 times higher than the 77% testosterone 

recognitive poly(MAA-co-EGDMA) network. Also, the 77% testosterone recognitive 

poly(MAA-co-PEG200DMA), the network has a 1.4 times faster template diffusion 

coefficient, (3.85 ± 0.08) x 10-9 cm2/s,  as compared to the 77% testosterone recognitive 

poly(MAA-co-EGDMA) network ((2.83 ± 0.06)  x 10-9 cm2/s).  The only variable that 

was changed was the length of the bifunctional crosslinking monomer, which directly 

affects the binding parameters and the macromolecular structure.  We know by the 

double bond conversion studies, that the 77% testosterone recognitive poly(MAA-co-

PEG200DMA) network had a final double bond conversion of approximately 65±5%  

compared to 40±5% final double bond conversion of the 77% testosterone recognitive 

poly(MAA-co-EGDMA) network. However, the 77% testosterone recognitive 

poly(MAA-co-PEG200DMA) network has more network mobility and free volume for 

faster template transport. This mobility also, as described in Chapter 3, decreased the 

binding capacity and affinity for the 77% testosterone recognitive poly(MAA-co-

PEG200DMA) network.   

The template binding affinities calculated by the Freundlich isotherm analysis for 

the recognitive poly(MAA-co-EGDMA) and poly(MAA-co-PEG200DMA) networks 

were discussed in Chapter 3.  For the 77% testosterone recognitive network, the 
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poly(MAA-co-PEG200DMA) network had an association constant of (0.20 ± 0.05) x 104 

M-1,which was a 6 fold decrease compared to the poly(MAA-co-EGDMA) recognitive 

network (Ka= (1.20 ± 0.07) x 104 M-1).  The 50% testosterone recognitive poly(MAA-co-

EGDMA) network and the 50% testosterone recognitive poly(MAA-co-PEG200DMA) 

had a slightly higher association coefficient (Ka= (0.25 ± 0.07) x 104 M-1K).  

To reiterate the transport analysis, the 77% crosslinked testosterone recognitive 

poly(MAA-co-EGDMA) network had a slower diffusion coefficient ((2.83 ± 0.06) x 10-9 

cm2/s), as seen in Figure 4.8, compared to the diffusion of the template through the 77% 

testosterone recognitive poly(MAA-co-PEG200DMA) network ((3.85 ± 0.08) x 10-9 

cm2/s)  and the 50% testosterone recognitive poly(MAA-co-PEG200DMA) network 

((3.32  ± 0.16)  x 10-9 cm2/s ). It should be noted that all the control networks had faster 

diffusion coefficients compared to their respective recognitive network supporting our 

hypothesis that the imprinting process slows the template transport through the network. 

Not only are the macromolecular structure and template molecular size important to the 

template diffusional transport, but they are also important to template binding affinity. 

The increase in binding affinity influences the diffusion coefficient through stronger 

intrinsic macromolecular recognition sites.  Therefore, both the binding (i.e., capacity and 

affinity) and structural parameters (i.e., crosslinking percentage and length of 

crosslinking agent) should be taken in consideration into tailoring the network for a given 

application. 
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4.5 Conclusions 
 
 

In this work, we demonstrated that higher crosslinked networks had lower 

template diffusion coefficients, and the diffusion coefficients increased with an increase 

in the crosslinking monomer size. Also, the imprinting process affected the diffusion of 

testosterone. All control networks had higher diffusion coefficients than corresponding 

recognitive networks, suggesting that imprinting decreased the template diffusion 

coefficient.  For each feed crosslinking percentage, poly(MAA-co-EGDMA) recognitive 

networks had approximately a 1.4 fold or 40% lower testosterone diffusion coefficient 

compared to poly(MAA-co-PEG200DMA) recognitive networks. It is important to note 

that lower crosslinking percentages for recognitive EGDMA and PEG200DMA based 

copolymers resulted in 17% and 12% higher diffusion coefficients, respectively. Also, the 

binding affinities influence the template transport rate through the network, indicating 

that a “tailorable” polymeric network can be designed to fit certain template transport 

profiles. 
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Figure 4.1: Illustration of the Mesh Size in Rigid Networks. When the structural 

components of a polymeric network are altered, the mesh size of the network is changed 

