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ABSTRACT 

The development of polymeric aptasensors for high throughput bioscreening including 

pathogen detection and bio-separation applications has become a major research 

endeavour in the wake of rampant infectious disease outbreaks, and preparative 

manufacturing of novel biomolecules. Thrombin biomolecules and thrombin binding 

aptamers are widely used in the development of model aptasensors. Presently, there 

are a limited number of reported studies on the development and characterisation of 

monolithic aptasensors compared to reports on immunoassays for high throughput 

bioscreening applications. 

Current research efforts in monolithic aptasensors have been mainly geared towards 

post-polymerisation characterisation and separation applications with limited focus on 

understanding the thermo-molecular relationship between in-process synthesis 

conditions and post-polymerisation characteristics, and the effects on separation 

performance. Diverse monolithic architectural formats such as annular, cylindrical, 

conical and disk have been synthesised for various chromatographic binding and 

separation applications. Nevertheless, studies on aptamer coupling on monolithic 

supports have so far been limited to cylindrical rods/column and microfluidic formats. 

Disk monoliths possess almost homogeneous pore structure, can enable fast mobile 

phase transfer, can exhibit low back pressure, are scalable, require less quantities of 

reagents, and are uniquely place for the development of high throughput bioscreening 

technologies. As such, this work reports on the development of a disk-aptasensor using 

a thrombin-binding aptameric ligand immobilised on polymethacrylate monolith for 

convective binding and isolation of thrombin molecules.  

Characterisation of the polymethacrylate monolith was performed under in 

process and ex situ polymerisation conditions to investigate characteristic 

relationships between the polymer synthesis conditions and the physical and functional 

properties of the monolith. The impact of exotherm build-up on the thermal stability 

of the monolith was investigated. Established theoretical models such as 

Avrami and thermal isoconversional models were employed to 

further investigate the kinetics of in situ polymerisation and thermal stability of the 

monolith, respectively. Data from Avrami’s isothermal analysis was consistent with 

experimental data in terms of the polymerisation rate post-initiation. Porogen to 
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monomer ratio and polymerisation temperature were found to be significant factors 

affecting the thermal stability of the monolith. Increasing the porogen (P) to monomer 

(M) ratio increased the thermal stability of the monolith, whereas decreasing the 

polymerisation temperature increased the thermal stability of the monolith. Kinetic 

studies from the thermal isoconversional models showed that an increase in monomer 

concentration above 20% significantly enhanced the thermal stability of the monolith 

under elevated non-isothermal conditions. 

The hydrodynamic size and surface charge distribution of the thrombin binding 

aptamer and target thrombin molecules were characterised 

under varying physicochemical conditions using dynamic light scattering and zeta 

analysis to probe their impacts on binding stability. The thrombin binding 

aptamer molecules showed electronegativity at pH > 5, with a high degree 

of dispersion and stability at pH > 9. The aptamer molecules were coupled on 

the disk monolith using Schiff-base covalent immobilisation chemistry to form the 

monolithic aptasensor with a ligand density of 480 pmol/uL. The disk-

aptasensor showed good permeability in the range 1.67 ± 0.05 x 10-14 m2 (RSD =3.2%) 

with a marginal drop in permeability by 1.12 fold relative to the activated disk 

monolith. Chromatographic analysis of the aptasensor was performed to investigate 

the hydrodynamic characteristics and binding performance of the matrix under 

continuous flow conditions. Column efficiency analysis revealed an optimum linear 

velocity of 126 cm/min (≈ 0.25 mL/min) at room temperature 25 ± 2 oC, with 

corresponding theoretical number of plates of 128.2 and HETP of 0.022 mm. Binding 

studies demonstrated that flow rate variation had minimal impact on dynamic binding 

capacity of the disk-aptasensor, whiles feed concentration showed a significant 

effect. Efficient thrombin isolation recovery was obtained at 6% gradient elution from 

a crude protein mixture. The findings from this work are important in advancing 

current scientific knowledge in the development of polymeric aptasensors for high 

throughput bioscreening applications. 
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1.1 BACKGROUND 

Pathogenic activities are the cause of many infectious diseases (Longo et al., 2014; Yu et 

al., 2017). It is estimated that 40% of global mortality result from pathogenic infections 

(Leonard et al., 2003). According to World Health Organisation (WHO) report as of 2015, 

10% of the global population contract infectious diseases through food annually (WHO, 

2017). The effect of not detecting pathogens early enough causes minor infections to 

escalate into severe outbreaks and even pandemics. Consequently, there is a need for the 

development of robust biosensing devices for rapid detection and isolation of pathogens 

and pathogenic molecules with high specificity and sensitivity. Bioaffinity sensing offers 

the opportunity to identify specific cellular and biomolecular species with high selectivity 

and specificity. The binding mechanism is fundamentally based on affinity recognition of 

target species using biological ligands or probes.  Monoclonal antibodies are common 

affinity probes and are predominantly used in immunoassay development for pathogen 

detection with reduced assay times (Marzouk et al., 2011; Sakurai et al., 2014). 

Notwithstanding, the development and application of antibodies for biosensing are 

challenged with ethical issues, production cost, batch-to-batch inconsistency, false results, 

shelf life, and lack of stability especially under harsh matrix conditions (Jayasena, 1999; 

Velusamy et al., 2010; Wark et al., 2010). 

Significant research advances in bioaffinity interactions over the past three decades have 

resulted in the development and application of short single stranded synthetic nucleic acid 

molecules known as aptamers (Ellington and Szostak, 1990; Robertson and Joyce, 1990; 

Tuerk and Gold, 1990). They are generated in vitro through a robust repetitive and 

amplification process called Systematic Evolution of Ligands by Exponential Enrichment 

(SELEX). Aptamers possess high target binding specificity and selectivity, high binding 

strength (low dissociation constant, KD), chemical and biophysical stability, fast binding 

kinetics, and can be generated for a wide range of target molecules (Kuehne et al., 2017; 

Sharma et al., 2017). Aptamers are smaller in size compared to antibodies, and this enables 

effective immobilisation on solid platforms such as nanoparticles, monoliths, microfluidic 

substrates, paper, and glass slides to form high density layers which are reusable (Xu et 

al., 2010; Acquah et al., 2015) and are generally referred to as ‘aptasensors’. Furthermore, 



3 
 

the characteristics of the solid platform and the immobilisation chemistry are essential to 

attain high ligand density and retention, convective mass transport, and optimal binding 

efficiency.  

Conventional stationary supports for bio-separation using liquid chromatography supports 

typically depend on diverse particulate polymeric materials as the support matrix and 

antibodies as the ligand in a process generally referred to as ‘immunochromatography’. 

Although protocols for these types of assays are well standardised, they are tagged with 

significant setbacks such as matrix effect, slow diffusive fluid transport, clogging of large 

target molecules, and intensive sample pre-treatment steps. The development of aptamers 

and continuous stationary adsorbent create an opportunity to enhance bio-separation 

efficiency and target specificity for high throughput application.  

Romig et al. (1999) pioneered work on aptamer immobilisation on stationary support 

using biotin-avidin chemistry for bio-separation application. Their work focused on the 

purification of recombinant L-selectin–Ig fusion protein produced from Chinese hamster 

ovary (CHO) and obtained a recovery rate 83% in a unitary step using 0.1 M sodium 

citrate (pH 3.0) for elution. Remarkably, the success of their work sprung a multitude of 

ground-breaking biomolecular binding and separation applications in life sciences using 

diverse particulate adsorbents as stationary phases (Deng et al., 2001; Michaud et al., 

2004; Ruta et al., 2007). Ruta et al. (2008) further demonstrated an anti-D-adenosine 

aptameric chiral separation system using carboxylic acid based silica particles. Their 

immobilisation strategy resulted in the formation of covalent amide bonds linking the 

aptamer molecules and the silica particles. This resulted in improved resistance to harsh 

separation conditions, high aptamer retention and enhanced enantioselectivity.  

The use of magnetic nanoparticles has been demonstrated by Faraji et al. (2010) and Wu 

et al. (2011) to generate improved chromatographic performances than silica based 

particles in terms of ligand density, diffusivity, and binding capacity. Madru et al. (2011) 

also performed a parametric analysis into the effect of various chemistries and adsorbent 

particles on cocaine recovery using a cocaine aptamer. They obtained a recovery range of 

86%-89% for cyanogen-bromide activated sepharose; 74%-89% for streptavidin-activated 

agarose; and ~20% for glutaraldehyde-activated silica; and ~20% for thiol-activated 
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sepharose. The low recoveries of the latter two were: (i) the existence of an hydrophilic 

polyethylenimine coating around the silica beads along with potential binding of cations 

to the polyanionic aptamer at the medium pH; and (ii) hydrolysis of the NHS-ester moiety, 

dis-oriented aptamer immobilisation and low deoxygenation of binding solutions (Madru 

et al., 2011). Other innovative static phase systems that have been explored for aptamer 

immobilisation include glass nanopores (Ding et al., 2009), and charged membranes 

(Katayama et al., 2002).  

Even though the introduction of aptamers has improved affinity chromatography assays 

in terms of target binding specificity and selectivity, there still exist challenges particularly 

relating to high throughput continuous applications. The small pore size and the diffusive 

mass transport phenomenon associated with the commonly used particle-based stationary 

support system make them unreliable for high throughput applications. According to 

Arrua et al. (2009), the intra-particle void fraction (𝜀) of most conventional particulate 

stationary support systems is estimated to be between 30-50% of the entire domain volume 

for rapid diffusion devoid of channelling. Diffusivity is the rate determining step 

governing the solid phase mass transfer process for large target molecules including DNA, 

proteins, enzymes and cells. Such targets are also liable to clogging pore spaces of 

particulate static phase adsorbents. These challenges have compelled the search for new 

and improved affinity chromatographic supports for high throughput applications.  

The utilisation of continuous stationary supports (monoliths) as stationary adsorbents for 

aptamer coupling is gaining prominence due to the unique convective mass transfer 

characteristics of monoliths. Monolithic support systems have been used for rapid 

chromatographic binding and separation of a wide range of biomolecules (Uzun et al., 

2005; Danquah and Forde, 2008; Ongkudon et al., 2013; Wang et al., 2017). Monoliths 

are solo continuous porous structured chromatographic supports synthesised in an 

unstirred mould (Danquah and Forde, 2007; Desire et al., 2017). They possess good 

permeability, convective mass transfer characteristics, ease of pore size fine-tuning, and 

ease of functionalisation (Svec, 2004; Pfaunmiller et al., 2013). Polymethacrylate 

monoliths represent one of the predominant monolithic adsorbents investigated for 

biomolecular separation to date. They are simple to synthesise with tuneable pore and 
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surface characteristics. They are synthesised via free radical polymerization initiated 

thermally or by radiation (Schlemmer et al., 2009; Svec, 2010; Vonk et al., 2015).  

1.2 RESEARCH GAPS AND PROJECT NOVELTY 

Owing to the small size of aptamers, their immobilisation onto polymethacrylate 

monoliths results in a porous aptasensor with a high ligand density which are also 

responsible for the binding performance of the aptasensor. Recent reports from different 

researchers have yielded different ligand densities for polymethacrylate aptasensors. Zhao 

et al. (2008) reported of a ligand density of 170 pmol/µL, whereas Han et al. (2012) and 

Du et al. (2015) reported of higher ligand densities of 290 pmol/µL and 25.356 nmol/µL, 

respectively. Improvements in aptamer density and efficiency of immobilisation can be 

achieved by creating multilayers using grafting tentacles such as D-glucosamine or spacer 

arms on the monolith (Deng et al., 2012; Du et al., 2015); optimising the time duration 

for monolith activation (Deng et al., 2012; Brothier and Pichon, 2014); eliminating non-

specific binding (Gao et al., 2013); optimising the immobilisation temperature (Brothier 

and Pichon, 2014); implementing the right immobilisation chemistry based on polymer 

moieties (Zhao et al., 2008; Deng et al., 2012; Marechal et al., 2015; Wang et al., 2015). 

Effective aptamer immobilisation on the monolithic support system is critical to enhance 

target binding performance and durability of the aptasensor system. Also, major 

challenges associated with the development and application of polymethacrylate 

monolithic supports need to be addressed to enable the creation of robust 

polymethacrylate-based aptasensor platforms. Some of these challenges include lack of 

pore homogeneity, thermal inhibition, matrix cracking and shrinking, wall channelling, 

and limited variety of suitable chaotropic organic reagents for target elution (Podgornik 

et al., 2000; Danquah et al., 2008).   

Current research efforts in aptamer modified-monoliths have been mainly geared towards 

post-polymerisation characterisation and separation applications with limited focus on 

understanding the thermo-molecular relationship between in-process synthesis conditions 

and post-polymerisation characteristics, and the effects on separation performance. 

Various architectural formats of monoliths including annular, cylindrical, conical and disk 

have been synthesised for various chromatographic binding and separation applications 
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(Roberts et al., 2009; Ongkudon et al., 2014). Studies on aptamer coupling on monolithic 

supports have so far been limited to cylindrical rods and microfluidic formats. However, 

morphological and hydrodynamic studies on column monoliths have revealed vast 

heterogeneity in pore structure and the existence of elevated back pressure which impedes 

continuous mobile phase flow (Podgornik et al., 2013). Short format disk monoliths with 

thickness ≤1.5 cm possess almost homogeneous pore structure, can enable fast mobile 

phase transfer, can exhibit low back pressure, are scalable, require less quantities of 

reagents, and are uniquely place for the development of preparation kits (Prasanna and 

Vijayalakshmi, 2010; Podgornik et al., 2013; Isakari et al., 2016). As a result, the 

development of aptasensors using disk monoliths is hypothesised to facilitate continuous 

and high throughput bimolecular separation under highly selective and specific binding 

conditions. This is illustrated in Figure 1. This dissertation focuses on the synthesis and 

thermo-molecular characterisation of polymethacrylate monoliths, development of a disk-

aptasensor monolith, and chromatographic characterisation and application of the disk-

aptasensor for target binding and isolation.  

 

Figure 1. Schematic illustration of disk aptasensor system for selective target binding and 

isolation. 

1.3 RESEARCH QUESTIONS 

The development of robust monolithic aptasensors is gaining research prominence. 

Nevertheless, progress in enhancing their applications for high throughput bioscreening 
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applications has been identified to be fraught with some challenges such as the build-up 

of exotherm, chemical and thermal stability, lack of non-destructive models, limited 

ligand and adsorbent biophysical characterisation studies, and limited studies on their 

chromatographic performance under various physicochemical conditions. As such, the 

thrust of this research was formulated from the following research questions: 

 What is the thermo-molecular relationship between in process synthesis conditions 

and thermal build-up during the synthesis of polymethacrylate monoliths, and their 

impact on the physicochemical characteristics? 

 What is the thermo-molecular relationship between in process and post-

polymerisation conditions on the chemical and thermal stability of 

polymethacrylate monoliths? 

 What is the effect of micro-environment and physicochemical conditions on the 

biophysical features of aptamers, their complexes and the development of 

aptasensors? 

 What is the chromatographic performance of disk-monolithic aptasensors under 

different isocratic and physicochemical conditions for effective bioscreening? 

1.4 MAIN OBJECTIVE  

The main objective of this research is to develop a novel aptasensor device based on disk 

polymethacrylate monolithic adsorbent for rapid real-time bioscreening applications.  

1.4.1 Specific Objectives  

a. To determine in situ thermo-molecular mechanisms governing the synthesis 

of poly(EDMA-co-GMA) monoliths.   

b. To investigate the relationship between poly(EDMA-co-GMA) synthesis 

parameters and the thermal stability of the monolith. 

c. To determine factors affecting efficient immobilisation of aptameric ligand 

onto poly(EDMA-co-GMA) monolith for target binding.   

d. To characterise a polymeric aptasensor for high throughput affinity binding and 

removal of target biomolecules.  
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1.5 SIGNIFICANCE OF RESEARCH 

This project focuses on the development of a new and improved aptasensor technology 

using a disk monolith with convective mass transfer characteristics. The aptasensor would 

find applications in high throughput bioscreening relating to bio-separation and pathogen 

detection. Apart from this, the project will extend scientific knowledge in bioaffinity 

systems through; (i) the development of robust polymeric systems with biophysical and 

chemically resilient properties, tuneable porous network, homogenous surface 

characteristics with low flow backpressure; (ii) aptamer coupling onto monolithic systems 

using stable covalent activation and immobilisation chemistries to develop robust 

aptasensor platforms; (iii) the application of chromatographic analysis to determine mass 

transfer characteristics, flow hydrodynamics in monolithic systems, and biomolecular 

separation efficiency. As mentioned earlier, the aptasensor would be useful for domestic 

and clinical pathogen detection due to its rapidity, and specificity and the non-requirement 

for sample preparation. This would improve patient health care and potentially reduce the 

cost of clinical diagnosis. The ease of use would also promote the commercialisation of 

‘at home’ usage and point of health care diagnostic kits. The technology can provide the 

platform for rapid detection and screening of people at immigrations borders for various 

diseases. Various food items and agricultural materials can also be screened for specific 

disease pathogens as well as the detection of illegal chemicals such as cocaine in blood 

samples using the technology.  As the epidemiological features of most pandemic strains 

show that an almost instantaneous specific detection of initial cases would help in tracking 

and mitigating transmission, the need for a reliable technology to accurately and rapidly 

identify pandemic pathogens is very critical. The aptasensor would provide the capacity 

to detect pandemic pathogens from various transmission sources in the early stages in 

order to contain the pathogens and associated biotoxins.  The technology will create new 

opportunities for bioseparation and purification of biomolecules and cells in life science 

industries.  

1.6 RESEARCH SCOPE 

This research project seeks to develop a robust monolithic aptasensor for rapid 

biomolecular binding and isolation. There are a limited number of reported studies 
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focusing on the development and characterisation of monolithic aptasensors compared to 

reports on immunoassay development. The present work utilises an aptameric ligand and 

monolithic polymer in the development of an aptasensor with convective flow properties. 

The thrombin binding DNA aptamer (TBA) with the sequence 5’-/5AmMC6/GGT TGG 

TGT GGT TGG-3’ is used as the aptameric ligand in this work. Findings from this work 

would be essential in predicting the characteristics of other aptamer-target systems. Key 

design criteria considered for aptasensor development include ease of regeneration to 

enable multiple use, covalent locking of immobilised aptamer molecules, convective mass 

transfer characteristics, and physicochemical stability.  Polymethacrylate disk monolith is 

used as the synthetic base for covalent immobilisation of aptamer molecules. Strong 

covalent immobilisation of aptamer molecules enables aptasensor reusability by 

minimising potential ligand leaching. Key fundamental research insights that are covered 

in this project include in situ thermo-molecular and thermal stability analysis of 

polymethacrylate monolith synthesis, kinetic modelling of polymethacrylate monolith 

degradation, characterisation of aptamer charge distribution and stability, effect of 

temperature on immobilisation efficiency and ligand density, effect of ions and pH on the 

binding performance of the disk aptasensor,  effect of flow rate on the binding 

performance and target selectivity.  These insights are critical in building the theoretical 

framework around the development and application of monolithic aptasensors for optimal 

performance output.    

1.7 THESIS LAYOUT  

In the proceeding chapters, a critical literature review covering biophysical 

characterisation techniques for monoliths and aptamers, as well as bioscreening 

applications of aptasensors is presented in Chapter 2. The review of literatures reveals 

that the synergy between in-process polymerisation conditions and the resultant 

physicochemical effects on monoliths are essential to optimise chromatographic 

performance.     

Chapter 3 in relation to the first specific objective describes the synthesis and 

characterisation of polymethacrylate monoliths via in situ thermochemical analysis. A 
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kinetic model of polymethacrylate monolith synthesis was also carried out by means of 

Avrami’s isothermal analysis. 

Chapter 4 is in two sections describing the thermal stability of polymethacrylate 

monoliths by varying in situ and ex situ synthesis conditions and investigating their 

synergistic effects. Section 4.1 describes a thermogravimetric parametric analysis of 

polymethacrylate monoliths and section 4.2 describes an isoconvensional kinetic 

modelling of polymethacrylate monolith synthesis. This chapter seeks to fulfil the second 

specific objective of this research. 

Chapter 5 is in two sections. Section 5.1 describes the application of dynamic light 

scattering via zeta analysis as a biophysical tool to characterise the charge distribution and 

stability of aptamer binding to target molecule under different physicochemical 

conditions. It also describes a theoretical kinetic model for thrombin binding aptamers 

under varying pH conditions. Section 5.2 describes the aptamer-monolith immobilisation 

chemistry and the effects of key process parameters on target binding performance. 

Findings from Chapter Five are linked to the third specific objective. 

Chapter 6 describes the effect of temperature on aptamer immobilisation, column 

efficiency, and the chromatographic binding performance of the disk monolithic 

aptasensor for target binding and isolation for a multi-component mixture. Findings from 

Chapter Six are associated with the fourth specific objective of this research. 

Chapter 7 presents the conclusion with a summary of key findings from this research and 

recommendations for future work.  
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ABSTRACT 

Biomedical research advances over the past two decades in bioseparation science and 

engineering have led to the development of new adsorbent systems called monoliths, 

mostly as stationary supports for liquid chromatography (LC) applications. They are 

acknowledged to offer better mass transfer hydrodynamics than their particulate 

counterparts. Also, their architectural and morphological traits can be tailored in situ to 

meet the hydrodynamic size of molecules which include proteins, pDNA, cells and viral 

targets. This has enabled their development for a plethora of enhanced bioscreening 

applications including biosensing, biomolecular purification, concentration and 

separation, achieved through the introduction of specific functional moieties or ligands 

(such as triethylamine, N,N-dimethyl-N-dodecylamine, antibodies, enzymes and 

aptamers) into the molecular architecture of monoliths. Notwithstanding, the application 

of monoliths presents major material and bioprocess challenges. The relationship between 

in-process polymerisation characteristics and the physicochemical properties of monolith 

is critical to optimise chromatographic performance. There is also a need to develop 

theoretical models for non-invasive analyses and predictions. This review article therefore 

discusses in-process analytical conditions, functionalisation chemistries and ligands 

relevant to establish the characteristics of monoliths in order to facilitate a wide range of 

enhanced bioscreening applications. It gives emphasis to the development of functional 

polymethacrylate monoliths for microfluidic and preparative scale bio-applications.  

  

Keywords: Monoliths; Polymethacrylate; Bio-screening; Chromatography; 

Polymerisation; Biomolecules 
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1. INTRODUCTION 

Bioscreening enables the selective identification and isolation of biomolecular and cellular 

species through specific interactions with biomarkers or ligands. Bioscreening 

encompasses a series of processes relating to target binding, isolation and/or purification. 

Research advances in bio-recognition and bioscreening has led to the synthesis of a 

number of specific bio-ligands, immobilisation chemistries and adsorbent supports with 

the aim of achieving improved screening performance under high throughput conditions; 

increasing the specificity and selectivity of the binding process; eliminating matrix effects; 

reducing the analysis time and quantity of reagent; and reducing process cost. 

Conventional LC assays for biomolecular screening mostly rely on fixed particulate 

polymeric packings as the stationary phase (Chapuis-Hugon et al., 2011; Madru et al., 

2011; Ali and Pichon, 2014). Other types of stationary adsorbents for bioseparation 

include but not limited to glass nanopores (Ding et al., 2009), and charged membranes 

(Katayama et al., 2002). Even though these adsorbents have improved target binding 

capacities, they are mostly not suitable for high throughput continuous applications. This 

drawback is driven by their diffusive mass transfer which results in slow hydrodynamics 

and pressure build-up; small particle pore size which results in clogging; and the difficulty 

in tailoring their pore size distribution to the target hydrodynamic size (Unger et al., 2008; 

Gutiérrez-Aguirre et al., 2009; Roberts et al., 2009).  

Polymeric monoliths such as polymethacrylates represent a fourth generation of 

chromatographic adsorbent supports synthesised in a preferred mould by means of free 

radical polymerisation to form a solo continuous phase with high porosity and 

interconnectivities (Danquah and Forde, 2007; Jungbauer and Hahn, 2008; Wang et al., 

2014). Polymeric monoliths have been demonstrated for high throughput 

chromatographic separation and purification of diverse biomolecules such as proteins, 

pDNA and cellular targets (Danquah and Forde, 2008; Jungbauer and Hahn, 2008; 

Nischang, 2013), and are more suitable than particulate adsorbents. The governing feature 

for high throughput in both adsorbents lies in their respective bed morphologies. Whereas 

the chromatographic performance of particulate adsorbents hinges on the nature of the 

particles, their size and mode of packing resulting in slow diffusive transport, monoliths 
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are devoid of interstitial spaces and, possess tuneable cross-sectional area in their 

morphology and architectural skeleton which facilitates an axial convective transport of 

samples. Gagnon (2012) inferred that a 35 L particle column having a capacity of 35 g/L 

will yield 20 kg of IgG in 85 h whilst an 8 L monolithic column possessing a capacity of 

10 g/L will yield 20 kg of IgG in just 27 h. Polymeric monoliths can be synthesised to 

have good mechanical stability, biocompatibility, high porosity, chemical resistivity, 

sufficient access sites for ligand-target interaction and low back pressure for high 

throughput application of micro- and macromolecules (Arrua et al., 2009; Roberts et al., 

2009; Pichon et al., 2015). The shape and size of the mould dictates the final monolithic-

polymer formed and the pattern of the flow hydrodynamics. Different architectural shapes 

synthesised for polymer monoliths include annular, cylindrical, conical and disks (Roberts 

et al., 2009; Pfaunmiller et al., 2013). Various types of polymeric monoliths can be 

synthesised based on the type of monomers and/or polymerisation process employed for 

synthesis (Qin et al., 2014), and they can be molecularly engineered to possess varying 

physicochemical properties. Polymeric monoliths such as polymethacrylates have 

functional moieties on their interconnected pores that can be activated for ligand 

immobilisation, allowing a variety of activation chemistries to be applied for the formation 

of covalent and non-covalent bonding with ligands (Mallik and Hage, 2006; Pichon et al., 

2015). In addition, ligands such as antibodies, protein A, histadine, aptamer, diethylamine 

(DEA) and 2-chloro-N, N-diethyl ethylamine hydrochloride (DEAE-Cl) have been 

utilised for different applications including affinity chromatography (Deng et al., 2012), 

hydrophobic interaction (Hemström et al., 2006), ion-exchange interaction (Ongkudon 

and Danquah, 2011; Aydoğan, 2015) and enzymatic digestion (de Lathouder et al., 2008; 

Lin et al., 2015). The efficiency of LC bioscreening assay for biomolecular separation is 

dependent on the type and biophysical characteristics of the adsorbent support, activation 

chemistry and specificity/selectivity of the ligand immobilised on the support (Zhang et 

al., 2013). 

In-depth understanding of the polymer formation and post-polymerisation modification 

processes has further widened the bioseparation applications of polymeric monoliths for 

cellular (Ott et al., 2011; Mai et al., 2014), viral (Zaveckas et al., 2015) and, diverse 

biomolecular targets (Yuan et al., 2014; Chen et al., 2015) to achieve optimal 
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chromatographic performances. Various process parameters such as temperature, 

polymerisation time, presence of oxygen, initiator concentration, monomer-porogen ratio 

and concentration, have been identified to have effects on the porosity, morphology, 

physicochemical properties, hydrodynamic and mass transfer characteristics of the 

monoliths in relation to analytes (Mihelic et al., 2001; Danquah and Forde, 2008; 

Nischang et al., 2010; Alves et al., 2013). Several good review articles have discussed 

research advancements made in the synthesis and application of polymeric monoliths for 

small molecule applications in an isocratic mode (Svec, 2012), fast biomolecule isolation 

(Podgornik and Krajnc, 2012; Podgornik et al., 2013) and preparative chromatography 

(Jungbauer and Hahn, 2008; Ongkudon et al., 2014). However, there exist to-date limited 

discussions essential to formulate the relationship between in-process polymerisation 

mechanism and conditions, and post-polymerisation physicochemical characteristics of 

polymeric monoliths. This relationship will facilitate predictive modelling and, effective 

process engineering and tuning of the characteristics and chromatographic features of 

polymer monoliths for enhanced bioscreening performance of a wide range of target 

molecules. This review article discusses analytical process conditions relevant to establish 

the characteristics of polymethacrylate monoliths in order to facilitate a wide range of 

bioscreening applications. Also, research advances in the application of polymethacrylate 

monolithic adsorbents for high efficiency bioseparation is presented.  

2. TYPES OF MONOLITHS 

Different kinds of monolithic adsorbent systems have been developed for various 

applications. These can be broadly classified into 3 groups; organic monoliths, inorganic 

monoliths and hybrid organic-inorganic monoliths (Hjerten et al., 1989; Tennikova et al., 

1991; Svec and Fréchet, 1995; Minakuchi et al., 1997). Figure 1 shows examples of 

commonly used monolithic adsorbents under each classification.  
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Figure 1. Examples of commonly used monolithic adsorbents classified under organic, 

inorganic and hybrid systems (Hjerten et al., 1989; Xu and Anderson, 1994; Svec and 

Fréchet, 1995; Svec and Fréchet, 1995; Minakuchi et al., 1997; Nandakumar et al., 2000; 

Liang et al., 2003; Kucheyev et al., 2006; Fang et al., 2007; Yu et al., 2008; Hasegawa et 

al., 2009; Zajickova et al., 2011; Xiaoxia et al., 2013; Yang et al., 2015). 

Generally, organic monoliths are resistant to pH, biocompatible, easy to synthesise mostly 

via polymerisation and possess high interconnectivities (Walsh et al., 2012; Wang et al., 

2014). However, they are susceptible to swelling, shrinkage and are unstable under 

extreme temperature conditions of above 200 oC (Mayr et al., 2002; Walsh et al., 2012), 

and prolonged exposure to harsh solvents. For instance, it has been reported that the 

presence of tetrahydrofuran conferred structural alterations to poly(styrene–co-

divinylbenzene), resulting in changes in pore distribution, reduction in permeability, 

increased back pressure, and reduced life span (Oberacher et al., 2004). Notably, amongst 

organic monoliths, polymethacrylate and polystyrene monoliths demonstrate unique 
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physicochemical properties, such as good resistance to pH, resistant to some alkaline 

solvents, ease of tuning pore and surface characteristics, biocompatibility and 

macroporosity which enables efficient mass transfer by convection (Roberts et al., 2009; 

Podgornik et al., 2013). Polymethacrylates are also noted as the most utilised monoliths 

for bioseparation applications (Podgornik et al., 2013). Inorganic monoliths mostly have 

limited operational pH ranges. For example, silica monoliths have an operational pH range 

of 2-8, and their synthesis and pore/surface engineering is quite challenging. However, 

they have good mechanical stability at temperatures above 750 oC, and a high surface area 

of ~ 648 g/m2 (Walsh et al., 2012; Wang et al., 2014). Hybrid monoliths are designed to 

possess intermediary properties of organic and inorganic monoliths (Wang et al., 2014).  

3. MODE OF SYNTHESIS OF POLYMERIC MONOLITHS 

A wide range of techniques exist for the synthesis of a variety of polymeric monoliths. 

Some of these techniques have contributed to reduce synthesis time, enhance reaction 

conversion, and reduce energy consumption and heat dissipation for the development of 

different geometrical structures of miniaturised and large-scale monoliths. These 

polymerisation techniques include free radical polymerisation (thermal initiation, 

radiation, photopolymerisation), sol–gel synthesis, living polymerisation, 

polycondensations, polyemulsions and xerogels-derived (Danquah and Forde, 2007; Svec, 

2010). Free radical copolymerisation is a commonly used technique to enable effective 

control of the pore size distribution and surface area of the monolith (Mayr et al., 2002; 

Alves et al., 2013). A summary of the comparison between free radical polymerisation 

processes by radiation, thermal and photo initiation is presented in Table 1.  

Table 1. Comparison of free radical polymerisation processes with different initiation 

mechanisms for polymer monolith synthesis. 

Parameter Thermal Photo-polymerisation Radiation 

Polymerisation 

initiation 

mechanism  

Thermal energy from 

water bath or oven 

(Ji et al., 2015) 

UV light (Vonk et al., 

2015) 

Electron beams or 

γ-radiations 

(Vizioli et al., 

2005) 
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Mold Generally requires 

any thermally 

conductive mold 

Requires molds that are 

fully or partially UV 

accessible (Svec, 2004; 

Szumski and 

Buszewski, 2009; Yang 

et al., 2015) 

Generally 

applicable to all 

molds  

Operating 

Temperature 

Not applicable at 

room temperature 

due to the high 

decomposition 

temperatures of 

chemical initiators 

Can take place at any 

arbitrary  operating 

temperature (Hirano et 

al., 2009; Szumski and 

Buszewski, 2009) 

Arbitrary 

temperature set 

point 

Porogen Has a relatively 

limited number of 

suitable porogens 

(Not suitable for 

porogens with lower 

boiling points) (Svec, 

2010) 

Has a large number of 

porogen types that can 

be utilised 

No known 

documentation of 

unsuitable 

porogen 

Monomer No restriction to the 

types of monomers 

Requires UV 

transparent monomers 

(Svec, 2010) 

No known 

documentation of 

unsuitable 

monomer 

Initiator Any initiator that 

decomposes at the 

specified operating 

temperature can be 

used. 

Requires initiators that 

can form free radicals at 

specified wavelength   

Not a prerequisite 

due to the 

inherent intense 

energy from the 

radiations (Svec, 

2010) 

Polymerisation 

time 

The synthesis 

process takes hours  

Rapid (Chen et al., 

2015) 

Rapid (Vizioli et 

al., 2005) 

 

Safety ethics 

 

Approach generally 

safe with low risk 

 

Generally safe  

 

The use of γ-

radiation is 

hazardous 
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4. EFFECT OF SYNTHESIS CONDITIONS ON THE MORPHOLOGICAL 

FEATURES OF POLYMERIC MONOLITHS 

The morphological features of polymeric monoliths are mostly dictated by the conditions 

of their synthesis process, and this offers the opportunity to engineer their pore size, 

surface characteristics and porosity (Jungbauer and Hahn, 2008). The morphological 

characteristics and rate of polymerisation of monoliths are dependent on synthesis 

conditions such as operating temperature, type and composition of porogen, initiator, and 

monomers as well as the polymerisation time (Svec, 2012). Commonly used thermally-

initiated process commences with a clear liquid mixture of the monomers, initiator and 

porogen(s) placed in a temperature controlled reactor to commence free radical 

copolymerisation after initiator decomposition to form the polymer resin (Mihelic et al., 

2001; Danquah and Forde, 2008). Heat build-up within the mould, which is a summation 

of the heat contribution from the operating temperature and heat released during the 

reaction, plays a critical role in formulating the morphological characteristics of the 

monolith (Mihelic et al., 2001; Danquah and Forde, 2008). During the polymerisation 

process, initiators decompose to form free radicals and the process results in the release 

of exothermic heat. The extent of the reaction can be represented by the following 

equation: 

𝑑𝜉

𝑑𝑡
= (1 − 𝜉)𝑛𝐴𝑒(−

𝐸𝑎
𝑅𝑇

)
    (1) 

Where; ξ is the extent of the reaction, n is the order of the reaction, A is the pre-exponential 

factor, Ea is the activation energy, R is the gas constant, and T is temperature in Kelvin 

(Mihelic et al., 2001). 

The polymerisation process proceeds with the formation of nuclei resulting from free 

radical-driven monomeric interactions, and this acts as the seeding nucleus for the 

formation of microglobules. Aggregated microglobules precipitate out of the solution to 

form the polymer. The coagulation of microglobules and aggregated microglobules 

controls the formation of irregular pores with high interconnectivities, and this defines the 

pore characteristics of the polymer with the geometric shape being that of the mould 

(Ongkudon et al., 2013). Microscopic analysis indicates that the formed pores comprise 
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of asymmetrical voids between the following: globules of a certain cluster, clusters of 

globules, and intra-globular pores (Danquah and Forde, 2008). The pore sizes of most 

polymeric monoliths could easily be engineered to range from micropores to macropores. 

The macropores facilitates high throughput convective mass flow whilst the micropores 

offer high surface area for ligand immobilisation and target binding (Danquah and Forde, 

2008). The surface area of the monolithic adsorbent can be represented by the following 

equation:  

𝑆𝑎 =  𝑁𝑇𝐾𝑣𝑑𝑣
2     (2) 

where Sa is the surface area of the monolith; Kv is the constant of proportionality of pore 

shape; dv is the pore linear dimension assumed to be repetitive; and NT is the total number 

of pores (Podgornik et al., 2013). The end of the polymerisation process results in the 

formation of a 2-phase system; an inert liquid porogenic system within the pores of white 

continuous solid structure (monoliths) (Mihelic et al., 2001).  

4.1 Porogen effect 

The physicochemical properties of the porogenic medium affect the pore formation 

process of the polymer resin as they control cluster/globular mobility and association to 

ensure optimal pores homogeneity (uni-modal or bi-modal) and permeability during phase 

separation of cross-linked nuclei and globules (Santora et al., 2001; Danquah and Forde, 

2008; Vonk et al., 2015). There are a variety of porogens with different physicochemical 

properties and impacts. These include: (i) microporogens (such as cyclohexanol), which 

act as a good solvent for the separation of cross-linked nuclei (Mayr et al., 2002); (ii) 

macroporogens (such as dodecanol), which act as a poor solvent for rapid phase separation 

and large pore formation (Danquah and Forde, 2008; Nischang et al., 2010); (iii) solid 

porogens such as sodium carbonate, which can induce pore size increase through the 

release of gaseous species (Danquah and Forde, 2008); and (iv) Polymer solvent porogens 

such as poly(ethylene glycol) and poly(ethylene oxide) (Viklund et al., 2001; Chen et al., 

2015). An increase in porogen concentration results in the enlargement of monolithic 

pores as well as a decrease in the mechanical strength of the polymer. Our previous work, 

as shown in Figure 2A, reported the effect of increasing cyclohexanol porogen 
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concentration from 40% - 80% for the synthesis of polymethacrylate monoliths, and the 

resulting pore size increase from 116 nm – 876 nm respectively was observed (Danquah 

and Forde, 2008). 

 

Figure 2. Scanning Electron Micrographs displaying the effects of engineering different 

polymerisation conditions on GMA-co-EDMA monolith pore size. Figure is adapted from 

(Danquah and Forde, 2008).   

4.2 Monomer effect 

Synthesis of polymeric monoliths by copolymerisation involves two monomers; the 

functional and cross-linker monomers. The monomers contribute different 

physicochemical properties to the polymer. A high concentration of the cross-linker 

monomer results in a tight globular network and this decreases the monolith pore size, 

pore volume and permeability (Bisjak et al., 2007; Danquah and Forde, 2008) as shown 

in Figure 2B. Also, there is a resultant increase in covalent interconnectivities between 

nuclei, globules and cluster of globules, and this leads to an increase in the mechanical 

strength and surface area of the polymer. The interconnectivities restrain the swelling and 

amalgamation of nuclei to cause the formation of small internal channels (Danquah and 

Forde, 2008). Studies have shown that the pore size distribution of polymeric monoliths 

can be tailored to a variety of target molecules with different hydrodynamic sizes by 
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altering the type and concentration of the cross-linker monomer (Urban et al., 2010; 

Jandera et al., 2013; Staňková et al., 2013; Alshitari et al., 2015). It is possible to change 

the macroporous features of methacrylate monoliths by using cross-linker monomers with 

a high number of repeating non-polar methylene groups to increase microporosity for 

small target molecules application. Polymethacrylate monoliths synthesised with ethylene 

glycol dimethacrylate (EDMA) having one repeating methylene non-polar group had 

˃90% of pores with gyration radius above 50 nm. Also, hexamethylene dimethacrylate 

(HEDMA) having 3 repeating methylene non-polar groups generated ~70% of pores in 

the same region. Tetraoxyethylene  dimethacrylate (TeEDMA) having 6 repeating 

methylene non-polar groups produced 66%-73% (Jandera et al., 2013). Conversely, an 

increase in the concentration of the functional monomer relative to the cross-linker 

increases the epoxy density for activation and ligand immobilisation. Nevertheless, this 

results in the formation of larger pore monoliths with low mechanical strength. The trade-

off between the relative concentrations of functional and cross-linker monomers is 

essential to tailor the polymer characteristics for different bioscreening application. 

4.3 Temperature Effect 

The polymerisation temperature is an important parameter that controls the kinetics of 

polymer formation, and this affects the pore and surface characteristics of the monolith. 

Temperature affects the rate of collision of reactant molecules and this dictates the 

probability of product formation. An increase in temperature results in enhanced 

intermolecular collision and this causes a spontaneous increase in the heat of reaction as 

shown in equation (1). Under elevated temperature conditions, the initiator decomposes 

faster to generate more free radicals relative to available monomers per unit time. This 

results in a simultaneous increase in the number of nuclei and small pore size 

interconnectivities (Bisjak et al., 2007; Danquah and Forde, 2008; Hirano et al., 2009). 

The effect of temperature variation on the morphology of the monoliths is shown with 

scanning electron microscopic images in Figure 2C. 
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4.4 Initiator Effect 

The decomposition of initiators for the synthesis of polymeric monolith results in the 

emission of large amounts of heat in the mould. The initiator decomposes to form free 

radicals for the commencement of the polymerisation process (Svec and Fréchet, 1995). 

The rate of initiator decomposition and specificity of initiation reactions is dependent on 

the polymerisation temperature and, types of porogen(s) and monomers. Porogens can 

have a limiting effect on the specificity of free radicals by causing undesirable side 

reactions such as recombining the free radicals to inactivate the initiators as the solution 

becomes more viscous. An increase in the amount of initiator corresponds with an increase 

in the rate of polymerisation and late separation of the solid phase from solution. This 

causes the formation of monoliths with smaller pore sizes and large surface area (Danquah 

and Forde, 2008). Similar finding were obtained for the study of initiator effects on 

vinylPOSS monoliths (Alves et al., 2013). Svec and Fréchet (1995) also demonstrated that 

the initiator type can influence the pore size distribution. 

4.5 Oxygen Effect 

The presence of oxygen in the monomer mixture can have negative impacts on the rate 

and type of products formed during the polymerisation process. Oxygen reacts with a 

series of free radicals to form unreactive peroxy radicals by means of coupling or 

disproportionation reactions (Mihelic et al., 2001). Also, the presence of oxygen can 

introduce structural non-uniformity to polymer formation and this can affect the pore size 

distribution (Alshitari et al., 2015). Oxygen can also contribute to mass loss by reacting 

with carbon chains of monomers or initiators to form CO and CO2 products hence, the 

need for nitrogen sparging or deoxygenating before polymerisation.  