which effects the template diffusional transport.  A) When a longer crosslinking 

monomer or less crosslink monomer solution is used in the synthesis, the network is more 

mobile and less rigid with increased free volume allowing for a faster diffusional 

transport.  B) When a short and more concentrated crosslinking monomer solution is used 

in the synthesis, the mesh size and free volume are decreased, slowing the template 

diffusional transport through the network. 
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Figure 4.2: Mass of Testosterone Released from a 77% Testosterone Recognitive 

and Control Poly(MAA-co-EGDMA) Network. (◊) 77% testosterone recognitive 

poly(MAA-co-EGDMA) network;  () 77% control poly(MAA-co-EGDMA).  Error 

bars represent standard deviation of three replicates. 
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Figure 4.3: Fractional Mass of Testosterone Released from a 77% Testosterone 

Recognitive and Control Poly(MAA-co-EGDMA) Network.  (◊) 77% testosterone 

recognitive poly(MAA-co-EGDMA) network;  () 77% control poly(MAA-co-

EGDMA).  Error bars represent standard deviation in of three replicates. 
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Figure 4.4: Mass of Testosterone Released from Testosterone Recognitive 

Poly(MAA-co-EGDMA) Network at Various Crosslinking Percentages. (◊) 77% 

testosterone recognitive poly(MAA-co-EGDMA) network;  (o) 50% testosterone 

recognitive poly(MAA-co-EGDMA).  Error bars represent standard deviation in three 

replicates. 
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Figure 4.5: Fractional Mass of Testosterone Released from Testosterone Recognitive 

Poly(MAA-co-EGDMA) Network at Various Crosslinking Percentages. (◊) 77% 

testosterone recognitive poly(MAA-co-EGDMA) network;  (o) 50% testosterone 

recognitive poly(MAA-co-EGDMA) network.  Error bars represent standard deviation of 

three replicates.  

 

 



 
102 

 

 

 

 

 

 

 

Figure 4.6: Mass of Testosterone Released from Testosterone Recognitive 

Poly(MAA-co-EGDMA) and Poly(MAA-co-PEG200DMA) Networks at 77% 

Crosslinking. (◊) testosterone recognitive poly(MAA-co-EGDMA) network;  (∆)  

testosterone recognitive poly(MAA-co-PEG200DMA); Error bars represent standard 

deviation of three replicates. 
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Figure 4.7: Fractional Mass of Testosterone Released from Testosterone Recognitive 

Poly(MAA-co-EGDMA) and Poly(MAA-co-PEG200DMA) Networks at 77% 

Crosslinking.  (◊) 77% testosterone recognitive poly(MAA-co-EGDMA) network; (∆) 

77% testosterone recognitive poly(MAA-co-PEG200DMA). Error bars represent 

standard deviation of three replicates.   
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Figure 4.8: Diffusion Coefficients for Testosterone Recognitive and Control 

Poly(MAA-co-EGDMA) and Poly(MAA-co-PEG200DMA) Network at Various 

Crosslinking Percentages. (◊) testosterone imprinted poly(MAA-co-EGDMA) network;  

(o) testosterone imprinted poly(MAA-co-PEG200DMA); (  ) control poly(MAA-co-

EGDMA) network;   (∆) control poly(MAA-co-PEG200DMA) network.  Error bars 

represent standard deviation of three replicates. 
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5.0 CONCLUSIONS 
 

This work demonstrates the rational design, synthesis, and characterization of 

synthetic, intelligent polymeric materials that display tremendous potential for 

application as recognitive films in micro/nano-scale sensor applications such as point-of-

care diagnostics. By manipulating key structural parameters such as the feed 

concentration and length of the crosslinking agent, the macromolecular architecture can 

be rationally tailored to have tuned template capacity, affinity, selectivity, and diffusional 

transport. In this work, we have shown that a highly crosslinked recognitive network, 