4.6 Polymerisation Time Effect 

The polymerisation time can affect the physicochemical characteristics and the adsorptive 

performance of polymeric monoliths. The polymerisation time dictates the extent of 

polymerisation reaction and the degree of structural formation. It has been demonstrated 

that for styrene-based monoliths, longer polymerisation times resulted in higher amounts 

of monomer conversion (Greiderer et al., 2009; Trojer et al., 2009). For a thermal free 
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radical polymerisation process in the presence of azobisisobutyronitrile (AIBN) as the 

initiator, a conversion of ˃99% was obtained at 600 min whereas 58% conversion was 

achieved at 60min for the same polymerisation conditions and compositions (Greiderer et 

al., 2009). It was shown that a significant strutural transformation ensued with increasing 

polymerisation time for the synthesis of poly(1,2-bis(p-vinylphenyl))ethane monoliths. 

These transformations relate to (i) the pore size distribution: from unimodal distribution 

to bimodal distribution; (ii) porosity: from 73.8% to 81.4%; and (iii) Surface area: an 

increment by three fold (Greiderer et al., 2009). A similar trend in the reduction of 

permeability, porosity, and the formation of more interconnectivities was observed for 

organic monoliths, prepared from pentaerythriol tetra(3-mercaptopropionate)-co-1,2,4-

trivinylcyclohexane, synthesised by photopolymerisation with UV (Chen et al., 2015).  

5. HYDRODYNAMICS OF POLYMER MONOLITHS  

The fundamental hydrodynamics of fluid flow through monolithic adsorbents hinge on 

the laws of conservation of mass and momentum. In addition, the flow of fluids through 

monoliths is generally regarded to be Newtonian thus, can be described by Navier-stokes 

equations. Different polymer monoliths can be synthesised to possess similar 

physicochemical properties such as stability, low swelling propensity and porosity but 

with varying pore size distributions (Podgornik et al., 2013). It has been demonstrated that 

a linear correlation exists between the flow of fluids in monoliths, the pressure drop and 

the pore size (Leinweber and Tallarek, 2003; Mihelič et al., 2005). Several in-depth 

hydrodynamic studies of the behaviour of different monolithic systems have been carried 

out to demonstrate superiority over particulate systems (Leinweber et al., 2002; 

Leinweber and Tallarek, 2003; Mihelič et al., 2005; Vervoort et al., 2005; Danquah and 

Forde, 2008; Jungreuthmayer et al., 2015). These studies have led to the development of 

a modified Carman-Kozeny equation for incompressible fluids in laminar flow, equation 

(3), to a more accurate prediction, equation (4), for monolithic beds (Podgornik et al., 

2013):  

∆𝑃 = (𝑘𝑠)(𝑣)(𝐿)(𝜇) (
1

𝐷𝑠
2) (

(1−𝜀)2

𝜀3 )    (3) 

∆𝑃 = 2(𝑣)(𝐿)(𝜇) (
𝑎𝑤

2

𝜀3 )    (4) 
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Whereas equation (3) is based on particle diameter, which is less suitable for monoliths, 

equation (4) is based on the assumption of wetted surface area of monoliths. Given that 

the wetted surface area is: 

𝑎𝑤 =
𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑡𝑜𝑡𝑎𝑙 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒
= (𝜀)(𝑘𝑣) (

1

𝐷𝑣
)    (5) 

Equation (4) can be rearranged based on equation (5) to fit the Carman-Kozeny equation 

as follows: 

∆𝑃 = 2(𝑘𝑣
2)(𝑣)(𝐿)(𝜇) (

1

𝐷𝑣
2) (

1

𝜀
)    (6) 

where; ks is the structural constant for particulate bed; kv is the structural constant for 

monolithic bed; v is the linear velocity of the fluid; L is the length of monolith; µ is the 

average viscosity of the fluid; Ds is the diameter of particles; Dv is the pore linear 

dimension of monoliths; aw is the wetted surface area/surface area of pores; ε is monolith 

porosity (Podgornik et al., 2013). A mathematical analysis of the extent of pore size 

distribution by considering a two case scenario; monoliths with a bi-modal parallel non-

uniformity against monoliths prepared from the same resin composition but with a bi-

modal non-uniformity of pore size distribution has also revealed that lower pressure drops 

for fluid flow can be obtained by simply altering pore size ranges along the length of the 

monolith during the formation process (Danquah and Forde, 2007; Roberts et al., 2009). 

Furthermore, Jungbauer’s group recently demonstrated through the use of experimental 

and computational fluid dynamics (CFD) the existence of intermittent distribution and 

networking of large  and  small pores which leads to lateral low of samples with fluctuating 

velocity in the channels (Jungreuthmayer et al., 2015). The fluctuating velocity is 

explained to be potentially responsible for the lower back pressure and excellent 

separation properties of polymer monoliths for macromolecules. In addition, their 

computational analysis further proves the drawbacks in using particulate adsorbent flow 

models for polymeric monoliths.  
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6. MASS TRANSFER CHARACTERISTICS OF MONOLITHIC 

POLYMERS 

Monoliths have superior convective mass transfer properties (Mayr et al., 2002; Jungbauer 

and Hahn, 2008) compared to other adsorbent matrices such as particulate beds (Deng et 

al., 2001), glass nanopores (Ding et al., 2009; Gao et al., 2009) and open tubular 

capillaries (Dick Jr et al., 2004; Connor and McGown, 2006). The mass transfer 

characteristics of monolithic adsorbents have been extensively investigated using pulse 

response experiments and frontal analysis using dynamic binding capacity (Jungbauer and 

Hahn, 2008). Owing to their convective mass transfer properties, monolithic 

chromatography can be optimised based on their binding and elution gradients to have a 

reduced analysis time coupled with high resolution (Podgornik and Krajnc, 2012; 

Podgornik et al., 2013). Podgornik et al. (2013) reported that the use of short monoliths 

such as disk monoliths can be effective in getting rapid analysis time and small peak 

broadening initiated by sharpening effect for even larger molecules such as protein, 

plasmid DNA, RNA and viruses. Also, an increase in the convective mass transfer 

coefficient significantly increases the allowable throughput for large molecules binding 

though this has no significant effect on the dynamic binding capacity of monoliths 

especially for protein adsorption.   

7. FUNCTIONALIZATION OF POLYMERIC MONOLITHS 

The degree of ligand immobilisation is dependent on physicochemical characteristics such 

as pH, temperature, available reactive moieties, extent of ligand concentration and 

reaction time (Ongkudon and Danquah, 2010; Sinitsyna et al., 2012). For example, pH 

increase has been investigated to enhance the reactivity of epoxy moieties on 

polymethacrylate monoliths (Ongkudon and Danquah, 2010). Nevertheless, a balance is 

required in order not to affect the stability of pH sensitive ligands such as protein and 

peptide ligands (Jiang et al., 2005; Ongkudon and Danquah, 2010). An increase in 

temperature also yields positive results for ligand immobilisation and ligand density 

though high temperatures can degrade thermally sensitive ligands. Although immobilising 

ligands on solid adsorbents can reduce activity, it enhances ligand reusability and stability 

(Zhang et al., 2013). Engineering the pore and surface area of monolithic adsorbents can 
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result in the optimisation of ligand density and ligand binding sites for better interactions 

with the target. Also, surface areas of monoliths could be enhanced through the 

introduction of diverse nanoparticles into monoliths either during the preparation of 

polyresin or in the post-polymerisation stage for enhanced bioscreening conditions (Tang 

et al., 2014).  

Functional chemistries employed in the activation of monoliths for ligand immobilisation 

include but not limited to direct coupling on monolithic moiety such as the epoxy group 

(Gao et al., 2013); glutaraldehyde activation (Deng et al., 2012); disuccinimidyl carbonate 

activation (Jiang et al., 2005); hydrazide activation (Jiang et al., 2005); streptavidin 

activation (Zhao et al., 2008); and carbonyldiimidazole activation (Jiang et al., 2005). The 

choice of chemistry is dependent on the adsorbent moieties, the type of ligand and the 

purpose of application. Generally, the most preferred approach to immobilise ligands is 

through chemistries that lead to covalent bonding with minimal non-specific adsorption. 

Although covalent chemistries are quite challenging to achieve, they are robust, 

economical in the long term and can be used multiple times (Bănică, 2012; Acquah et al., 

2015). For example, immobilisation of ligands on monoliths by means of streptavidin-

biotinylation interaction is relatively easy to achieve and requires less time (Zhao et al., 

2008; Brothier and Pichon, 2014). However, due to non-covalent interactions existing 

between the activated supports and the immobilised ligands, the bond is easily hydrolysed 

in the presence of organic solvents, causing ligand leaching and reduced life span 

(Brothier and Pichon, 2014; Pichon et al., 2015). Insights into the characteristics of 

various covalent chemistries for ligand retention are discussed.  

7.1 Epoxy Method  

Epoxy activation is a simple method of covalent immobilisation (Mallik and Hage, 2006). 

Free radical copolymerisation of methacrylate monoliths with glycidyl methacrylate 

(GMA) as the functional monomer introduces reactive epoxy moiety into the structural 

make-up of the monolith and this enables nucleophilic interaction with amine, sulfhydryl 

and/or hydroxyl groups on ligands (Hee Seung and David, 2005; Mallik and Hage, 2006; 

Gao et al., 2013). However, epoxy activation has a slow reaction rate, low level of ligand 
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immobilisation and the binding is liable to hydrolytic reactions (Mallik and Hage, 2006; 

Pfaunmiller et al., 2013).  

7.2 Schiff Base activation 

Schiff base activation occurs when an aldehyde-functionalized group reacts with an 

amine-containing ligand to form a covalent bond (Pfaunmiller et al., 2013). There are two 

basic mechanism by which this results: (i) the conversion of the monolithic surface into 

an amine form using ethylenediamine or hexanediamine and subsequently reacting them 

with dialdehydes such as glutaraldehyde; and (ii) activation of the monolithic surface 

using sodium periodate or periodic acid to oxidise the diol-functionalised surface into 

aldehyde residuals (Hee Seung and David, 2005; Mallik and Hage, 2006). Although the 

former aids in minimising steric hindrance through the formation of longer spacer arms, 

it requires more steps (Mallik and Hage, 2006; Han et al., 2012; Brothier and Pichon, 

2014). The latter has a faster rate of reaction with a higher ligand activity but it requires 

the use of a reducing agent (sodium cyanoborohydride and sodium borohydride) to 

stabilise the amine-aldehyde reaction, and this can negatively affect the ligand activity and 

also pose  some hazards to the user  (Hee Seung and David, 2005; Mallik and Hage, 2006).  

7.3 Carbonyldiimidazole (CDI) activation  

This approach requires the functionalization of monolithic surface into diols and reacting 

it with 1,19-carbonyldiimidazole (CDI) to yield imidazolyl carbamate groups (Jiang et al., 

2005; Mallik and Hage, 2006). This results in the formation of a covalent bond between 

the amine ligands and the CDI activated monolithic surfaces (Kim and Hage, 2006; Mallik 

and Hage, 2006). In comparison to epoxy activation and Schiff base methods, CDI 

immobilisation is noted to be faster and requires fewer process steps (Mallik and Hage, 

2006).  

7.4 Disuccinimidylcarbonates (DSC) activation 

This approach requires the functionalization of monolithic surfaces with diol groups and 

reacting them with disuccinimidyl carbonate groups to form covalent bonds with amine 

ligands (Ott et al., 2011; Pfaunmiller et al., 2013). Although this approach is also noted to 
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be fast, it has a low stability and the bonding is liable to hydrolysis (Mallik et al., 2004; 

Mallik and Hage, 2006; Pfaunmiller et al., 2013).  

7.5 Hydrazide activation 

The methodology for hydrazide activation is the same as the Schiff base approach, and 

this results in the formation of aldehydes on the surface of the monoliths using reagents 

such as adipicdihydrazide in a phosphate buffer (Mallik and Hage, 2006). The aldehyde 

groups are then reduced to alcohols by reacting with sodium borohydride. This method of 

monolith activation is suitable for ligands possessing carbohydrate groups or a member of 

the glycoprotein family. Such ligands are oxidised to form aldehyde functional ends to 

enable reaction with the hydrazide groups (Mallik et al., 2004; Mallik and Hage, 2006; 

Pfaunmiller et al., 2013).  

7.6 Azlactone activation 

Monoliths can also be synthesised to possess azlactone (lactone-based) pendant moieties 

that experiences ring-opening reactions whiles their vinyl end binds to the surface of the 

monolith (Alwael et al., 2011). This method of activation is appropriate for nucleophilic 

modified molecules such as primary amines-, alcohols- or thiol-based ligands (Delplace 

et al., 2015). Incorporation of lactone-based moieties into monoliths can occur in-situ by 

using vinyl azlactone as a functional monomer or ex-situ grafting by means of pumping 

vinyl azlactone through the monolith (Connolly et al., 2010; Alwael et al., 2011). 

Advantages of this method of monolith activation includes its relative stability to 

hydrolysis and ease of rapid interactions in the absence of catalysts at room temperature 

(Delplace et al., 2015).       

8. BIOSCREENING APPLICATIONS AND THEIR CORRESPONDING 

FIELDS  

The biocompatible features of polymeric monoliths and the ability to tune their pore and 

surface characteristics to suit a variety of biomolecules and cells enable a substantial 

number of analytical and preparative-scale bioseparation and bioscreening applications in 
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diverse fields. Some of these applications include ion-exchange, hydrophobic and affinity 

binding and separations.  

8.1 Ion-exchange separation 

Ion-exchange separation of biomolecules is based on the charge and molecular size of the 

analyte and this leads to either a cation- or anion-exchange separation. Anion-exchange 

separation is the most commonly used ion-exchange chromatographic separation due to 

the fact that biomolecules are predominantly negatively charged (Roberts et al., 2009). 

The pore surfaces of the stationary adsorbents are functionalized with positively charged 

ligands, as shown in Figure 3, for target binding. Examples of anion-exchange ligands 

include 2-chloro-N,N-diethylethylamine hydrochloride (DEAE-Cl), hexylamine (HxA), 

tripropylamine (TPA), diethylamine(DEA), N,N- dimethylbutylamine (DMBA) and 

triethylamine (TEA) (Danquah and Forde, 2007; Ongkudon and Danquah, 2010; Sharma 

et al., 2012).  

 

 

Figure 3. Immobilisation of DEA ligands on polymethacrylate monoliths for anion-

exchange separation applications.  

An electrostatic interaction is thus set in place between positively charged ligands and 

negatively charged analyte molecules. Elution of targets is by means of increasing order 

of surface-charge density and molecular conformation. The strength of ligand-target 

bonding can be decreased by increasing the ionic concentration, protonating (or 

deprotonating) the matrix to reduce the net charge, and altering the molecular 

conformation of the target (Ongkudon and Danquah, 2010; Ruščić et al., 2015). Ongkudon 

and Danquah (2011) demonstrated that optimal conditions for anion-exchange 

purification of plasmid DNA (pcDNA3F) hinge on the plasmid size, buffer conditions, 

porosity of the adsorbent and conductivity. It was also shown that TEA-activated 
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monoliths enhanced binding performance as compared to DEA-activated monoliths. Guo 

and Carta (2015) studied the application of sulfonate cation exchange monolithic system 

for the analysis of bovine serum albumin tryptic digest with a loading capacity of ~15 

pmol using 10-5 M angiotensin II. Binding analysis was performed by creating a dynamic 

pH junction via the preparation of samples in an acidic buffer before ejecting them into 

the cation-monolith and eluting them with a basic buffer.  

8.2 Hydrophobic separations 

The separation of biomolecules based on hydrophobic interactions is another versatile LC 

separation method especially for protein targets. Hydrophobic ligands are immobilised on 

the pore surface of the monolith for hydrophobic interaction with the target. Protein 

molecules have an inherent degree of hydrophobicity, and the separation efficiency of 

proteins is dependent on the surface hydrophobicity, density and the nature of the 

hydrophobic ligands (Zou et al., 2002; Roberts et al., 2009). A decrease in the 

concentration gradient of salt in the mobile phase results in the separation of molecules in 

order of increasing hydrophobicity (Urban and Jandera, 2008). Alternatively, salt 

concentration can be maintained whiles modulating temperature to eventually dictate the 

hydrophobic-hydrophilic interaction transition of the functionalised ligands (Zou et al., 

2002). Remarkably, polystyrene and polybutyl methacrylate based organic monoliths are 

recognised as strong hydrophobic adsorbents and can be used directly for reversed-phase 

and precipitation–redissolution chromatography as well as hydrophobic interaction 

chromatography (Zou et al., 2002; Urban and Jandera, 2008). Hydrophobic separations 

are also popularly used to complement other types of bioseparation technologies in a 

mixed mode format (Zou et al., 2002). Ligands such as N,N-dimethyl-N-dodecylamine 

can be functionalized on monolithic columns, as shown in Figure 4, to obtain a mixed 

mode anion/hydrophobic separation system for organic and inorganic compounds such as 

phenols, alkylbenzenes,  nitrate, bromide, nitrite, thiocyanate and iodide (Aydoğan, 2015).  
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Figure 4. Immobilisation of N,N-dimethyl-N-dodecylamine ligands on polymethacrylate 

monoliths for mixed mode anion/hydrophobic screening application adapted from 

(Aydoğan, 2015).  

8.3 Affinity Separations 

Research and technological advancements have led to the discovery and application of a 

plethora of ligands that are specific in interacting with their respective cognate targets with 

high binding affinities. Some of these affinity ligands include DNA molecules, protein 

receptors, peptide receptors, enzyme receptors, antibodies and aptamers. An example of 

an affinity ligand (such as aptamer) is shown in Figure 5 for affinity separations. 

 

Figure 5. Illustration of affinity separations through the use of an affinity ligand.  

8.3.1 Protein receptors 

Protein A ligands are classical examples of protein bioaffinity ligands used for 

biomolecular separation, and are derived from the cell wall of Staphylococcus aureus. 

They have a molecular mass of 42 kDa with a unique affinity for the Fc region of antibodies 

(Pan et al., 2002; Zou et al., 2002; Gagnon, 2012). Bioanalysis of human IgG with protein 

A was performed within 3 min using immobilised monolithic adsorbents at a flow rate of 

1.0 ml/min (Zou et al., 2002). However, the use of protein A as ligands is expensive, 

unstable, and plagued with ethical issues (Zou et al., 2002; Gagnon, 2012). Other types of 

protein ligands include histadine, gelatin and Protein G. 
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8.3.3 Enzyme receptors 

Monolithic adsorbents for immobilised enzymes have become the ideal support for non-

destructive, rapid and high throughput application that enables the enzymes to access 

substrate active sites with low back pressure (Josić and Buchacher, 2001). Trypsin is one 

of the most utilised enzymes for bioaffinity applications. Ma et al., studied the 

immobilisation of trypsin on hybridised organic-inorganic monoliths for myoglobin 

digestion and observed that the immobilisation of trypsin on monoliths yielded 92% 

digestion in 30 seconds whereas free trypsin achieved the same yield in 12 h (Ma et al., 

2008). Similar trends in high performance of enzymatic monolithic reactors were 

discussed by Josić and Buchacher (2001) in comparison to chromatographic bead 

operations. Zhang et al. (2013) also immobilised 30l g/mg of α-glucosidase on a 

polymethacrylate monolith for the digestion of pNPG. The enzymatic reactor exhibited 

80% bioactivity after 25 runs and only 7.6% of bioactivity was lost after 6 assays within 

31 days compared to free enzymes in solution which lost 37.7% of its activity in 7 days 

(Zhang et al., 2013).  

8.3.4 Antibody receptors 

Application of receptors based on molecular recognition is another approach by which 

bioaffinity interactions with analytes occur. One of such molecular recognition ligands is 

the antibody. Immobilisation of antibodies on adsorbents generates ‘immunosorbents’ for 

bioseparation applications. Antibody-target recognition is analogous to antibody-antigen 

interaction. The availability of antibodies through the development of hybridoma 

technologies and their high binding selectivity make them ligands of interest for affinity 

chromatography, especially, for large molecules (Hennion and Pichon, 2003; Acquah et 

al., 2015). Brgles et al. (2014) demonstrated the use of antibodies for the identification of 

Atx protein molecules in horned viper (Vipera ammodytes ammodytes). However, the use 

of antibodies are faced with a number of challenges such as ethical issues, large molecular 

mass, high cost, non-resistant to  toxic targets such as Ochratoxin A in food and austere 

environments (Brothier and Pichon, 2014).  
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8.3.5 Synthetic receptors 

Synthetic receptors are emerging ligands engineered to enhance the performance of 

bioaffinity separation over a wide range of target application. These include synthetic 

peptide and DNA/RNA aptameric receptors for target recognition and binding. The mode 

of interaction of synthetic receptors with cognate targets is also based on affinity 

interactions but has been demonstrated to be superior over antibodies (Zhao et al., 2012; 

Brothier and Pichon, 2014). Synthetic receptors are robust, not faced with any ethical 

issues, economical to generate, have a small molecular size, can be used in austere 

environments, simple and rapid to synthesise. As a result, their immobilisation results in 

high ligand densities for high throughput screening (Neff and Jungbauer, 2011; Acquah 

et al., 2015; Pichon et al., 2015). Streptavidin chemistry has been employed to immobilise 

aptamers (ligand density of 250 pmol/µL) on a methacrylate monolith for a sandwich 

chromatographic separation of thrombin via its fibrinogen and heparin binding-site (Zhao 

et al., 2008). Wang et al. (2015) also immobilised aptamers on silica-monoliths by means 

of thiol-ene click reaction to achieve an enhanced immobilisation density of 420 pmol/µL 

for the extraction of thrombin in human serum. However, extensive research is required 

to standardise the generation and performance of synthetic receptors for bioaffinity 

chromatographic applications. 

9. VIRAL AND CELLULAR SCREENING APPLICATION 

Chromatographic screening of pathogens, virus-like particles and cells, as simplified in 

Figure 6, require the engineering of stationary supports to suit the hydrodynamic and 

functional characteristics of the targets for high throughput application. For example, the 

size of parvovirus is 30 nm, orthomyxovirus is 250 nm, paramyxovirus can be 14 µm, and 

bacteria cells being ≥400 nm. These targets require macroporous adsorbents with tuneable 

binding features for high performance screening. Suitable macroporous adsorbents for this 

purpose have been solely based on cryogel-based monoliths, CIM methacrylate monoliths 

and CIM styrene monoliths. Although cryogels (macroporous monoliths synthesised in 

sub-zero temperature) inherently have huge pores relative to CIM methacrylate monoliths, 

the latter is often preferred by biotechnologist due to the ease of fine-tuning pore size 

distribution, and immobilising ligands suitable for the cellular target. 
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Figure 6. Bioscreening and bioseparation of target molecules using functionalised 

monoliths. (A) Interaction between immobilised ligands and their cognate targets. (B) 

After washing of monolithic column to remove unwanted or loosely molecules. (C) 

Regeneration of the functionalised monolith by means of elution to enable reuse.   

Viruses can be engineered as vaccine delivery vectors, phage display, specific phage 

typing, and for gene delivery therapy (Jungbauer and Hahn, 2008; Podgornik and Krajnc, 

2012). The most notable chromatographic processes extensively utilised for viral 

purification are ion-exchange and size-exclusion. Monolithic adsorbents have found 

applications in ion-exchange and size exclusion as a stationary phase for the purification 

and maintenance of infectivity for live attenuated vaccines (Jungbauer and Hahn, 2008). 

Table 2 summarises the biophysical characteristics of proteins and cells for 

chromatographic separation.  

Table 2. Comparative biophysical characteristics of proteins and cells. 

Characteristics Protein Cells 

Hydrodynamic size Small-moderate High 

Response to Mechanical 

Impact 

Moderate High 

Mobility by Diffusion Significant Insignificant 

Mobility by Convection Significant Significant 

Number of binding sites Low High 
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Elution of molecules Simple Tedious effort  

Recovery yield High  Low 

9.1 Pathogen screening  

Monoliths have been utilised for selective concentration of various types of pathogens 

(Gutiérrez-Aguirre et al., 2009; Kovač et al., 2009). Gutiérrez-Aguirre et al. (2009) 

demonstrated the use of CIM monoliths for the concentration of rotavirus. These viral 

pathogens are the causative agents for diarrhoea in children. In comparison to the use of 

charged membranes for the concentration of enteric viruses from tap water as per the US 

environmental protection agency, CIM monoliths were demonstrated to have superior 

advantages in terms of rapidity, single-step concentration, and high recovery (Gutiérrez-

Aguirre et al., 2009). Kovač et al. (2009) also demonstrated the use of CIM monoliths for 

the concentration of hepatitis A virus (HAV) and feline calicivirus (FCV) with improved 

recoveries compared to conventional methods. The use of butyl–based and styrene-divinyl 

benzene monoliths have also been applied for the screening of HA1 subunits of different 

strains of Influenza virus such as A/Solomon Islands/3/2006 (H1N1), 

A/Wisconsin/67/2005 (H3N2) and B/Malaysia/2506/2004 (Urbas et al., 2011). Their 

analysis were conducted in reverse phase and it showed that the working linear range, 

limit of detection and limit of quantification were 1.60x1010-1.64x1011, 2.56x109 and 

5.12x109 viral particles/ml, respectively. In addition, SDS-page analysis confirmed that 

the eluted portion was purely HA1 (Urbas et al., 2011). Zaveckas et al. (2015) also 

developed a 2 step protocol involving a Q Sepharose XL and cation-exchange CIM-

monoliths for the purification of virus-like particles, Porcine circovirus 2 (PCV2), 

responsible for causing post weaning multisystemic wasting syndrome. The percentage 

purities obtained were 4–7% and 40% as well as a recovery of 5-7% and 15-18% for the 

two respective columns (Zaveckas et al., 2015). Jungbauer’s group also developed a 

protocol for the purification of infectious baculoviruses within a time frame of 20 h for a 

volume of 1150 mL cell culture supernatant in a 1mL radial flow monolith requiring a 

single purification cycle (Gerster et al., 2013). This was achieved through the use of CIM 

monoliths as an optional pre-column to clarify lipids out of the mixture. Anion exchange 

monoliths were then employed to screen the baculovirus out of a cell cultured medium 
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obtained from Spodoptera frugiperda cells. Notably, the rate of recovery ranged from 20% 

- 99% and above. The wide variation in recovery was attributed to the impact of the age 

and composition of the supernatant (Gerster et al., 2013).    

9.2 Cell isolation and purification 

The development of an effective system for cell separation poses more challenges than 

protein molecules as indicated in Table 2. Due to the number of available binding sites 

and the hydrodynamic size of cells, suitable adsorbents functionalised with ligands for 

cell separation should be binding-specific with convective mass transfer characteristics 

resulting from macroporosity to prevent clogging as well as reduce shear stress damage 

(Kumar et al., 2003; Dainiak et al., 2006). In light of this, a cryogel monolith with an 

immobilised protein A ligand was developed and demonstrated successful separation of 

B-lymphocytes from A-lymphocytes. The recovery rate for B-lymphocytes in the elution 

fraction was about 60-70% (Kumar et al., 2003). The purification of bacteriophages are 

highly essential in the production of vaccines and are currently being considered as a 

complement and/or supplement to antibiotics (Kramberger et al., 2015). Staphylococcus 

aureus bacteriophages VDX-10 from bacteria cell lysate was purified in a single elution 

step with the host cell DNA >99%, proteins > 90% and about 60% of viable phages 

recovered. A dynamic binding capacity of 1.1 x 1010 pfu/mL of CIM quaternary amine 

methacrylate monolith was achieved (Kramberger et al., 2010). Liu et al., purified 

mycobacteriophage  D29  using CIM methacrylate monoliths functionalised with diethyl 

amine in a double stage purification process to yield > 99% purity and a recovery of 10-

30% for viable phages (Liu et al., 2012). Oksanen et al. (2012) demonstrated the use of 

diethyl aminoethyl and quaternary amine functionalized CIM monoliths for the 

purification of filamentous phage phi05_2302 and icosahedral bacteriophage PRD1 

species and achieved a purification yield of 80% and a recovery of 5 mg/mL.  

9.3 Cell binding and targeting   

Arvidsson et al. (2002) demonstrated the use of an anion-exchange and Cu2+ metal affinity 

cryogel for cellular binding and elution of Escherichia coli with a selective recovery of 

~70–80% and ~80% respectively. The pore size of the monolith was in the region of 10-
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100 µm. A mixture of Escherichia coli and Saccharomyces cerevisiae cells was also 

successfully separated through the use of a cryogel-based monolith with immobilised 

Concanavalin A (Dainiak et al., 2006). Results from the analysis in a 96-mini column 

plate format indicated that the flow out, Escherichia coli, was~100% pure. Saccharomyces 

cerevisiae was separated from the cryogel monolith by means of compression and a purity 

of ~95% was obtained (Dainiak et al., 2006). Peskoller et al. (2009) also developed a 

polyglycerol-3-glycidyl monolith synthesised by means of self-polymerization at room 

temperature for an hour. The monolith was immobilised with polymyxin B as the ligand 

and had a pore size of about 22 µm and 79% porosity. The immobilised monolith was 

used for selective binding of Escherichia coli with a recovery of ~100% was obtained in 

5 min. In addition, an epoxide monolith with pore size of about 20 µm was synthesised by 

Ott et al. (2011) for the selective binding of Staphylococcus aureus by means of 

immunofiltration prior to its bioanalysis with a flow cytometer. Immunofiltration of 1 L 

sample took 145 min and the sensitivity of the post-analysis flow cytometry was increased 

by 130 folds from 5.5x103 S. aureus/mL to 42.3 S. aureus/mL in terms of detection limit. 

Although the immunofiltration process was specific, it was less efficient when compared 

to ionic interaction of cells in monolithic columns (Ott et al., 2011). 

10. APPLICATION OF MONOLITHS IN MICROFLUIDIC SYSTEMS  

The development of effective microfluidic systems for bioscreening have been fraught 

with a number of challenges relating to surface area to volume ratio and sample 

preparation for the solid phase component (Tripp et al., 2004; Gao et al., 2013). The use 

of well-characterised monolithic phases present a unique way of tackling these challenges 

(Tripp et al., 2004). Monoliths can be easily incorporated into microfluidic devices 

together with other bioanalytical systems to develop a portable, rapid, and economical 

system for a wide range of bioscreening applications (Tripp et al., 2004; Gao et al., 2013; 

Chan et al., 2014). An example of a microfluidic system is shown in Figure 7. Microfluidic 

systems are economical due to the requirement for minute amounts of samples, reagents 

and analysis time.  
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Figure 7. (A) Illustration of a microfluidic system with an embedded methacrylate 

monolith for rapid LC bioscreening applications. (B) An exploded view of the monolithic 

phase on the microfluidic platform (Chan et al., 2014).  

The use of a microfluidic system with an embedded monolithic stationary phase 

immobilised with trypsin for enzymatic digestion demonstrated 57 seconds analysis time 

at a flow rate of 0.5 µl/min compared to conventional microfluidic devices which require 

3-15 min reaction time (Peterson et al., 2002). Rapid results were obtained in the former 

as a result of convective mass transport of fluids and a high binding frequency to and from 

the binding sites. Parameters essential to improve the efficiency of anion-exchange 

methacrylate monoliths (Chan et al., 2014) and reverse phase silica monolith (Chan et al., 

2014) in microfluidic systems for rapid application has been investigated. It was reported 

that the dynamic binding capacity of the anion-exchange monolithic microfluidic system 

for protein binding is not affected by flow rate. However, an increase in pH above the 

isoelectric point (pI = 4.6) of the protein (BSA) resulted in an improved binding capacity, 

whereas strong ionic concentration (>0.6 M NaCl) resulted in a low dynamic binding 

capacity (Chan et al., 2014). In a recent work by Yang et al., varieties of monomers 

(Methyl methacrylate, MMA; butyl methacrylate, BMA; octyl methacrylate, OMA; and 

lauryl methacrylate, LMA) were applied for the development of a microfluidic system 

(Yang et al., 2015). Notably, the retention of BSA increased with higher carbon chain 

lengths as a result of increasing hydrophobicity (Yang et al., 2015). The use of a hybrid 

monolithic, poly(MAA-co-EGDMA)-γ-Al2O3, microfluidic system has been utilised for 

the identification and extraction of 2-amino-4-chlorophenol (ACP) in chlorzoxazone 

tablet, and various parameters such as pH and sample / eluent flow rates were optimised 

for the extraction process (Zhang et al., 2013). Gao et al., (2013) also demonstrated the 

use of an aptamer-based microfluidic system for real-time fluorescent monitoring of 
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biointeractions between a thrombin binding aptamer and thrombin within 3 min. Different 

chaotropic reagents were tested for the bound thrombin and their respective elution 

conditions and efficiencies were (i) 200 mM acetic acid + 2 M NaCl (75%), (ii) 1 M 

NH4OH (40%), (iii) 4 M urea (40%), (iv) 200 mM glycine (30%), (v) 2 M KSCN + 2 M 

MgCl2 (25%), and (vi) 2 M NaCIO4 (0%). 

11. BIOPROCESS CHALLENGES TO THE APPLICATION OF 

POLYMERIC MONOLITHS FOR HIGH THROUGHPUT APPLICATIONS  

To date, the highest volumetric capacity of polymeric monolithic columns is 8 L (Urthaler 

et al., 2005). Despite the numerous advantages of monoliths for high performance 

bioseparation, there has been limited progress in producing large volume monoliths for 

large-scale applications. Factors leading to these challenges can be broadly categorised 

under (i) thermal inhibition, (ii) maintenance of mechanical and chemical stability, (iii) 

wall channelling, and (iv) insufficient non-invasive characterisation techniques for 

process standardization. 

The control of temperature associated with the exothermic reaction of the synthesis 

process of polymeric monoliths is important to produce large uniform monoliths (Mihelic 

et al., 2001). The generation of large amounts of heat in the mould is explained to have a 

detrimental effect relating to the formation of heterogeneous pores and non-uniformity 

along the length of monoliths (Danquah et al., 2008; Ongkudon et al., 2014). To avoid 

this effect, large scale monoliths have previously been prepared through the embedment 

of varied annulus monoliths in one another (Podgornik et al., 2000). Though this technique 

has somewhat been successful, the embedment of annulus monoliths are complex to 

achieve and could lead to the presence of large nesting dead volumes in the finished 

monolith (Danquah and Forde, 2008; Danquah et al., 2008). An alternative approach, 

which happens to be much more effective and simpler, is by heat expulsion (Danquah et 

al., 2008). However, the use of heat expulsion is suspected to have a negative 

consequential effect on pore formation in relation to structural interconnectivities and 

subsequently the mechanical properties of the monolith as the size is further scaled-up 

(Ongkudon et al., 2014). 
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Mechanical and chemical stability is also another hurdle requiring in-depth investigations 

for large monoliths (Bisjak et al., 2007; Vidič et al., 2007). Contrary to particulate 

supports experiencing minimal or no effect from shrinkage and swelling of their pore size 

and column stability, monoliths tend to have a pronounced effect when they come in 

contact with harsh mobile phases (Vidič et al., 2007). Monoliths, by virtue of their 

continuous block nature, have tangible effect which could lead to cracks upon mechanical 

stress and this is prevalent in large monoliths (Vidič et al., 2007). Nevertheless, Jungbauer 

and Hahn (2008) expounded on the fact that polymethacrylate monoliths are resistant to 

deformation by means of pressure. They can also undergo series of regeneration processes 

with suitable chaotropic reagents and can be stored for over a year under suitable 

conditions (Jungbauer and Hahn, 2008; Ongkudon et al., 2014). The maximum volumetric 

capacity available for silica monoliths is in the region of 50 mL, a volume far below that 

achieved for polymeric monoliths. This is due to the fact that current methods in 

synthesising silica monoliths results in shrinkages and cracks during calcinations for 

scaling up processes (Ongkudon et al., 2014).  

Wall channelling is another limitation to the formation and application of large monoliths 

(Jungbauer and Hahn, 2008; Ongkudon et al., 2014).  The formation of monoliths often 

reveals the existence of a gap between the column wall and monoliths. Channelling can 

also result from relatively large heterogeneous pores within the monolith matrix, creating 

a unidirectional preferential pathway for fluid flow. This is more pronounced in large 

volume polymeric monoliths. Channelling can be minimised by silanisation of the column 

walls before synthesis of monolith (Greiderer et al., 2009), the use of an innovative-

conical moulds (Ongkudon and Danquah, 2011), temperature control, and by swelling of 

monoliths with tetrahydrofuran to fill the gaps (Urban et al., 2010). 

Unlike particulate supports where a small quantity of the particulate material can be 

sampled for biochemical analysis, monoliths will undergo destruction for a similar 

biochemical analysis to be carried out (Lendero et al., 2005; Jungbauer and Hahn, 2008). 

Nevertheless, there have been developments of some non-invasive techniques for 

biochemical analysis of monoliths. Lendero et al. (2005) demonstrated the use of acid-

based titration curves to understand the ionic composition of monoliths. The technique 
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has been shown to be contamination-free and suitable for biopharmaceutical application 

(Lendero et al., 2005; Jungbauer and Hahn, 2008). Other reports on non-invasive methods 

for monolith characterisation have been developed for the determination of pore size, flow 

uniformity, binding capacity, active group types and ionic capacity (Podgornik et al., 

2005; Podgornik et al., 2013).  

12. CONCLUSION  

Polymeric monoliths are adsorbent matrices suitable for rapid and high throughput 

bioscreening of biomolecular, viral and cellular targets. Owing to advances in the 

mechanism of synthesis of polymeric monoliths in relation to polymerisation time, cost of 

synthesis, engineering of pores and surface areas, monoliths are now easily developed for 

a wide range of applications. Monolithic stationary adsorbents also provide downstream 

process advantages for short analysis time and optimal gradient slope for elution under 

reduced back pressure. In addition, monoliths have led to the reduction in turn around and 

residence time in industrial preparative-scale applications. The ability to activate and 

functionalize polymeric monoliths with diverse kind of ligands makes them an ideal 

support for biomolecular and cellular purification and concentration, as well as the design 

of enzymatic reactors for biointeractions. Nevertheless, there remain significant research 

gaps to be accomplished. There are limited or no standard protocols for non-invasive 

characterisation of monoliths for bioseparation. Theoretical models describing the 

molecular phenomenon of the pore formation process, essential to accurately predict pore 

characteristics based on the synergistic effects of multiple polymerisation parameters, are 

not available. Knowledge on the mechanisms to engineer the physicochemical properties 

of monoliths is limited as compared to the worth of research interest generated around the 

application of monoliths as well as in comparison to other polymeric materials. Issues 

relating to polymeric swelling and cracks as monoliths are further scaled-up remain a huge 

challenge for large volume monoliths development and application.  
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ABSTRACT 

The quest to improve the detection of biomolecules and cells in health and life sciences 

has led to the discovery and characterisation of various affinity bioprobes. Libraries of 

synthetic oligonucleotides (ssDNA/ssRNA) with randomized sequences are employed 

during Systematic Evolution of Ligands by Exponential enrichment (SELEX) to select 

highly specific affinity probes called aptamers. With much focus on the generation of 

aptamers for a variety of target molecules, conventional SELEX protocols have been 

modified to develop new and improved SELEX protocols yielding highly specific and 

stable aptamers. Various techniques have been used to analyse the binding interactions 

between aptamers and their cognate molecules with associated merits and limitations. This 

article comprehensively reviews research advancements in the generation of aptamers, 

analyses physicochemical conditions affecting their binding characteristics to cellular and 

biomolecular targets, and discusses various field applications of aptameric binding. 

Biophysical techniques employed in the characterisation of the molecular and binding 

features of aptamers to their cognate targets are also discussed.  
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1. INTRODUCTION 

The drive to improve preventive healthcare delivery through pathogen detection has 

resulted in tremendous research into the development of ligands such as monoclonal 

antibodies and subsequently aptamers. Monoclonal antibodies are protein-based ligands 

produced via in vivo processes with significant biochemical limitations. Unlike antibodies, 

nucleic acid aptamers are single stranded oligonucleotides selected in vitro by means of a 

stringent iterative procedure known as Systematic Evolution of Ligands by Exponential 

enrichment (SELEX) (Ellington and Szostak, 1990; Robertson and Joyce, 1990; Tuerk 

and Gold, 1990). DNA/RNA aptamers have a high binding specificity, can be generated 

for an infinite pool of biological targets irrespective of their biochemical characteristics, 

are modifiable with functional moieties, easily immobilised on solid support systems, 

have an inexpensive production process, are chemically stable, can be molecularly 

engineered to possess a longer life span, and can be subjected to frequent denaturation and 

renaturation processes without affecting their affinity binding potential (Jayasena, 1999; 

Andrea et al., 2011; Acquah et al., 2015). Owing to these competitive advantages, 

aptamers are heralding innovations in biomarker development for applications in diverse 

fields such as cell targeting in therapeutic delivery, clinical diagnosis and prognosis, 

detection of environmental-related targets, mitigation of biotoxins and illicit drugs such 

as cocaine. Despite their superior traits, the application of aptamers is fraught with a 

number of setbacks ranging from SELEX, standardisation protocols and in their 

applications documented in the literature (Baird, 2010; McKeague and Derosa, 2012; 

Acquah et al., 2015) 

Various advances have been made in the application of SELEX for the development of 

aptamers. These advancements include modifying the library domain, elimination of non-

specific binding, targeting of complex/living cells, modification of the selection and 

partitioning steps, and sequencing (McKeague and Derosa, 2012; Sun and Zu, 2015). 

Aquino-Jarquin and Toscano-Garibay (2011) previously did a comprehensive discussion 

solely on the history of SELEX and their modifications. McKeague and Derosa (2012) 

also reviewed the generation and application of aptamers for small target molecules. Also, 

a description of the advances made in SELEX was also presented though the analysis was 
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mainly geared towards small target molecules. Sun and Zu (2015) recently discussed 

various chemical and structural modification techniques applied to enhance the 

bioavailability of aptamers as well as achieving a rapid SELEX technology. In addition, 

Darmostuk et al. (2015) presented a comprehensive discussion on SELEX covering 

conventional assays, advancements, post-SELEX modifications and aptamer databases. 

Whilst all these previously reported articles focus on SELEX advancements, none 

discusses aptamer generation in relation to binding features, analytical characterisation 

and the effects of physicochemical conditions on affinity performance. This relationship 

is necessary to engineer the binding characteristics of aptamers for enhanced binding 

performance. Aptamers have distinct secondary structures together with their primary 

sequence that enable high specific interaction with their cognate target to form complexes. 

A unique stable structure is formed as a tertiary complex with the complementary target 

(Abe et al., 2011; Santosh and Yadava, 2014). Remarkably, aptamer-target affinity 

interaction is affected by the pH, ionic strength, and the temperature of the binding 

medium (Hianik et al., 2007; Li et al., 2008; Lin et al., 2011; Kang et al., 2012; Krishnan 

et al., 2013; Chang et al., 2014), and these can be characterized using techniques such as: 

Isothermal Titration Calorimetry (ITC), Capillary Electrophoresis (CE), Circular 

Dichroism (CD), Microscale Thermophoresis (MST), Quartz Crystal Microbalance 

(QCM), Photonic Crystal Surface Wave (PC SW) and Surface Plasmon Resonance (SPR). 