90% crosslinked poly(MAA-co-EGDMA), had a 2 fold increase in the binding capacity 

and a 4 fold increase in binding affinity compared to a similar lower crosslinked 

recognitive network, 50% crosslinked poly(MAA-co-EGDMA). We have also 

demonstrated that by increasing the length of the crosslinking monomer within 

recognitive networks (i.e., comparing 77% crosslinked poly(MAA-co-EGDMA) to 

poly(MAA-co-PEG200DMA), there was a 4 fold decrease in the amount of testosterone 

bound. However, the longer crosslinking agent increased the mesh size and mobility of 

the macromolecular network allowing for a 40% increase in the diffusional transport. It is 

important to note that lower crosslinking percentages for recognitive EGDMA and 

PEG200DMA based copolymers resulted in 17% and 12% higher diffusion coefficients, 

respectively.   
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Ultimately, in any sensor design incorporating recognitive thin films, there will 

be trade-off involving binding parameters (e.g., affinity, selectivity, capacity) and 

transport considerations. A more structurally open network will have faster template 

permeation allowing for a decrease in response time. Also, a more structurally open 

network may provide bulk template binding rather than only surface binding, which 

would increase binding capacity and lower template affinity and selectivity. However, 

depending on the size, shape, and configuration of molecules in the sample fluid (i.e., 

how difficult the sensing environment), the lower values may be a viable tradeoff for a 

faster response time.  
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APPENDIX A 
 
 
 Appendix A contains supplemental data that is needed in verification of data 

presented in the main chapters of the document.  A-1 represents the standard curve for the 

rebinding experiments. The ‘best fit” analysis of the various isotherms (Scatchard, 

Langmuir and Freundlich isotherms) are also presented in A-1, along with supplemental 

data comparing the binding capacity of the control networks to the corresponding 

recognitive networks. A-2 presents the linear regression of the fractional mass of 

testosterone released versus to determine the slope of the lines for calculation of the 

diffusion coefficients.  Appendix B contains the error analysis used in the dissertation. 
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A-1.  Data from the Template Rebinding Studies 
 
 
 
 
 
 

 

Figure A.1.1: Relative Intensity Versus Wavelength. The relative intensity vs. 

wavelenght for the Novacure 2100 (Exfo, Ontario, Canada) mercury spot cure lamp light 

source with a 320-500nm wavelength filter.  
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Figure A.1.2: Standard Curve of Testosterone in Chloroform.The non-linear region 

begins around 0.2 mmol, therefore the concentration range for our experiments did not 

exceed 0.187 mmol testosterone or used serial dilution methods (T= 25oC).  
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Figure A.1.3:Rebinding Isotherms of Testosterone Recognitive and Control 

Poly(MAA-co-EGDMA) at 77% Crosslinking. a) The Freundlich Isotherm; b) 

Langmuir Isotherm; c) Scatchard Plot, where (◊) is the recognitive network and () is 

the control network. According to the R2 values for both the testosterone and control 

networks, the Freundlich Isotherm was used to analyze the rebinding data to obtain the 

affinity constants for each system.  B is the bound concentration of Testosterone, F and T 

represents the equilibrium concentration of Testosterone (T= 25oC). 
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Figure A.1.4: Testosterone Equilibrium Binding Isotherms of Poly(MAA-co-

EGDMA) at 50% Feed Crosslinking. Poly(MAA-co-EGDMA) Recognitive Network 

() and Control Network (o).Error bars represent standard deviation of four replicates 

(T= 25oC). 
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Figure A.1.5: Rebinding Isotherm of Testosterone Recognitive and Control 

Poly(MAA-co-EGDMA) at 50% Crosslinking. Poly(MAA-co-EGDMA) Recognitive 

Network (◊) and Control Network (). a) The Freundlich Isotherm; b) Langmuir 

Isotherm; c) Scatchard Plot.  According to the R2 values for both the testosterone and 

control networks, the Freundlich Isotherm was used to analyze the rebinding data to 

obtain the affinity constants for each system.  B is the  bound concentration of 

testosterone, F and T represent the equilibrium concentration of testosterone (T= 25oC). 
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Figure A.1.6: Testosterone Equilibrium Binding Isotherms of Poly(MAA-co-

EGDMA) at 90% Feed Crosslinking. Poly(MAA-co-EGDMA) Recognitive Network 

(◊) and Control Network ().Error bars represent standard deviation of four replicates 

(T= 25oC). 
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Figure A.1.7: Rebinding Isotherms of Testosterone Recognitive and Control 