Whereas CE and CD are used to determine conformational changes of bound aptamers 

upon binding (Girardot et al., 2010; Lin et al., 2011), QCM, PC SW, MST and SPR 

provide real-time monitoring of the affinity interactions and associated kinetics devoid of 

labelling (Konopsky and Alieva, 2009; Chang et al., 2014; Tatarinova et al., 2014). In 

addition, they are not affected by background signals arising from aptamer labelling which 

can potentially distort the molecular conformation of the aptamer. However, the challenge 

lies in effectively coupling the aptamer to a solid detection surface without compromising 

on the binding affinity (Hianik et al., 2007; Lin et al., 2011). MST and ITC are used to 

study the thermodynamic characteristics of the aptamer binding process (Lin et al., 2011; 

Chang et al., 2014). MST technology offers precise and real-time results devoid of 

molecular labelling by employing inherent fluorescence properties of one of the binding 

species (Entzian and Schubert, 2015; Stoltenburg et al., 2015). This article presents an 
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extensive discussion covering the generation of aptamers via SELEX and its 

modifications, biophysical techniques necessary to characterise aptamer-target binding, 

and physicochemical conditions that can affect binding potency and specificity. It aims at 

highlighting the synergies between the relevant areas of aptamer science, thus formulating 

a fundamental understanding essential to optimise the performance of aptameric binding 

post-SELEX.  

2. SYSTEMATIC EVOLUTION OF LIGANDS BY EXPONENTIAL 

ENRICHMENT (SELEX) 

Contrary to the natural biological approach of synthesizing oligonucleotide sequences, in 

vitro chemical synthesis, pioneered by Todd and Michelson, proceeded in the 3’ to 5’ 

direction. Chemically synthesized RNA/DNA oligonucleotides are used as precursors in 

setting up a randomised library for SELEX to expedite the simulation and evolution of 

synthetic ligands with high affinity. Thus, making SELEX technology advantageous in 

terms of chemical modifications of oligonucleotides prior to SELEX, avoidance of animal 

ethic issues and cost of production. Notably, the use of RNA oligonucleotides takes a 

longer time for the selection of aptamer sequences in SELEX as compared to DNA 

libraries. This is attributed to the reverse transcription of RNA molecules into cDNA 

molecules to enable sequencing and amplification before being  transcribed from cDNA 

into an RNA molecule (Tuerk and Gold, 1990).     

2.1 Conventional SELEX 

SELEX is a stringent in vitro process for rapid selective development of single stranded 

oligonucleotides termed as aptamers from nucleic acid libraries. The generated aptamers 

are characterised by a low dissociation, Kd, thus possess the capacity to bind strongly to 

their cognate targets compared to antibodies. In general, SELEX protocol has 4 main steps 

namely; variation, selection, partition and amplification (Tuerk and Gold, 1990; Yang et 

al., 2007). The variation step involves the generation of random combinatorial libraries of 

nucleic acid sequences up to 1016. The synthesized combinatorial libraries have random 

sequences flanked at either ends with fixed 3’ and 5’ primers. The length of the sequence 

is often within 20-40bp (Guo et al., 2008). The libraries are incubated with the target 
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molecules under specified conditions of buffer composition and temperature. Non-

selected sequences are partitioned from the selected ones by washing with a suitable 

reagent, leaving the bound sequences on the immobilised targets, which are also 

subsequently eluted. Separation techniques such as membrane filtration and affinity 

chromatography are employed during the partitioning step to identify the bound sequences 

(Yang et al., 2007; Pinto et al., 2014). The bound sequences are eluted and amplified by 

PCR or RT-PCR (specifically for RNA aptamers). The stringency of elution (temperature, 

pH and buffer compositions) is increased through successive cycles of SELEX.  The 

iterative process of selection and amplification proceeds (often ≤15 cycles) (Han, 2013; 

Radom et al., 2013) to obtain an enriched pool, otherwise known as candidate aptamers 

(Pinto et al., 2014). The candidate aptamers are then cloned, sequenced and analysed to 

obtain a selected aptamer with the best binding affinity and specificity towards the target 

(Andrew and Jack, 1990; Stoltenburg et al., 2007). The selected aptamer is then 

chemically synthesized for further characterisations and applications. The type of target 

and the stringency of the conditions employed during the iterative process determine the 

total number of aptamers generated during cloning and sequence analysis (Stoltenburg et 

al., 2007). The schematic iterative process is presented in Figure 1. 

 
Figure 1. Schematic description of SELEX showing four repetitive steps; variation, 

selection, partition and amplification. 
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2.2 Advancement in SELEX Technology 

Conventional SELEX technology is notably fraught with a significant number of 

challenges. Some of these challenges include (i) the duration of selection; (ii) occurrence 

of non-specific binding of oligonucleotides; (iii) formation of concatamers from PCR 

artifacts; (iv) low molar ratio of DNA/RNA library to the target; and (v) unavailability of 

chemistries and technologies capable of achieving a high throughput SELEX (McKeague 

and Derosa, 2012; Radom et al., 2013; Blind and Blank, 2015; Ouellet et al., 2015). 

Essential benchmarks applied to the selection of aptamer ligands with high affinity include 

reduction in non-specific binding, high partition efficiency (PE) and a reduced number of 

selection rounds needed to attain a low Kd value (Berezovski et al., 2005; Lou et al., 2009). 

The purity of the separation process is a direct function of the PE value (Lou et al., 2009). 

For instance, Berezovski et al. (2005) demonstrated the application of a technique called 

’Non-equilibrium Capillary Electrophoresis of Equilibrium Mixtures (NCEEM)’ to attain 

a PE of 1x105 as compared to conventional techniques yielding 10-1000 PEs. Similarly, 

Lou et al. (2009) obtained a PE of ~1.4±0.6 x106 for a micromagnetic microfluidic SELEX 

approach by coating carboxylic acid on magnetic beads to reduce non-specific adsorption. 

In addition, Ouellet et al. (2015) recently developed a SELEX technology termed as Hi-

Fidelity (Hi-Fi) SELEX. The chemistry of the target-display surface as well as equilibrium 

conditions and solvents were optimized to reduce non-specific adsorption. Relative to the 

conventional approach, the following performance characteristics were obtained through 

the first round: a reduction in sequence diversity by 105-106 orders of magnitude, a 

partition efficiency of 8.0 x 105 and a retention of 108-109 unique library sequences 

(Ouellet et al., 2015). These and many other varied improvements in SELEX have led to 

the development of about 32 different types of SELEX assays (Sun and Zu, 2015). Some 

of these are described in Table 1 highlighting the main areas of 

improvement/modification.  
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Table 1. Summary of some advances in SELEX technology for aptamer generation.  

Method Section of 

SELEX 

Modification 

Description Reference(s)  

Negative -SELEX *Conventional 

technique 

Removal of non-specific 

binding that arises from 

the matrix binding 

aptamer.  

(Andrew 

and Jack, 

1990) 

Counter SELEX Selection and 

partitioning step 

Elimination of non-

specific binding resulting 

from enantiometric 

targets. 

(Jenison et 

al., 1994) 

Crosslinking SELEX or 

Photo SELEX 

Library domain Introduction of photo / 

crosslink group to the 

library pool to enable 

higher affinity and 

specificity binding of 

aptamer by crosslink to the 

target molecule following 

UV radiation.  

(Jensen et 

al., 1995) 

cDNA SELEX or 

Genomic SELEX 

Library domain Modification done in the 

nucleic acid library 

domain with the target’s 

own genome. The 

sequences that are present 

after co-

immunoprecipitation are 

then amplified.  

(Dobbelstein 

and Shenk, 

1995) 

In Vivo SELEX Complex/living 

cells 

SELEX procedure 

performed on vertebrate 

cells (living cells) 

(Coulter et 

al., 1997) 

Chimeric SELEX Library domain Generation of dual 

function aptamers using a 

library with fused 

aptamers that bind 

independently to different 

targets.  

(Burke and 

Willis, 

1998) 

Multistage SELEX Library domain 

 

 

Selection step 

To generate allosteric 

aptamers. Aptamers that 

bind to different target 

molecules are generated 

separately through 

conventional SELEX. 

These aptamers then fused 

to form longer 

oligonucleotides. Fused 

(Wu and 

Curran, 

1999) 
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aptamer then go through 

counter selection to 

identify aptamers that 

have binding affinity of 

desired target. 

Cell SELEX 

 

Complex targets Using whole cells as 

targets. Aptamers with 

high affinity to a specific 

surface protein have been 

identified. 

(Homann 

and 

Goeringer, 

1999) 

Indirect SELEX Library domain Divalent cations are added 

to the library pool to 

generate ion-dependent 

aptamer. Ion-dependent 

aptamers have a better 

binding affinity due to 

inductive conformation 

change effect in the 

presence of specific 

divalent cation 

(Kawakami 

et al., 2000) 

Toggle SELEX Selection step Generation of aptamers 

that have cross reactivity 

with proteins of different 

species or subgroups by 

toggling two homologous 

proteins during selection.   

(Rebekah et 

al., 2001) 

SELEX SAGE Library domain Combination of SELEX 

with serial analysis of 

gene expression (SAGE) 

protocols for quantitative 

modelling and generation 

of aptamers with large 

sequence libraries. 

(Roulet et 

al., 2002) 

Tailored-SELEX Amplification 

step 

Swift generation of 

aptamers with short 

sequences ~ 10 nt. Primers 

are added by means of 

ligation to the 10 fixed 

nucleotide sequence prior 

to amplification in the 

SELEX process. 

(Vater et al., 

2003) 

Primer-free Genomic 

SELEX 

Genomic library 

domain 

Elimination of primer-

annealing sequence from 

random sequence library 

to avoid interference from 

primer-binding sequence 

(Wen and 

Gray, 2004) 
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in aptamer complex 

binding. 

FluMag-SELEX Library domain 

 

 

Selection and 

partitioning step 

Introduction of fluorescent 

tagging of aptamers as 

well as target 

functionalization on 

magnetic beads in lieu of 

the conventional 

radioactive compounds. 

This increases the rapidity, 

ease of use, and efficiency 

of aptamer selection.  

(Stoltenburg 

et al., 2005) 

Non-Selex (NECEEM-

based) 

Selection and 

partitioning step 

 

 

No 

amplification  

A unique form of SELEX 

devoid of amplification 

steps and solely based on 

the principles of non-

equilibrium capillary 

electrophoresis. High 

affinity aptamers are 

produced in an hour as 

compared to the 

conventional, which 

requires several days.   

(Berezovski 

et al., 2006) 

NanoSelection Library domain 

 

 

Selection and 

partitioning step 

Combination of Atomic 

Force Microscopy (AFM) 

with Fluorescence 

Microscopy employed on 

a nano scale for specific 

selection of aptamers 

bound to a target from a 

smaller domain of nucleic 

acid sequences.  

(Peng et al., 

2007) 

Monolex Selection and 

partitioning step 

 

Amplification 

High affinity aptamers 

generated through a single 

round of elution and 

amplification and 

specifically designed for 

orthopovirus targets. 

(Nitsche et 

al., 2007) 

Bind-n-Seq 

Massive parallel 

SELEX 

Library domain 

 

 

Selection step 

This involves the 

extraction of motifs from 

bound sequences after 

incubation of proteins with 

random nucleic acids. The 

developed protocol gives 

room for the generation of 

> 10 base pair binding 

(Zykovich et 

al., 2009) 
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sites, parallel multiplexing 

with bar coded nucleic 

acids.  

Microfluidic SELEX Selection and 

partitioning step 

 

 

Amplification 

An automated rapid 

miniaturised microfluidic 

system consisting of a 

magnetic bead for target 

coupling with an on-chip 

amplification module for 

amplifying selected 

oligonucleotide 

sequences. 

(Huang et 

al., 2010) 

SOMAmer 

(Slow Off-

rate Modified Aptamer) 

Library domain 

 

This is based on the pre-

modification of sequences 

of nucleic acids prior to 

the SELEX process to 

generate aptamers with 

enhanced properties for 

protein targets previously 

unbounded. It also 

capitalises on the unique 

sequences of each nucleic 

acids as well as their 

structural properties. 

(Gold et al., 

2010) 

MAI-SELEX 

(Multivalent aptamer 

isolation) 

Library domain 

 

 

Selection step 

The uniqueness of this 

assay is embodied in its 2 

modules, which are used 

in aptamer pair selection 

for distinct site-specific 

binding interactions on the 

same target with less cross 

reactivity.  

(Gong et al., 

2012) 

Single Walled Carbon 

Nanotubes (SWCNTs)-

assisted cell-SELEX 

Cellular target Reduction in the selection 

cycles and inefficiencies 

in the separation of 

specific and non-specific 

aptamers in each cycle to 

yield high affinity 

uncompromised aptamers 

specifically for cellular 

detection (cell-SELEX). 

Principle of separation 

hinges on the chemistries 

of nano-materials. 

(Tan et al., 

2014) 
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Hi-Fidelity (Hi-Fi) 

SELEX 

Library domain 

 

 

Selection and 

partitioning step 

 

 

Amplification 

technique 

 

Hi-Fi SELEX is 

distinctive by means of: (i) 

enhancing the diversity in 

functional aptamer 

sequences in the start-up 

library, (ii) elimination of 

pre-screening library 

sequences by 

immobilising targets on 

photo-coupled 

polyethylene glycol layers 

which passivates the 

surface against non-

specific adsorption of 

oligonucleotides, (iii) 

application of digital 

qPCR to obtain high 

fidelity and, (iv) 

stoichiometric conversion 

of amplicons by λ-

exonuclease into their 

related ssDNA aptamer 

libraries.      

(Ouellet et 

al., 2015) 

3. APTAMER-TARGET BINDING MECHANISMS 

Aptamers have secondary structures that enable binding with a wide variety of target 

molecules. These structures are stable and distinct with different nucleotide sequences for 

any target molecule, and can have one of the following conformations; stems, loops, 

bulges, hairpins, pseudoknots, triplexes or quadruplexes (Strehlitz et al., 2012). For 

instance, the stability of the guanine quadruplex of a DNA aptamer is often reliant on the 

3-D structure of the guanine quartet. The shape of the guanine quadruplex can be 

engineered to form either a linear or folded shape. The former is as a result of four 

oligonucleotide strands, whereas the latter results from one or two strands of 

oligonucleotide (Smirnov and Shafer, 2000). Howbeit, the fact that aptamers can be 

synthesized for a wide range of target molecules results in a number of challenges during 

the SELEX process for anionic and hydrophobic targets from an unmodified sequence of 

libraries (Amaya-González et al., 2014). In contrast, protein-binding ligands are versatile 

in binding to complementary targets due to the presence of amino acid moieties, whereas 

aptamers have one function; to form a binding complex with their cognate targets. As a 
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result, aptamers tend to be highly specific in terms of binding affinity in comparison to 

antibodies and other protein binding ligands (Hermann and Patel, 2000).  

Aptamer-target complex formation is broadly based on any of the following interactions 

or multiple combinations; aromatic stacking of flat moieties, hydrogen bond formation, 

van der Waals interaction, hydrophobic interaction and molecular shape complimentary 

interaction (Amaya-González et al., 2014; Santosh and Yadava, 2014; Acquah et al., 

2015). For instance; aromatic targets bind to aptamers by means of stacking and hydrogen 

bonding (Hermann and Patel, 2000; Long et al., 2008). Amino acids bind to aptamers by 

means of hydrogen bonding, driven by the orientation of polar moieties (Hermann and 

Patel, 2000). Oligosaccharides such as antibiotics complex with aptamers through non-

Watson base pairing, electrostatic force of attraction, and intermolecular hydrogen bonds 

(Jiang et al., 1999; Hermann and Patel, 2000). Thrombin interacts with an RNA aptamer 

having a stem–loop secondary structure through multiple combinations of ion pair 

interactions between the thrombin protein and the phosphate backbone of the RNA 

aptamer (Long et al., 2008). 

Interactions between RNA aptamers and proteins are based on base pairings within the 

aptamer and this influences the 3-D structures of RNA aptamers. 3-D structures of 

aptamers possess special recognition sites for specific protein target binding and for 

distinguishing between enantiomeric targets. Both DNA and RNA aptamers can bind to a 

specified target but with different mechanisms of interaction (Song et al., 2012; Acquah 

et al., 2015). For instance, whereas the 15-mer DNA thrombin binding aptamer binds to 

the exosite-1 of thrombin with van der Waals forces and hydrogen bonding stabilised by 

a G-quadruplex structure, Toggle 25t (an RNA aptamer) binds to the opposite end 

(exosite-2) with van der Waals forces, ionic interactions, hydrogen bonds and π-π 

stackings (Long et al., 2008). Other studies reported on the interactions of RNA and DNA 

aptamers with interferon-γ revealed different dissociation constants of 8.7±1.2 and 

63.8±7.4 nM respectively, with corresponding detection limits of 100 fM and 1pM (Min 

et al., 2008). Allers et al. (2001) discussed that whilst RNA recognition sites for protein 

targets relate to the utilisation of polypeptide backbone, amide and carbonyl groups to 

result in base specific hydrogen bonding, DNA molecules rely on their bases and residues 
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of amino acids for the formation of the tertiary complexes (Allers and Shamoo, 2001). 

Generally, the phosphate backbone of nucleic acids binds more readily to positively 

charged amino acid residues (arginine, lysine and serine) than amino acids such as 

cytosine (Luscombe et al., 2001). 

3.1 Factors affecting aptameric binding performance 

3.1.1 Aptamer stability  

The stability and functionality of unmodified aptamers are affected by nuclease 

degradation in biological matrices (Bouchard et al., 2010; Santosh and Yadava, 2014). 

The Stability of aptamers during intracellular activities is of major concern in medical 

applications. Aptamer stability can be enhanced, from minutes to hours, through chemical 

modifications or the selection of a polyvalent aptamer for the target (Musumeci and 

Montesarchio, 2012). Chemical modifications to aptamers can be performed pre- or post-

SELEX by either terminal modification (addition of modified nucleotides to the aptamer 

backbone) or nucleotide modifications with locked nucleic acids such as 2’-amino, 2’-

fluoro, 2’-O-methyl-nucleotides, phosphorothioate and polyethylene glycol (Bouchard et 

al., 2010; Musumeci and Montesarchio, 2012; Santosh and Yadava, 2014). The challenge 

with this approach is associated to cost and concerns of chemical toxicity in medical 

applications (Musumeci and Montesarchio, 2012). Tatarinova et al. (2014) compared 

some selected chemical modification approaches (thiophosphoryl, triazole, and alpha-

thymidine modifications) and the addition of a duplex module to a thrombin aptamer to 

investigate effects on stability. Although the chemically modified aptamers generally had 

an increase in stability, they were faced with a number of challenges such as poor 

predictions with the modification effects, identification of suitable positions for chemical 

modification, possible negative effects on thermostability and selectivity. Modifications 

by duplex module addition mimicked the effect of an in vivo G-quadruplex, and this 

modification can be implemented on any kind of DNA aptamer (Tatarinova et al., 2014). 

Alternatively, the engineering of a polyvalent aptamer to establish multivalent interactions 

with target molecules can be performed to enhance stability. This can be achieved with 

the use of suitable linkers to covalently connect the aptamers, or by coupling aptamers to 

nanoparticles (Musumeci and Montesarchio, 2012). With any of these two approaches for 
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engineering polyvalent aptamers, multiple copies of a selected aptamer interact with target 

molecules in the same scaffold resulting in a multi-aptamer with an increased stability. 

Furthermore, polyvalent aptamers have a low dissociation constant, thus, higher binding 

affinity (Musumeci and Montesarchio, 2012). Seferos et al., (2008) demonstrated that 

gold nanoparticle-conjugates of polyvalent oligonucleotide have enhanced nuclease 

stability. The application of the concept of spiegelmers are also known to be workable in 

the enhancement of aptamer stability and performance (Bouchard et al., 2010). Esposito 

et al. (2014) also demonstrated that aptamer affinity, thermostability and half-life are 

enhanced through the inversion of polarity at the ends of the sequence for a G-quadruplex 

thrombin binding aptamer.  

3.1.2 Metal Ion 

The interaction of metal ions with nucleic acid ligands predominantly occur at the 

phosphate backbone, base keto oxygens, sugar backbone, N3 of adenine and N7 of 

guanine (Sundaresan and Suresh, 2007; Girardot et al., 2010). The presence of a metal ion 

in a medium can cause alterations in the conformation of an aptamer, thus affecting its 

thermal stability (Smestad and Maher, 2012). The effect of monovalent and divalent 

cations to stabilise and induce a G-quadruplex structure has been demonstrated to follow 

the pattern (i) K+>NH4
+>Rb+>Na+>Cs+>Li+ (Wong and Wu, 2003) and (ii) 

Sr2+>Ba2+>Ca2+>Mg2+ (Venczel and Sen, 1993), respectively. Statistical analyses 

conducted by McKeague et al. (2015) also suggested that there exists a positive correlation 

between a lower metal ion concentration and higher binding affinity. Nevertheless, a 

negative correlation was observed between Na+ and viral targets. A number of specific 

proof-of-concepts have been probed. Lin et al., (2011) demonstrated that the formation of 

G-quadruplex 15mer thrombin binding aptamer (TBA) was induced by K+ monovalent 

ion, whereas A-form duplex formation of a 29mer TBA was induced by Mg2+. André et 

al., (2005) observed that the presence of Na+ or Ni2+ decreased the affinity constant of 

adenosine aptamer contrary to the presence of Mg2+. The presence of Mg2+ enhanced 

stabilisation of aptamer secondary structure. Thus, conformational change and binding 

affinity of aptamers are affected by the presence of metal ions. DNA-metal ion interaction 

is also dependent on the nature of the metal, size and charges (André et al., 2005). 
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However, the effect of metal ions such as Na+ and K+ on the binding affinity is dependent 

on the type of binding interactions between the aptamer and the target. For instance, 

increasing the ionic strength for an electrostatic interaction with Na+ and K+ can lead to a 

reduction in the binding affinity as a result of shielding effect on the phosphate backbone 

of the aptamer. Thus, the effect of metal ion interactions on aptamer binding affinity is 

essential in predicting effective binding affinity. Lin et al., (2011) demonstrated the effects 

of Na+ on binding affinities of 15-mer, 29-mer and 32-mer TBA. It was observed that an 

increase in Na+ concentration results in a significant reduction of the binding affinity with 

the exception of 29-mer. In addition, the ionic concentration led to a reduction in the 

binding affinity for electrostatic force of attraction. The decrease in binding affinity was 

due to the shielding effect of the metal ion (counter ion) (Hianik et al., 2007; Lin et al., 

2011). However, this was not observed in the 29-mer TBA due to the involvement of 

hydrophobic moieties (Lin et al., 2011) which further supports works done by Buff and 

co-workers (Buff et al., 2009).  

Monovalent and divalent ions interact with the aromatic bases and phosphate backbone of 

aptamers. The presence of Mg2+ was observed to increase the affinity of RNA to 

theophylline by 104 fold by stabilising the secondary structure (André et al., 2005; Latham 

et al., 2009). Cruz-Aguado and Penner (2008) observed that Mg2+ and Ca2+ enhanced 

affinity binding by forming a coordination complex with the target Ochratoxin A. Also, 

the presence of these two divalent ions facilitates aptamer conformational changes to 

favour target binding (Cruz-Aguado and Penner, 2008). Girardot et al. (2010) 

demonstrated that the addition of divalent Mg2+ improved the binding affinity of 

lysozyme-aptamer interactions due to favourable conformational changes of the aptamer. 

Moreover, dication interactions results in stronger stabilization of complex conformation 

(Girardot et al., 2010).  

Ionic strength also affects the binding affinity of aptamers and targets by affecting the 

secondary structure of the aptamer. Effect of divalent Mg2+ on binding affinity is very 

dependent on the structural composition of the target. Mg2+ exhibit shielding effect on N1 

and N7 of adenine which are the main interaction site with aptamer and thus affect the 

binding. For AMP, ADP, ATP with structural composition is similar with a phosphate 
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side chain, increase in Mg2+ increase the binding affinity by interaction with the phosphate 

side chain and reduce the Coulombic repulsion between aptamer and these target 

molecules (Deng et al., 2001).  

3.1.3 Structure of aptamer sequences  

The aptamer sequence, length of aptamer and loop conformation have an impact on the 

binding affinity of aptamers (Smirnov and Shafer, 2000; Musafia et al., 2014). Changes 

in the nucleotide sequence results in mutation, and this causes variations in the secondary 

structure of the aptamer (Musafia et al., 2014). It has been demonstrated that longer 

aptamers could have good binding affinities (Musafia et al., 2014). However, the cost of 

aptamer production is a significant factor in accounting for the optimal length for effective 

binding (Smirnov and Shafer, 2000; Musafia et al., 2014). Hence, they could be cleaved 

and shortened to the binding region to offer a high affinity as the original. In addition, a 

statistical proof of minimal correlation between the length of aptamers and targets in 

general has been reported. Relative to the length of aptamers, their specific sequence, 

structure and type of target are essential in enhancing their affinity (McKeague et al., 

2015). Studies by Smirnov and Shafer (2000) on the thermodynamic stability of loop 

sequence alteration using a thrombin binding DNA aptamer indicate that changes in the 

loop sequence, conformation and loop length can have significant impacts on the stability 

of aptamers. 15-mer thrombin binding aptamer (TBA) folds into a unique two guanine 

quartets by intermolecular interaction such as stacking and hydrogen bonding to gain the 

structural stability. Changing the loop sequence affects the formation of this unique 

complex thus affecting the stability of the aptamer. For instance; Musafia et al. (2014) 

demonstrated that the size of aptamers, nature of secondary structure, size of the loop, and 

loop perturbation affect the binding affinity of an anti-influenza. Changing the loop size 

or altering the loop composition affects the secondary structure of the aptamer (such as 

from quadruplex to hairpin), causing the emergence of different recognition regions 

(Smirnov and Shafer, 2000; Musafia et al., 2014).  
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3.1.4 pH 

Binding-linked protonation processes have been demonstrated to be critical in stabilising 

the tertiary complex formed between an aptamer and a target (Kaul et al., 2003; Lin et al., 

2011), enhancing their binding specificity through the formation of hydrogen bonds 

(Nguyen et al., 2006; Lin et al., 2011; Nguyen and Vu, 2012). At pH above the target pKa 

value, a complex can be formed as a result of protonation. When a target is fully 

protonated at a pH below its pKa value, bioaffinity interactions with the aptamer do not 

involve binding linked protonation. Pilch et al. (2003) showed that pH affects 

thethermodynamic stability of an RNA-aminoglycoside complex. At a lower pH, aptamer 

protonation reduced the coulombic repulsion between the target and aptamer to yield a 

better retention time (Pilch et al., 2003). 

3.1.5 Temperature 

Binding of aptamers with their cognate targets is a thermodynamic process involving 

enthalpy (∆𝐻 ) and entropy (∆𝑆) changes that can be defined by Gibbs energy shown in 

equation 1 (Velazquez-Campoy et al., 2000; Lin et al., 2011; Wang et al., 2013). Thus, 

temperature is inevitably an important factor affecting the binding affinity.  

∆𝐺 =  ∆𝐻 − 𝑇∆𝑆       (1) 

The most studied temperature for aptamer selection is reported to be at 25 oC (McKeague 

et al., 2015). However, the optimum temperature for high affinity and binding kinetics is 

obtained around that of physiological conditions, 37 °C according to (Wang et al., 2013; 

McKeague et al., 2015). At such conditions, aptamers form unique 3-dimensional 

conformations that facilitates effective interactions (Wang et al., 2013). That 

notwithstanding, aptamer-target interactions exhibiting endothermic reactions are also 

thought of to be favoured with high affinity by high temperatures and vice versa for 

exothermic reactions (Wickiser et al., 2005).  

4. CHARACTERISATION OF APTAMER-TARGET BINDING  

A distinguishing feature between the generation of aptamers for biomolecular and cellular 

targets is the non-reliance on molecular signature for cellular targets. In addition, aptamer 
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selection is relative to their native conformation and physiological environment in cell-

SELEX as compared to SELEX for biomolecules (Meyer et al., 2011; Ninomiya et al., 

2013). Due to the complexity of cell membrane surface, cell-SELEX bear the risk of 

selecting molecules different from the desired target protein (Meyer et al., 2011), though 

this can be overcome by performing counter selection (Van Simaeys et al., 2010). 

Binding interactions between aptamers and cellular targets entails secondary structural 

changes as discussed for biomolecular targets, and these secondary structures are essential 

for cellular recognition and specificity (Graham and Zarbl, 2012). Aptamer interactions 

with cellular targets consist of a host of binding forces including hydrogen bonding, van 

der Waals interactions, electrostatic bonding, aromatic ring stacking, non-Watson-Crick 

interaction or a combination of these (Graham and Zarbl, 2012). For instance, electrostatic 

interactions with the phosphate backbone results when the cognate molecule on the cell 

membrane surface is a protein with positively charged amino acid residues. As living cells 

are targets for cellular binding and cell surface moieties varying at different growth phases 

and conditions, cell cultivation and growth pattern is essential to achieve desired binding 

characteristics (Cao et al., 2009; Suh et al., 2014). At different growth stages, bacteria 

cells express different molecules that undergo antigenic variations, and this could result 

in the generation of false-negative results during cellular binding. Also, there is the 

tendency for aptamers to not recognise bacteria cells with positive charges on their surface 

and do not express the specific target molecule of interest during cell growth.  

Cross-over SELEX is an alternative technique to address the challenges of cell-SELEX in 

generating aptamers for complex or cellular targets. In this process, a number of SELEX 

rounds is performed against the cellular target based on the interaction between the nucleic 

acids and the surface biomarkers expressed on the cell membrane, whiles the remaining 

rounds of conventional SELEX are performed against a selected purified biomarker and 

vice versa (Cibiel et al., 2011; Hicke et al., 2001). 

Multiple aptamers for target cells based on different cell surface moieties can also be 

generated (Cao et al., 2009). Multiple aptamers can increase the sensitivity by synergetic 

effect when the complex target is detected (Cao et al., 2009; Suh et al., 2014). Cao et al. 
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(2009) combined five aptamers for Staphylococcus aureus and this resulted in better 

binding characteristics compared to a single aptamer.  

4.1 Instrumentations for probing aptamer-based binding  

The extent of affinity between an aptamer-target interaction is estimated by means of the 

dissociation constant, Kd,(Jing and Bowser, 2011) which is mathematically expressed as: 

 𝐾𝑑 =
(A)(T)

(C)
          (2) 

Where A is aptamer concentration, T is target concentration and C is the concentration of 

aptamer-target complex. The advancement in aptamer technology over the past two 

decades has led to the establishment of analytical methods and tools to characterise the 

binding affinity of aptamers through the measurement of affinity constant; reaction 

kinetics; conformational changes during the formation of aptamer-ligand complexes; and 

real-time monitoring of affinity interactions. Various biophysical techniques or 

instruments often deployed in characterising aptameric binding features are generally 

discussed in this section.  

4.1.1 Affinity chromatography 

High Performance Liquid Chromatographic (HPLC) techniques can be used to analyse 

aptamer-target binding qualitatively and quantitatively. The mechanism of operation is 

based on the flow of liquid solvent under pressurised conditions through an aptamer-

immobilised adsorbent column as shown in Figure 2. Results are shown in a 

chromatogram with concentration of analytes against retention time. HPLC technique 

provides information regarding the equilibrium distribution of aptamer, target and 

aptamer-target complex which can be used to estimate the Kd value (Deng et al., 2001). 

In addition, this technique is useful in investigating the binding affinity of aptamers 

towards complex samples. With such samples, the binding between aptamers and targets 

are shown with different peaks in the chromatogram to aid in their comparison (Deng et 

al., 2001). More so, Deng et al., (2001) characterised the binding of a DNA aptamer to 

adenosine by affinity chromatography with varying parameters such as pH, ionic strength 

and concentration of divalent Mg2+. 
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Figure 2. Schematic representation of a biophysical technique (affinity chromatography) 

used to characterise aptamer-target binding. Movement of fluid through an affinity 

chromatographic column is via concave flow. 

4.1.2 Electrophoresis 

The application of electrophoresis to study aptamer-target interactions could be in diverse 

forms such as gel electrophoresis, affinity capillary electrophoresis and microchip 

electrophoresis. Gel Electrophoresis (GE) is a commonly used technique for studying the 

binding characteristics between an aptamer and a target. Aptamers are negatively charged 

hence possess a negative electrophoretic mobility whereas protein targets have a low polar 

mobility. As a result, the aptamer-target tertiary complex formed has an intermediate 

electrophoretic mobility (Jing and Bowser, 2011). Aptamer concentrations can be 

determined by means of blotting, staining of the protein or aptamer, p-labelling of nucleic 

acids, and UV–absorbance (Jing and Bowser, 2011). Although, this process is economical 

and has a high sensitivity, it is time consuming. Due to the prolonged period needed for 

separation, the association and dissociation rates of the aptamer-target complex are 

considered to obtain a distinct band for validation.  
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An improved alternative to gel electrophoresis is affinity capillary electrophoresis (ACE). 

This is based on the size and charge of the aptamer and target in a free solution under an 

electric field (Jing and Bowser, 2011; McKeague and Derosa, 2012). Figure 3 shows the 

electrophoretic mobility. ACE can be grouped into two forms: non-competitive and 

competitive. The non-competitive assay is associated with running the mixture through 

capillary electrophoresis with laser-induced fluorescence detection (LIF) mechanism. 

Quantification is achieved through peak analysis for the aptamer and the tertiary complex 

(Le et al., 2005; Stratis-Cullum et al., 2009).The competitive electrophoresis assay utilises 

two aptamers having a competitive effect on a target, with one of the aptamers tagged with 

a fluorescent label (say, APL). When the non-labelled aptamer (AP) is introduced, it 

competes for target binding and, as a result, the fluorescent intensity of the complex (APL-

T) decreases due to the competitive effect of AP with an increasing intensity of APL. This 

two-peak information can be used in the quantification of binding affinity (Le et al., 2005). 

There is no need for aptamer immobilisation during ACE as the process occurs in solution 

(Stratis-Cullum et al., 2009). Flow through the capillary is via plug flow. However, the 

aptamer has to be stable within its half-life in order to avoid distorted peaks.  

 
Figure 3. Illustration of an aptamer-target characterisation process using capillary 

electrophoresis.    

Microchip electrophoresis (ME) or automated microchip electrophoresis (AME) is also 

used for electrophoresis binding studies. Molecular detection is achieved with an 

intercalating fluorescent dye. Compared to GE and ACE, the following benefits are 
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associated with the use of microchip electrophoresis: shorter sensing time (<3min); 

avoidance of gel casting; reduction in volume of sample and reagents needed; capacity to 

characterise the binding of small-molecules such as adenosine triphosphate ATP; a digital 

output for the results (Nishikawa et al., 2006; Hu and Easley, 2011). Nevertheless, their 

application is limited in basic laboratories due to the complexity in developing a special 

platform to undergo electrophoresis (Darmostuk et al., 2015).  

4.1.3 Surface conjugation analysis  

Surface plasmon resonance (SPR) technology is a high-throughput, label-free and real-

time technique used to characterize the binding affinity of aptamer and its target (Kwon 

et al., 2001; Win et al., 2006; Lin et al., 2011). The technique allows for immobilisation 

of either the target or aptamer onto the surface of a chip with varying concentrations of 

non-tethered ligands flowing through as shown in Figure 4. The binding affinity is 

determined by measuring the changes in refractive index resulting from the formation of 

the tertiary complex (McKeague and Derosa, 2012). SPR technique involves either a 

direct or an in direct functionalization of the target on the chip surface. Indirect 

functionalization involves the use of a linker such as biotin and streptavidin, whereas the 

direct approach requires no linker. Though linkers can enhance the immobilisation 

stability for better accessibility to target molecules, they can interact with the aptamer to 

result in non-specific binding (Win et al., 2006). 

 
Figure 4. Characterisation of aptamer-target interactions with Surface Plasmon 

Resonance (SPR).  
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During an SPR analysis, samples are injected over the aptamer-immobilized surface to 

examine the binding response (RU) until an equilibrium response is obtained depicting 

the associate constant (Kon). Dissociate constant, Koff, is obtained with an injected sample 

free-solution until the point of equilibrium. Then the binding equilibrium (Kd) can be 

derived from the graph of RU against sample concentration whereby Kd will be the 

concentration of sample when half of the maximal response is achieved (Win et al., 2006). 

Notably, the biophysical study of aptamer-target interactions between RNA molecules are 

seldom performed in the lab owing to their likely chance of degradation due to the 

presence of magnesium ions or contaminating nucleases during handlings. Nevertheless, 

protocols to alleviate such fears has been recently demonstrated to be effective to aid in 

RNA-molecule studies involving nucleic acids (Di Primo et al., 2011).  

4.1.4 Quartz crystal microbalance measurements  

Quartz crystal microbalance (QCM) analysis is a label free, real time, sensitive and stable 

method for studying the interactions between an aptamer and a target molecule. The 

sensitivity and specificity of this method are based on the immobilization of aptamers on 

a surface (mostly quartz) recognition layer (Heydari, 2014). The frequency of the quartz 

decreases when immobilised aptamers on the surface of the QCM bind to target molecules 

at a measurable mass per unit binding area (Win et al., 2006; McKeague and Derosa, 

2012). QCM techniques are cost effective, require less time, and have no interferences 

that result from labelling. The efficiency of immobilisation of aptamers to the surface is a 

function of the surface area and surface material type. For instance, the use of a thiolated-

modified ssDNA on a gold surface is observed to have a better specificity with an 

improved surface density than non-thiolate ssDNA. The occurrence of a shift in Frequency 

(∆𝐹) when a target is introduced to interact with an immobilized aptamer indicates the 

occurrence of binding between the pair. Figure 5 gives a schematic view of an aptamer-

target interaction monitored with QCM. The higher the frequency shift, the better the 

binding of the target by the aptamer (Win et al., 2006; Chen et al., 2009; Sultan et al., 

2009). The mass changes upon binding provide information on the concentration of target 

bound and further enable to calculate the binding affinity (Kd) of the aptamer (Cooper and 

Singleton, 2007). 
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Figure 5. An illustration of aptamer-target analysis with the use of a Quartz Crystal 

Microbalance Instrument. 

4.1.5 Spectra based methods 

UV-Vis absorption is a widely used method of characterising the binding characteristics 

of aptamers and their cognate targets due to its affordability and the absence of labelling. 

The Kd value is estimated through changes in the absorbance with varying target 

concentrations but a fixed aptamer concentration. DNA aptamers are noted to have  

maximum absorption at 260 nm whilst protein targets have maximum absorption in the 

range of 250 nm to 300 nm (Jing and Bowser, 2011).   

On a different note, Circular dichroism (CD) is also a spectrum based technique used in 

studying conformational changes in the secondary structure of an aptamer towards the 

formation of tertiary complexes (Jing and Bowser, 2011; Lin et al., 2011; McKeague and 

Derosa, 2012). By referring to the CD spectra, the secondary structure of the aptamer can 

be identified (Nagatoishi et al., 2007; Lin et al., 2011). Different well-defined secondary 

structures possess different CD spectra patterns (Nagatoishi et al., 2007; Jing and Bowser, 

2011). G-quadruplex gives a CD spectra with negative band at 255 nm and positive bands 

at 245nm and 290nm. A CD spectra with negative band at 240 nm and positive band at 

265nm could be an aptamer in A form duplex structure (Lin et al., 2011). This method is 

useful in investigating the structural swift of aptamers upon binding by reading their CD 
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spectrum as shown in Figure 6.   

Figure 6. Analysis of aptamer-target interactions using circular dichroism (CD).    

Nuclear magnetic resonance (NMR) spectroscopy is used in characterising the aptamer 

binding affinity and conformational changes by formulating an atomic resolution structure 

of the aptamer, its target and the tertiary complex formed (Macaya et al., 1993; Sakamoto 

et al., 2005; McKeague and Derosa, 2012). An external magnetic field is applied to the 

nuclei to generate the spectrum of interest. However, NMR technique is restricted to only 

small molecules with size less than 40 kDa (Ruigrok et al., 2012). 

4.1.6 Thermodynamic characterisation  

Isothermal titration calorimetry (ITC) and Microscale Thermophoresis (MST) are both 

examples of  thermodynamic related techniques applicable for characterising the affinity 

between aptamers and their targets (McKeague and Derosa, 2012; Stoltenburg et al., 

2015). With the ITC technique, a specified concentration of either the aptamer or the target 

as the titrant is added against varying concentrations of the complementary molecule as 

the analyte. As the formation of tertiary complex is the only desired exothermic process, 

the cell temperature is kept at the same temperature as the control cell, whiles 

circumventing all other possible exothermic sources. Also, removal of the injection 

volume out of the sample cell before each injection is eminent to ensure a constant sample 

volume (Jing and Bowser, 2011). Figure 7 shows the use of ITC for aptamer-target binding 
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characterisation based on the energy change generated relative to the reference cell. The 

energy change is proportional to the quantum of binding.   

 
Figure 7. Isothermal titration calorimetry for aptamer-target binding characterisation.  

Microscale Thermophoresis (MST) is a relatively new biophysical thermal gradient 

technique for rapid and precise quantification of biomolecular interactions irrespective of 

their molecular size in solution (Entzian and Schubert, 2015; Stoltenburg et al., 2015; 

Amero et al., 2016), and this is applicable for aptamer-target binding characterisations. 

The thermal gradient is generated by means of infra-red laser. Inherent features such as 

molecular size, charge, solvation shell and/or conformation dictate the thermophoretic 

mobility of biomolecules (Jerabek-Willemsen et al., 2014; Stoltenburg et al., 2015). The 

baseline of the aforementioned features is altered upon the formation of aptamer-target 

complexes, resulting in a change in mobility that can be used to quantify their binding 

affinity. Due to the rapidity, specificity and versatility of MST, it is anticipated to soon 

rival other existing biophysical technologies (Jerabek-Willemsen et al., 2014).      

4.1.7 Laser-based (Flow Cytometry) 

Flow cytometry is a laser-based method with the capacity to characterise the physical and 

chemical properties of thousands of particles in a second. The technique has been adapted 

to characterise the binding of aptamers and whole cells due to its reproducibility, high 
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degree of statistical accuracy on a large number of analysed cells, and the capacity to 

quantify results with much rapidity (Jayasena, 1999; Shangguan et al., 2008; Cibiel et al., 

2011). The aptamer is first labelled with a fluorescence dye for example FITC dye 

(fluorescein isothiocyanate) and incubated with the target cell. The binding interaction is 

determined from the fluorescence intensity of the labelled cells. The intensity of the 

fluorescence gives the indication of the binding affinity of the aptamer towards the 

targeted cell. Thus, the higher the intensity the higher the binding capacity of the aptamer 

towards the cell (Shangguan et al., 2006). Histogram and dot plot are the two main output 

of the flow cytometer wherein dot plot allows the comparison of the binding of different 

aptamers and types of cells to be carried out simultaneously (Shangguan et al., 2006; 

Shangguan et al., 2008). A schematic representation of the principle underpinning flow 

cytometry for aptamer-target interaction is shown in Figure 8.  