Poly(MAA-co-EGDMA) at 90% Crosslinking. Poly(MAA-co-EGDMA) Recognitive 

Network (◊) and Control Network (). a) The Freundlich Isotherm; b) Langmuir 

Isotherm; c) Scatchard Plot.  According to the R2 values for both the testosterone and 

control networks, the Freundlich Isotherm was used to analyze the rebinding data to 

obtain the affinity constants for each system.  B is the bound concentration of 

testosterone, F and T represents the equilibrium concentration of testosterone (T= 25oC). 
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Figure A.1.8: Testosterone Equilibrium Binding Isotherms of Poly(MAA-co-

PEG200DMA) at 77% Feed Crosslinking. Poly(MAA-co-EGDMA) Recognitive 

Network (∆) and Control Network (x).Error bars represent standard deviation of four 

replicates (T= 25oC). 
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Figure A.1.9: Progesterone Equilibrium Binding Isotherms of Poly(MAA-co-

EGDMA) at 77% Feed Crosslinking. Poly(MAA-co-EGDMA) Recognitive Network 

(◊) and Control Network ().Error bars represent standard deviation of four replicates 

(T= 25oC). 
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A-2 Data from the Template Release Studies  
 
 
 
 
 

 
 

Figure A.2.1: Linear Regression Fractional Mass of Testosterone Released from 

Testosterone Recognitive Poly(MAA-co-EGDMA) Network at 77% Crosslinking. 

The slope of the line was used in the calculation of the diffusion coefficient.  
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Figure A.2. 2: Linear Regression Fractional Mass of Testosterone Released from the 

Control Poly(MAA-co-EGDMA) Network at 77% Crosslinking. The slope of the line 

was used in the calculation of the diffusion coefficient.  
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Figure A.2.3: Linear Regression Mass Fraction of Testosterone Released from 

Testosterone Recognitive Poly(MAA-co-EGDMA) Network at 50% Crosslinking. 

The slope of the line was used in the calculation of the diffusion coefficient.  
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Figure A.2. 4: Linear Regression Fractional Mass of Testosterone Released from the 

Control  Poly(MAA-co-EGDMA) Network at 50% Crosslinking. The slope of the line 

was used in the calculation of the diffusion coefficient.  
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 Figure A.2. 5: Linear Regression Fractional Mass of Testosterone Released from 

Testosterone Recognitive Poly(MAA-co-PEG200DMA) Network at 77% 

Crosslinking. The slope of the line was used in the calculation of the diffusion 

coefficient.  
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Figure A.2. 6: Linear Regression Fractional Mass of Testosterone Released from the 

Control Poly(MAA-co-PEG200DMA) Network at 77% Crosslinking. The slope of 

the line was used in the calculation of the diffusion coefficient.  
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Figure A.2. 7: Linear Regression Fractional Mass of Testosterone Released from 

Testosterone Recognitive Poly(MAA-co-PEG200DMA) Network at 50% 

Crosslinking. The slope of the line was used in the calculation of the diffusion 

coefficient.  
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 Figure A.2. 8: Linear Regression Fractional Mass of Testosterone Released from 

the Control Poly(MAA-co-PEG200DMA) Network at 50% Crosslinking. The slope 

of the line was used in the calculation of the diffusion coefficient.  
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APPENDIX B 
 

Appendix B gives an overview of the error analysis used in the dissertation. 

 

 B-1. Error Analysis 
 

Average values of multiple experiments were reported with their corresponding 

standard deviations. When multiplying or dividing quantities, the fractional standard 

deviations were squared, added, and then the square root of the sum was used to calculate 

the fractional total deviation. For example, consider A ± dA and B ± db, where dA and 

dB are the corresponding standard deviations. To calculate the multiplication of A and B 

(i.e., X = A x B with total error ± dX) equation E.1 was used. 

 

                         ...
22

+





+






=

B
dB

A
dA

x
dx                                                  (E.1) 

                         
 
 
For addition or subtraction of average values with standard deviations, sum of squares 

analysis was also used (Eqn.E.2). 

                                  ( ) ( ) ...22 ++= dBdAdx                                                         (E.2) 
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Sample average values were calculated where appropriate with 95% confidence limits for 

the mean. For example consider, equation E.3. 

( )

N

t
Y n 21,2/ −± α                                                                     (E.3) 

 
where Y is the sample mean, t(α/ 2, n-1) is the upper critical value of the t-distribution with n-

1 degrees of freedom, s is the standard deviation, and N is the number of observations. 
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