 
Figure 8. Characterisation of aptamer-target binding affinity by flow cytometry.  

4.1.8 Atomic force microscopy  

Atomic Force Microscope (AFM) is a scanning probe based microscopy technique which 

allows high quality nanoscale structure imaging (Kailas et al., 2009; Lonergan et al., 
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2014).  Using a probe call cantilever, AFM can be used to scan the imperceptible sample 

surface and detect the affinity force between the sample surface and the cantilever as 

shown in Figure 9. Due to this advantage, it is suitable to study the binding affinity of 

aptamer to biomolecule (Miyachi et al., 2009). Fixation and dehydration of sample is not 

required for AFM, thus a cell is able to be observed under aqueous conditions and its latent 

format (Kailas et al., 2009; Lonergan et al., 2014). This uniqueness makes AFM most 

suitable for studying the surface protein and topology of live cell. The analysis of AFM 

can be presented in a force histogram and topology image. The peak of histogram in the 

measurement of adhesion (pN) at certain data point is used to evaluate the affinity force 

of binding between aptamer and target. The higher the pN value, the higher the affinity 

force, which means the better the binding affinity (Miyachi et al., 2009). Topology 

imaging gives information on the surface conformation of target to give a picture of how 

the binding of aptamer changes the surface conformation of target (Lonergan et al., 2014).  

Figure 9. Characterisation of aptamer-target affinity binding strength by atomic force 

microscopy (AFM).  

 

5. APPLICATIONS OF APTAMER-BASED BINDING  

As discussed earlier, aptamers can be generated for a wide range of target molecules. They 

have reproducible synthesis and binding characteristics, possess efficient bio-stability, and 
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have a high affinity and specificity (Yang et al., 2007; Santosh and Yadava, 2014). This 

has enabled application over wide of range of fields including medical diagnostics, 

therapeutic manufacturing and delivery, environmental and molecular analysis. Table 2 

gives a summary of recently identified aptamers, their associated affinity constant and 

specific applications.  

Table 2. Synthesised aptamers with their associated affinity constant and application. 

Aptamer Kd (nM) Application and Remark  Reference(s) 

Anti-

Staphylococcal 

enterotoxin B 

SEB aptamer 

(ssDNA) 

64  Therapeutic application: For 

the inhibition of staphylococcal 

enterotoxin B (SEB) to mediate 

staphylococcal toxic shock 

syndrome (TSS). Affinity 

constant Kd determined by 

means of non-linear regression 

analysis.  

(Wang et al., 2015) 

CD4 cell 

expressing 

aptamer 

(ssDNA) 

1.59 Therapeutic application: 

Possess high in vivo stability 

and affinity necessary to 

disrupt the transmission of 

HIV-1 by ensuring 70% 

binding-inhibition of viral 

gp120 to CD4-expressing cells. 

Affinity constant Kd 

determined by means of non-

linear regression analysis. Flow 

cytometry employed to 

determine the ability of the 

aptamer to bind to the cell.   

(Zhao et al., 2014) 

Hsp70-ATP 

Inhibitory 

aptamer 

(ssRNA) 

61.3±6.6 Therapeutic application: Has a 

high specificity in binding to a 

particular conformation of 

Hsp70-ATP thereby inhibiting 

its biological activities without 

stimulating the activity of 

Hsp40-ATP. This has a high 

propensity of success in cancer 

therapy to prevent proliferation 

of cancerous cells.  

(Thirunavukarasu 

and Shi, 2015) 
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Epithelial cell 

adhesion 

molecule apt 

(ssRNA) 

N/A Therapeutic and diagnostic 

application: Chemically 

modified aptamer 

functionalised on curcumin-

encapsulated nanoparticle to 

facilitate effective therapy in 

colon cancer treatment.  

(Li et al., 2014) 

DNA aptamer 

HA09  

103.61±3

5.05 for 

aptamer–

HepG2; 

35.8±31.

0 for 

aptamer-

QGY-

7703; 

 

190.2±50

.9 for 

aptamer-

Huh7.  

Therapeutic and diagnostic 

applications: Support live 

imaging and chemotherapy 

treatment of human liver 

cancer cells and detect 

paraffin-embedded human 

hepatocellular carcinoma 

tissues.  

(Lu et al., 2014) 

M. tuberculosis 

aptamer 

(ssRNA)  

8.04 ± 

1.90 for 

G43 

aptamer; 

 

78.85 ± 

9.40 for 

G78 

aptamers.  

Diagnosis of Mycobacterium 

Tuberculosis: Development of 

an aptamer specifically for 

detecting EsxG Protein of M. 

Tuberculosis by means of 

surface plasmon resonance-

based SELEX.    

(Ngubane et al., 

2014) 

NOX-G15 

(DNA/RNA-

Spiegelmer) 

 

3 Diabetes therapy: NOX-G15 

has been demonstrated to 

extremely lessen 

hyperglycemia in type 1 and 

type 2 diabetes by binding to 

glucagon and inhibiting its 

bioactivities.  

(Vater et al., 2013) 
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Bacillus S8 

aptamer 

(ssRNA) 

110 ± 30 Environmental pathogens: 

Studied the secondary 

structural changes between 

RNA aptamers in the free and 

bound state towards Bacillus 

S8 proteins.   

(Davlieva et al., 

2014) 

OmpC protein 

of Salmonella 

Typhimurium 

(ssRNA) 

20 Environmental pathogens: 

Identified and characterised 

nuclease resistant aptamers 

modified with 2'-fluoro-2'-

deoxyribonucleotide specific 

for the detection of OmpC 

proteins of Salmonella.  

(Han, 2013) 

SEC 1 aptamer 

(ssDNA) 

65.14 ± 

11.64 

Environmental pathogens: 

Aptamers having molecular 

recognition for Staphylococcus 

aureus enterotoxin C1 (SEC 1) 

proteins.    

(Huang et al., 2015) 

DNA Apt22 47 ± 3 Environmental pathogen 

diagnosis: Aptamers with high 

affinity and specificity 

developed by whole-cell-

SELEX for the detection of 

Salmonella Paratyphi A and its 

incorporation into a single 

walled carbon nanotube for 

diagnosis in food, 

environmental and clinical 

samples. 

(Yang et al., 2013) 

5.1 Therapeutics 

Aptamers are applicable in the development and formulation of therapeutics owing to their 

inherent ability to inhibit protein functions and modifiable biostability. The biostability of 

aptamers can be modified with polyethylene glycol, cholesterol molecule and through the 

creation of spiegelmers (Anthony et al., 2010). As a result of their non-recalcitrant, 

biostability and bioavailability, they can be deployed readily for cell imaging and single-

protein imaging (Song et al., 2012). One of such is the use of tenascin-binding aptamer 

for cancer imaging (Guo et al., 2008). Factors advantageous to aptamer for therapeutic 
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applications include cost of high throughput production, duration of therapeutic effect, 

and binding affinity (Anthony et al., 2010). Aptamers with a short half-life are 

advantageous in the treatment of transient conditions such as blood clotting (Guo et al., 

2008). 

5.2 Medical diagnostics   

The mortality and morbidity rate caused by pathogenic infections is high especially in 

developing nations with increasing cases of pathogen resistance against current 

therapeutic treatment. Such challenges necessitates the need in developing rapid and high 

affinity detection and screening methods of pathogens; even in its latent form (Zimbres et 

al., 2013). The high affinity and specificity of aptamers and the ability of aptasensors in 

offering instantaneous on-site screening makes aptamers high in-demand for pathogen 

detection, therapeutic analysis and patient prognosis. They have been demonstrated to be 

able to detect or identify pathogens and also further used in therapeutics for example as 

an antimycobacterial agent and pathogenic growth inhibitor (Zimbres et al., 2013). 

The ability of aptamers in detecting whole cell (Cell-SELEX) has advanced the 

application of aptamers as a new biomarker discovery which further facilitates early stage 

diagnosis of cancer (Chang et al., 2013; Santosh and Yadava, 2014). The high affinity of 

aptamers towards its target enables discrimination between stereoisomeric targets which 

helps in the identification of cancerous cells over normal cells with detection limits of as 

low as 90 cells as well as varied subtypes of cancer cells present (Zhang et al., 2010; 

Chang et al., 2013). One of the numerous successes of cell-SELEX in new biomarker 

discovery is the identification of protein tyrosine kinase 7 (PTK7) as biomarkers for T-

cell acute lymphoblastic leukaemia by using sgc 8 aptamer (Chang et al., 2013).   

5.3 Monitoring of environmental related targets 

Aptamers have been used to identify toxic substances in food, and trace pharmaceutical 

residues such as antibiotics, hormones and pesticides in surface, ground and drinking 

water (Rodriguez-Mozaz et al., 2006; Strehlitz et al., 2012). Owing to their high binding 

specificity, aptamers can also be used in sample enrichment to overcome challenges faced 

with the detection of low concentrations of toxic targets such as ochratoxin A and ricin 
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(Strehlitz et al., 2012). Aptasensors generally do not require additional processing steps 

such as sample preparation unlike conventional bioanalytical methods, and have the 

propensity of detecting complex samples. These features makes aptasensors a great tool 

for onsite field monitoring of environmental contaminants (Rodriguez-Mozaz et al., 

2006). Shi et al. (2013) demonstrated the use of aptamers as biosensors in detecting 

acetamiprid pesticides component in soil. Acetamiprid can be toxic to consumers. The use 

of aptamers in detecting cocaine has been demonstrated to further enhance rapid and real-

time drug detection technology for narcotic control (Kawano et al., 2011). The 

significance of aptamers in food safety has also been discussed recently (Dong et al., 

2014). 

6. CONCLUSION 

Biomedical research advances have led to SELEX modifications to enhance aptamer 

production time, cost reduction, biostability, and specific affinity binding to biomolecular 

and cellular targets. Aptamers form three-dimensional structures that possess specific 

binding affinity towards target molecules. The binding of aptamer and targets involve 

combinations of van der Waals, electrostatic, and hydrogen bonding. However, the 

binding of aptamers and their targets is affected by physiochemical parameters such as 

temperature, pH and metal ion. Conspicuously, there exists limited knowledge of the 

biophysical interactions and mechanisms between aptamers and various specified target 

molecules and this has retarded advances in their generation and applications. Most 

research breakthroughs have been centred on thrombin analysis, with cancer cell studies 

gradually gaining prominence. Although bioanalytical studies of aptasensors has taken 

centre stage in bioaffinity research for diverse applications, there still remain significant 

gaps needed to be filled to enable practitioners and researchers adequately understand 

binding interactions and functionalities in biosensing formats under varying 

physicochemical conditions.  
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ABSTRACT 

The discovery of Systematic Evolution of Ligands by Exponential Enrichment (SELEX) 

assay has led to the generation of aptamers from libraries of nucleic acids. Concomitantly, 

aptamer-target recognition and its potential biomedical applications have become a major 

research endeavour. Aptamers possess unique properties that make them superior 

biological receptors to antibodies with a plethora of target molecules. Some specific areas 

of opportunities explored for aptamer-target interactions include biochemical analysis, 

cell signalling and targeting, biomolecular purification processes, pathogen detection and, 

clinical diagnosis and therapy. Most of these potential applications rely on the effective 

immobilisation of aptamers on support systems to probe target species. Hence, recent 

research focus is geared towards immobilising aptamers as oligosorbents for biodetection 

and bioscreening. This article seeks to review advances in immobilised aptameric binding 

with associated successful milestones and respective limitations. A proposal for high 

throughput bioscreening using continuous polymeric adsorbents is also presented.      
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1. INTRODUCTION 

Nucleic acids are thread-like polynucleotides contained in all living and non-living cells, 

and are essential to all known forms of life. Since the pioneering of nucleic acid research 

by Friedrisch Meister in 1868, there has been an ever-growing development and 

understanding of nucleic acids and their applications. One of such developments is the 

discovery of aptamers from synthetic sequence of nucleotide linkages (Famulok and 

Mayer, 2011; Radom et al., 2013). 

Aptamers are in vitro chemically synthesised oligonucleotides with high specificity and 

sensitivity towards a specific target. The length of aptamers is usually in the region of 35-

100 nucleotides, with a unit size being equal to the size of its base (Famulok and Mayer, 

2011). The advent of aptamers began in the year 1990 when three different laboratories of 

G. F. Joyce, J.W. Szostack and L. Gold reported independently on a novel in vitro 

selection technique in successive months (Andrew and Jack, 1990; Robertson and Joyce, 

1990; Tuerk and Gold, 1990). The technique allows for the selection of a specific sequence 

of nucleic acids from a large pool of different sequences of DNA and RNA against any 

target, and was termed as the systematic evolution of ligands by exponential enrichment, 

SELEX (Tuerk and Gold, 1990). An infinite array of targets exists for specific binding to 

aptamers. Some of the aptamer binding targets reported in literature include numerous 

variant molecular apatopes (binding site of a target by an aptamer) of small organic 

molecules such as ethanolamine, protein molecules, whole cells, metal ions such as K+, 

lipids and sugar moieties (Mann et al., 2005; Radom et al., 2013; Sharma and Sharma, 

2013). Also, aptamers can be biomolecularly engineered to improve their bioavailability 

and biostability (Mann et al., 2005; Bunka and Stockley, 2006). The biostability of 

aptamers has been reportedly achieved by engineering 2′-amino-modified, 2′-fluoro-

modified pyrimidines, 2′-methyl pyrimidines, 4′-thio pyrimidines or 3′–3′ linked 

dinucleotide caps into the aptamer (Bunka and Stockley, 2006). Notably, the chemical 

structure of an aptamer is made up of 4 bases of nucleotides whereas protein markers such 

as antibodies are made up of 20 bases of amino acids. Antibodies have a vast number of 

combinatorial parings which allows for specific molecular recognition of targets 

(Hermann and Patel, 2000; McKeague and Derosa, 2012). However, aptamers are highly 
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specific due to their singular function of binding to their cognate molecules (Jayasena, 

1999; Hermann and Patel, 2000; McKeague and Derosa, 2012). 

Over the past decade, there have been interesting developments in the application of 

immobilised aptamers as biomolecular devices for binding of target molecules. These new 

applications, unlike conventional technologies, such as protein nanopores (Ding et al., 

2009; Gao et al., 2009), solid phase extraction (Zhao et al., 2012), and liquid 

chromatography (van Den Ouweland and Kema, 2012), have several advantages. These 

advantages include higher sensitivity, longer life span, absence of matrix effect, higher 

throughput, and absence of sample pre-treatment. This is attributed to the molecular 

recognition ability of aptamers to selectively bind to their specified targets and 

differentiate between enantiomeric targets (Madru et al., 2011). One of such new aptamer-

based chromatographic application has been referenced to as oligosorbents (Madru et al., 

2011).  

Protein nanopores are useful for biosensing, single molecule recognition and detection of 

nucleic acids. Through structure-directed genetic engineering and chemical modifications, 

the characteristics of protein nanopore can be enhanced (Gao et al., 2009). Protein 

nanopores have fixed pore sizes which are mostly invariable for different target sizes, and 

possess fragile lipid bilayers (Gao et al., 2009). Several attempts to circumvent these 

setbacks have led to the fabrication of synthetic nanopores in micropipettes with 

immobilised antibodies and subsequently with aptamers as probes (Ding et al., 2009).  

Several extensive reviews existing on the use of surface based aptasensors for target 

detection cover aptazymes, acoustic, optical, molecular beacon aptasensors, 

electrochemical, cantilever-based, signalling aptamers, proximity ligation and extension, 

and nanoparticle-conjugated aptasensors (Tombelli et al., 2005; Mairal et al., 2008; Song 

et al., 2008; Hamula et al., 2011). Also, Deng et al. (2014) reported a review on the use 

of thrombin targets as models for the development of aptameric assays, which included 

various affinity separation and screening assays. In addition, the development of 

oligosorbents and applications as superior assays over conventional immunosorbents has 

also been critically discussed recently (Pichon et al., 2015). All these reviews have only 

focussed on the application of aptameric binding as a form of biomarking for target 
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detection. There have been no comprehensive review reports on the application of 

aptameric binding for high throughput bio-separation and screening of molecular/cellular 

species by convective mass transport using macroporous continuous polymers (called 

monoliths). Macroporous continuous polymers can possess convective mass transfer 

ability to enable rapid target adsorption. Also, there are limited reports discussing the 

inherent limitations for oligosorbents in the literature. Current oligosorbent formats have 

only relied on the immobilisation of aptamers on particulate adsorbents. These adsorbents 

are disadvantaged with slow diffusive mass transport mechanism due to their small 

particle pores, thus hindering the achievement of high throughput screening.  

Herein, this article reports on recent advances in the application of immobilised aptamers 

as polymeric aptasensors for biomolecular detection and screening including milestones 

covered and their associated limitations. A theoretical insight into modifiable features and 

constraints of both oligosorbents and aptamer-monoliths to enhance performance is 

presented. A proposal for enhanced bioscreening technology using monolithic supports 

with convective mass transport mechanism for high throughput applications is also 

presented. 

2. AN OVERVIEW OF APTAMER-TARGET INTERACTION 

MECHANISMS 

Aptamers are readily generated from SELEX for a specific target. The main idea behind 

SELEX is to simulate the evolution of synthetic oligonucleotides as the natural process of 

evolution is slow and complex (Radom et al., 2013). SELEX, which is an in vitro selection 

process, is very rapid and can be modified for different targets. The entire SELEX process 

is simplified to be an iterative cycle of partitioning and amplification (Pinto et al., 2014).  

A library of nucleic acids with defined sequences is randomised and incubated against a 

specified target for binding and selection. Nucleic acid molecules that do not bind to the 

target are eluted by employing techniques such as magnetic separation, filtration and 

affinity chromatography. Selected nucleic acids are amplified and enriched several times 

by adjusting binding parameters such as pH and buffer composition until the best binding 

ligand dominates the population of sequences. The selected and most specific binding 

ligand amongst the pool of sequences usually has the smallest dissociation constant, Kd, 



112 
 

often in the millimolar-picomolar range or even less (Stoltenburg et al., 2007; Mairal et 

al., 2008; Zhu et al., 2012; Pinto et al., 2014).    

Aptamers possess the inherent ability to form secondary structures which enables them to 

detect and bind onto specific targets (Chang et al., 2014). Aptamers, with the aid of their 

secondary structural conformation, are able to distinguish between variant targets or 

enantiomers based on the conformational differences in the structures of target molecules 

(O'Sullivan, 2002; Ulrich and Wrenger, 2009; Mascini et al., 2012). Some of these 

structural differences include the presence or absence of a hydroxy group, a methyl group 

or the D- enantiomeric configuration against the L- enantiomeric configuration 

(O'Sullivan, 2002). Rationally, aptamers can be modified to conformational switching 

with their ligand binding abilities preserved. In the absence of a target, the 

thermodynamically stable conformation of the aptamer is maintained (Chang et al., 2014). 

In the presence of the target, the affinity between the duo induces binding to form an 

aptamer-target complex. After binding, an adaptive trapping of the target by the aptamer 

occurs. This results in the formation of stabilised tertiary structures from the secondary 

structures of the aptamer (Pinto et al., 2014). Such structural changes in the conformations 

of aptamers can be characterised through the use of circular dichroism, quartz crystal 

microbalance, interferometer and isothermal titration calorimetry (Ozalp et al., 2013). 

Hianik et al. (2007) studied the effect of immobilisation, ionic concentration, aptamer 

configuration, and pH on the interactions between thrombin and its binding aptamer with 

an electrochemical indicator and a quartz crystal microbalance. It was observed that the 

linear aptamer had a faster change in frequency and a higher steady state frequency value 

than their molecular beacon aptamers. This observation was linked to the bulky structure 

of the molecular beacons and their high molecular weights of 10576 Da and 6791 Da 

(Hianik et al., 2007). 

Aptamer-target interactions are based on affinity binding. The binding between the 

aptamer and the target molecule existing within the tertiary structure (aptamer-target 

complex) is non-covalent. The concept of aptamer-target binding and the existence of non-

covalent bonding is illustrated in Figure 1. The non-covalent interactions can be as a result 

of hydrogen bonding, hydrophobic interaction, aromatic stacking, electrostatic 

interactions, and van der Waals interactions (Mascini et al., 2012; Pinto et al., 2014; 
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Santosh and Yadava, 2014). Aptamers either fold around small molecules such as 

ethanolamine into their nucleic acid structures or are encapsulated into the structures of 

large molecules such as proteins (Rhouati et al., 2011). Research advancements have led 

to the development of aptamers for multiple variant target binding. With such multi-

targeted aptamers, the interactions between the aptamer and the targets can be any of the 

above-mentioned non-covalent bonding types, or a combination, depending on the 

interacting moieties (Jayasena, 1999; Zhu et al., 2014). It has been reported that aptamers 

do not only bind to their cognate molecules, but also inhibit their biological functions by 

interfering with the catalytic site of the molecule, ligand-receptor recognition sites, or 

through the induction of allosteric effects (Ulrich and Wrenger, 2009; Anthony et al., 

2010; Dun, 2010). In terms of binding performance and specificity, no distinguishing 

features have been reported for RNA and DNA aptamers to date. However, RNA aptamers 

are easily expressed within the same cell, whereas DNA molecules are much more stable 

(Radom et al., 2013). RNA and DNA aptamers have different sequences and patterns of 

folding towards the same target molecule (Song et al., 2012).   

 

Figure 1. (A) A simplified diagram of an aptamer-target interaction showing non-covalent 

bonding between the aptamer and the target binding site (Finch et al., 2013). (B) An 

arbitrary aptameric molecule binding onto a target; figure available online.  
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3. APTAMER IMMOBILISATION 

Aptamer based biosensors are referred to as aptasensors. The application of immobilised 

aptamers as bio-receptors in the development of biosensors has several benefits. 

Generally, aptamers are immobilised on solid surfaces to enhance their structural stability, 

prolong the life span of the sensor, and for real-time recognition applications (Banerjee 

and Nilsen-Hamilton, 2013).  

3.1 Development of Immobilised Aptamers for Biodetection and Screening 

Centi et al. (2008) reported using the thrombin aptamer as a model to study the detection 

limit for binding immobilised and free aptamers towards a single protein target. 

Immobilised aptamers detected the target proteins in solution with a detection limit of 430 

nM (Centi et al., 2008). Free aptamers in solution could not detect at this limit, and this 

was attributed to steric hindrance (Centi et al., 2008). However, a further improvement in 

detection (175 nM) was achieved with an immobilised aptamer in a sandwich assay 

format. Binding studies were carried out with a surface plasmon resonance technique 

(Centi et al., 2008).  

Aptamer immobilisation is significant to explore different applications of aptameric 

binding with targets. Aptamers immobilise at high densities owing to their small 

molecular size, thus enhancing their ability to probe target molecules (Zhao et al., 2012). 

Various methods of immobilising aptamers on solid supports have been recently reported. 

These include physical adsorption, covalent bonding immobilisation, self-assembly, 

immobilisation by polymerization, coupling by affinity reactions immobilisation, and 

polynucleotides–nanoparticles hybrids (Bănică, 2012). The afore-mentioned 

immobilisation chemistries are chiefly achieved through modifications of the 3’ and/or 5’ 

ends of the aptamer with an appropriate functional group (de-los-Santos-Álvarez et al., 

2008). However, the binding characteristics of aptamers under immobilised conditions 

could vastly be affected by the physicochemical properties of the binding surface, 

resulting from a possible induced structural dislocation of active and/or binding sites of 

the aptameric molecule, and this may affect the Kd value. Kd is the fundamental parameter 

characterising the binding strength, hence Kd for an immobilised aptamer may be different 

from that of the same aptamer in free solution. Under immobilised conditions, Kd might 
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increase because of restricted mobility towards the formation of unique secondary 

structures for access to active group on the aptamer, or decrease as a result of enhanced 

molecular interaction between the aptamer and the target. However, research report 

investigating the possible biophysical differences between the binding features of 

immobilised and free aptamers are minimal. 

Conspicuously, the key design criteria essential for the development of an effective 

immobilised aptameric sensor for high throughput screening applications include: (i) real-

time rapid detection with high sensitivity and selectivity through the achievement of high 

ligand density immobilisation of aptamers on adsorbents with convective mass transport; 

(ii) engineering of the immobilisation chemistry through the introduction of spacers and/or 

surface modifying agents to maintain the binding performance of aptamer under 

immobilised conditions; (iii) capacity to withstand complex environment as with field 

samples such as water bodies, food matrices, agricultural soil and plants, and human or 

animal samples; (iv) capacity for multiple bioaffinity interactions and simultaneously 

monitor different molecular species; (v) a wide range of possibilities for developing signal 

transduction and amplification mechanisms; (vi) ability to regenerate to enable routine 

and repeated use. Techniques for target elution and regeneration are dependent on the type 

of stationary support and the immobilisation chemistry. This is important to maintain the 

physicochemical properties of the adsorbent and the maximum ligand density. Common 

regeneration methods include the use of chaotropic reagents, temperature effect or DNA 

enzyme digestion (Zhao et al., 2012). Peyrin et al., (2009) discussed the selection of 

operating conditions for bioseparation of targets in a chromatographic context based on 

differences in binding association and dissociation constants. They classified aptameric 

assays as type 1 and type 2 where the former represents aptamers with moderate to high 

affinity constant, and the latter for aptamers with low affinity constants. Key operating 

conditions affecting aptamer conformations for optimal throughput in type 1 and 2 assays 

include ionic concentration, pH of the mobile phase, addition of organic modifiers and 

operating temperatures (Peyrin, 2009; Pichon et al., 2015). 

The development of porous polymeric biosensors with immobilised aptamers has proven 

to be more effective than antibody formats. By flanking aptamers with two primer 
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sequences, they are able to report the detection of targets without being labelled, unlike 

antibodies (Svobodova et al., 2014). Two main assay configurations for aptamers are in 

existence and are a function of the size of the target, namely, single site binding and double 

sites binding (Song et al., 2008; Mascini et al., 2012). The single site binding 

configuration is often employed for molecules small in size, whereas double sites binding 

is employed for large molecules (Song et al., 2008). 

4. CURRENT APPLICATIONS OF APTAMERS 

The multifarious applications of aptamers is as a result of the ability to form stable three-

dimensional structures, have a low dissociation constant (kd), and undergo chemical 

modifications of its sugar backbone with amino/fluoro groups when necessary. 

Modifications of the sugar backbone extend the aptameric half-life and project other 

functionalities. Prior to chemical modifications, aptamers usually last for less than 10mins 

in biological fluids (O'Sullivan, 2002; Ulrich and Wrenger, 2009; Santosh and Yadava, 

2014). Table 1 shows some advantageous properties of aptamers for different process 

parameters. 

Table 1. List of demonstrated advantages of aptamers for biomedical applications.   

Parameter Advantage of aptamers  Reference(s) 

Cost of manufacture Less expensive and readily 

produced scalable methods 

compared to the production of 

monoclonal antibodies. 

(Jayasena, 1999; Hu et 

al., 2014; Santosh and 

Yadava, 2014) 

Product variation Largely consistent 

performance. Batch-to-batch 

variations exist with 

antibodies.  

(Jayasena, 1999; 

Tombelli et al., 2007) 

Duration Short duration to 

biochemically synthesis 

aptamers. Takes weeks instead 

of the usual months for 

antibodies. 

(Rhouati et al., 2011; 

Santosh and Yadava, 

2014) 

Medium/suitable 

environments 

Aptamers show a wider range 

of stability towards different 

residing media of the target.  

(Jayasena, 1999; 

Tombelli et al., 2007; 

Dun, 2010)  

Biopurity The selection process of 

aptamers is not prone to viral 

or bacterial contamination.  

(Santosh and Yadava, 

2014) 
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Immunogenicity or 

toxicity 

Aptamers are synthesised in 

vitro hence are mostly void of 

biotoxins.  

(Jayasena, 1999; Ulrich 

and Wrenger, 2009) 

Target space Aptamers virtually have an 

infinite array of targets.  

(Ulrich and Wrenger, 

2009; Radom et al., 

2013; Santosh and 

Yadava, 2014) 

Shelf life Aptamers are stable and have 

a long shelf life. They can be 

regenerated even after 

denaturation. 

(Jayasena, 1999; Zhao et 

al., 2012; Hu et al., 2014) 

4.1 Aptamers for Medical Applications 

Sensors for clinical diagnosis are expected to be highly specific, easy to read, sensitive, 

accurate, have good performance under varying physiological conditions, stable and fast. 

These requirements are achievable with aptamers as probes for detection (Soontornworajit 

and Wang, 2011; Radom et al., 2013). For example, in generating aptamers for a target 

protein, it is not significant to know the molecular signature (number or type) of the 

protein pre-generation (Fang and Tan, 2010; Zhu et al., 2012). This makes it easier to 

probe new pathogenic species with minimal knowledge of their biomolecular framework. 

Several methods of generating aptamers against protein targets exist. Some of these 

methods are Primer-free SELEX, Toggle SELEX, In vivo SELEX, Cell SELEX and 

Genomic SELEX (Aquino-Jarquin and Toscano-Garibay, 2011; McKeague and Derosa, 

2012; Radom et al., 2013). Pathogenic processes have a unique protein or enzymatic 

synthesis and activity that can be detected with the use of aptameric probes with high 

specificity. Fang et al. (2010) elaborated on the significance of aptamer generation by cell-

SELEX for the molecular recognition of cancerous cells. An aptamer-modified 

microfluidic device for cell enrichment has also been developed to separate viable and 

non-viable cells from a large cellular environment with little or no sample pre-treatment 

(Fang and Tan, 2010; Soontornworajit and Wang, 2011). Other promising approaches 

reported in literature for cell detection are flow cytometry analysis, aptamer-

functionalized nanoparticles for biosensing, and histological examination.  

Application of aptasensors is essential in the detection of food and water-borne diseases 

in complex matrices (Leonard et al., 2003; Kärkkäinen et al., 2011; Sonia et al., 2013). 
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Several other successes have been notably achieved by the application of aptameric 

recognition for the detection of toxins in the lectin family (Sharma and Sharma, 2013), 

Lup-an-1 food allergen (Nadal et al., 2012), prions (Takemura et al., 2006), variant strains 

of Escherichia coli (Kim et al., 2013), and Trypanosomes (Kim et al., 2013). Mann et al. 

(2005) reported the successful identification of an immobilised aptamer suitable for 

binding ethanolamine; one of the smallest compounds ever detected by an aptamer. 

Ethanolamines are of clinical and environmental concerns due to their disease causing 

effects (Mann et al., 2005). Minunni et al. (2004) demonstrated the reproducibility, 

specificity and reusability of aptasensors through the use of an RNATAT aptamer for the 

detection of HIV-Tat protein. 

The success of therapeutic analysis is measured by the capacity to target specific infected 

cells amongst healthy cells (Guo et al., 2008; Dun, 2010). This synchronises with the aims 

of modern molecular therapy, which seeks to avoid conventional trial-and-error targeting 

with low specificity (Fang and Tan, 2010). Aptameric binding of targets is a significant 

component of modern molecular therapies in the development of high sensitivity and rapid 

molecular or cellular targeting systems for disease treatment. The following features make 

aptamers effective therapeutic markers: high specificity and efficiency, non-

immunogenic, non-toxic, and non-recalcitrance after being tested at high dosages of 10 

mg/kg daily for 90 days in rats; administration through intravenous or subcutaneous 

injection; and economical to develop (Santosh and Yadava, 2014). Therapeutic aptamers 

function by either inhibiting target molecules or as receptor agonists (Radom et al., 2013). 

Advances in modern therapeutic research have led to the invention and acceptance of 

Macugen, which is a vascular endothelial growth factor binding aptamer (Guo et al., 2008; 

Banerjee and Nilsen-Hamilton, 2013) with the potential of providing new therapeutic 

pathways to prevent cardiovascular diseases. Other successful work carried out include: 

ARC1779 which has an antithrombotic activity and currently undergoing clinical 

trials(Ulrich and Wrenger, 2009); AS1411, formerly known as AGRO100, which is a 

cancer aptamer and undergoing clinical trials (Guo et al., 2008), NOX-E36, an aptamer 

for diabetes (Guo et al., 2008), and significant findings made in preclinical studies against 

cancer targets by modulating apoptosis in organisms (Guo et al., 2008).  



119 
 

Suggestions are being made to improve healthcare delivery through the establishment of 

Point-of-Care Testing (POCT) approach (Cass and Zhang, 2011).  The use of aptasensors 

for POCT will help save time, increase productivity, and avoid huge capital investments 

required for establishing several fixed structures for lab diagnosis. Alternatively, 

aptasensors can be routinely applied in door-to-door domestic testing, mass screening of 

infectious and contagious diseases, clinical diagnosis, and border chemo/bio-security 

programs. This is because immobilised aptamers can be engineered to develop 

miniaturised sensors with a high surface density as compared to immunoassay sensors 

(Mairal et al., 2008; Song et al., 2008). This will certainly be of much importance during 

pandemics in offering a rapid and easy-to-use detection system capable of breaking the 

mode of transmissions. Medical diagnostic and therapeutic applications of aptamers are 

receiving much attention from researchers, and this is pivotal to improve the detection of 

pathogenic entities rapidly and accurately from human samples (Anthony et al., 2010; Zhu 

et al., 2012; Deng et al., 2014). Some of the interesting developments in the application 

of immobilised aptamers include immobilisation on engineered glass nanopores, 

sepharose, magnetic beads, silica, and also as oligosorbents. Table 2 shows different 

applications of aptasensors. 

Table 2. Identified immobilised aptameric supports and applications. 

Type of aptamer Type of support Application Reference 

IgE aptamer; 

Ricin aptamer 

Glass To detect and screen IgE, 

Ricin toxin. 

(Ding et al., 

2009) 

AptC.1 Silica To immobilise 

Chymotrypsin in the 

construction of an 

enzymatic reactor for 

protein digestion. 

(Xiao et al., 

2012) 

Amino modified 

cocaine aptamer 

Cyanogen 

Bromide -

activated 

sepharose 

Selective detection and 

extraction of cocaine 

(Madru et al., 

2011) 

 

Amino modified 

cocaine aptamer 

Streptavidin-

activated agarose 

Selective detection and 

extraction of cocaine 

(Madru et al., 

2011) 

Ochratoxin A 

aptamer 

Magnetic 

nanospheres 

Detection and extraction of 

ochratoxin A from food 

samples 

(Wu et al., 2011) 

Ochratoxin A 

aptamer 

Cyanogen 

Bromide -

Detection and extraction of 

ochratoxin A   

 (Rhouati et al., 

2011) 
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activated 

Sepharose 

A10 RNA 

aptamer 

Quantum Dot Targeting of cells and 

sensing delivery of drug 

for cancer treatment 

(Bagalkot et al., 

2007) 

β-conglutin 

aptamer 

Microtiter plate Detecting of β-conglutin 

food allergen 

(Svobodova et 

al., 2014) 

 

5. POLYMERIC APTASENSORS FOR BIOSCREENING OF TARGETS 

5.1 Immobilisation of aptamers on a single glass nanopore 

Immobilisation of aptamers on a glass nanopore of a pipette for the detection of IgE and 

ricin, the third most toxic substance and a potential bio-threat, has been successfully 

performed and reported (Ding et al., 2009). This follows the successful work done by Gao 

et al. (2009) in fabricating a synthetic nanopore at the tip of a micropipette. Prior to that, 

protein nanopores with attached receptors were used for single molecule detection. 

However, this method lacked the capacity for real-time detection and possessed fragile 

lipid membranes. The aftermath of the development of synthetic glass nanopores led to 

modifications with antibodies. However, antibodies, unlike aptamers, are mostly limited 

to non-toxic targets, present difficulty during immobilization, and are relatively difficult 

to synthesise. Aptamer-embedded nanopores are very robust, specific and effective for 

molecular detection of pathogens with nano sizes (Ding et al., 2009). Future applications 

of this immobilised aptameric system could be multiple target biosensing. Significant 

challenges of single glass nano-pores include prolong recognition time, low binding 

frequency and clogging by DNA targets (Ding et al., 2009). These are attributed to the 

diffusion-collision rate and the binding activation energy (Zhao et al., 2012).  

5.2 Application of immobilised aptamers as oligosorbents 

Another unique development of immobilised aptamers is the synthesis of oligosorbents. 

Oligosorbents are produced by immobilising aptamers on solid supports. They are able to 

detect and screen targets with high affinity and specificity from complex matrixes by 

employing the established biomolecular recognition mechanisms of aptamers (Ali and 

Pichon, 2014). Oligosorbents can be applied in purification processes for specific 

detection and screening of target molecules from complex samples. Prior to the advent of 
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aptamer-based oligosorbents, molecular screening and purification of target species relied 

on several unit steps such as ion-exchange or hydrophobic interaction liquid 

chromatography, and solid phase extraction with either hydrophobic supports or 

immunoaffinity columns. Table 3 compares the characteristics of various molecular 

screening and purification techniques with oligosorbents. 

Table 3. Characteristic features of various purification techniques in juxtaposition with 

oligosorbents. 

Detection and 

Screening Method 

Characteristic feature(s) for binding and 

screening 

Reference(s) 

Liquid 

chromatography 

Pre-treatment 

of sample is 

required 

Time-

consuming 

Problem of 

matrix effect 

 (Chapuis-

Hugon et al., 

2011; Madru 

et al., 2011; 

Wu et al., 

2011) 

Conventional 

solid phase 

extraction 

Large quantity 

of organic 

solvent 

required 

Time-

consuming 

 Not specific (Madru et 

al., 2011; 

Wu et al., 

2011)  

Immunoaffinity 

columns 

Expensive to 

operate due to 

the use of 

antibodies 

Exhibit 

variations from 

different 

batches of 

antibodies 

Have a short 

life cycle and 

not suitable 

for high 

temperature 

and harsh 

solvents 

(Chapuis-

Hugon et al., 

2011; Madru 

et al., 2011; 

Wu et al., 

2011)  

Aptamer-based 

biomolecular 

recognition 

mechanism 

Less 

expensive 

relative to the 

above 

methods 

Specific and 

have a high 

affinity for 

target 

Have a long-

life span 

(Chapuis-

Hugon et al., 

2011; Madru 

et al., 2011; 

Wu et al., 

2011)  

 

Efficient immobilisation of aptamers on supporting systems depends on the following 

factors: the type of immobilisation support, the functional groups of the support, pore 

framework of the matrix, the type of bonding between the supporting system and the 

aptamer, and the length of the spacer arm if required. By studying these characteristics of 

a known support system, an optimal immobilised aptameric sensor can be developed for 

detecting and screening of target molecules. Research reports indicate that high 

throughput recovery efficiencies within the range of 67% to 96% were achieved with 
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oligosorbents for different analyses of food samples (Bagalkot et al., 2007; Madru et al., 

2009; Chapuis-Hugon et al., 2011; Madru et al., 2011; De Girolamo et al., 2012; Ali and 

Pichon, 2014). Current aptamer applications as oligosorbents have mostly been devoted 

to the detection of cocaine samples and ochratoxin A in food, drinks and blood plasma. 

The challenge, however, now lies in the application of this approach or modified versions 

for enhanced bio/chemical detection and screening of other target molecules. Nonetheless, 

this can be achieved by generating and characterising specific aptamers for the chosen 

targets of interest.  

Even though chemo-physical modifications have led to improvements in throughput, there 

are two inherent setbacks in the use of polymeric beads, such as silica, in their particulate 

form as supports for aptamers. In Figure 2, the pore size and transport mechanism of 

particulate oligosorbent system is shown. The configuration for solid phase extraction 

using oligosorbent packing usually results in small pore sizes. Due to the small pore size 

and the distribution of empty spaces between the oligosorbent particles, the mechanism of 

mass transfer of solutes is by diffusion through the interstitial voids. The experimental 

void fraction (𝜀) between particles in the stationary phase of a packed column is estimated 

to be between 30-50% of the entire volume of the column for smooth diffusion to take 

place without channelling (Benitez, 2009).  
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Figure 2. Process configuration of an oligosorbent chromatographic column for screening 

analytes.  

A classic expression relating the void fraction and effective diffusivity (DAB) of solutes in 

the liquid analyte is shown by equation (1). It must be emphasized that the rate 

determining step of the solid phase extraction of targets with oligosorbents is the rate of 

diffusion. Solutes such as proteins and DNA with large hydrodynamic sizes, will take a 

longer time to diffuse through the matrix.      

                                  𝜀 =
𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑉)

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑐𝑜𝑙𝑢𝑚𝑛(𝑉𝑇)
                                           (1) 

Considering the configuration of an oligosorbent system and molecular diffusion as the 

means of mass transfer, Fick’s law can be used to estimate the effective diffusivity as: 

                                   𝐷𝐴𝐵,𝑒𝑓𝑓 =
𝜀𝐷𝐴𝐵

𝜏
                                                                (2) 

Diffusivity of a solute A in a liquid solvent B can be theoretically estimated from Stokes-

Einstein equation. This expression is given as:  
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𝐷𝐴𝐵 =
𝑘𝑇

6𝜋𝑟𝐴𝜇𝐵
                                                               (3) 

where 𝜏 is the tortuosity of the pore-path, rA is the radius of the solute in the solvent, T is 

the operating temperature in K, k is the Boltzmann’s constant and 𝜇𝐵 is the viscosity of 

the liquid solvent B. From the above equations, it becomes clear that the effective diffusion 

of particles is a function of the void fraction, the radius (size) of the solute, which in this 

sense is the target and in other terms the viscosity of the solvent as well. This can be 

expressed as:  

𝐷𝐴𝐵,𝑒𝑓𝑓 = 𝑓(𝜀, 𝑟𝐴, 𝜇𝐵)                                                        (4) 

The first parameter of the function, 𝜀, is a design parameter which can be controlled and 

improved by considering other adsorbents such as engineered macroporous continuous 

polymers.  

5.3 High throughput immobilised systems  

Considering the drawbacks of oligosorbent systems as discussed earlier, a more effective 

approach will be the use of a continuous adsorbent system as the stationary support. Such 

supports have been demonstrated to be effective for high throughput results. Zhao et al., 

(2008a) were the first group to successfully host aptamers on the monolithic polymer 

(glycidyl methacrylate-co-trimethylolpropanetrimethacrylate). They used 61mer G-

quartet DNA aptamer-monolith system for the detection and separation of thrombin and 

cytochrome c in diluted serum samples. The density of immobilised aptamers on the 

column was ~164 pmol/µL. The estimated Kd ~150 µM after aptamer immobilisation was 

about 30 times more than the reported SELEX value of ~4.6 µM (Zhao et al., 2008). The 

reduction in binding affinity could be because of some of the factors explained earlier for 

Kd. 

In another experiment by Zhao et al., (2008b), they used a similar polymeric monolith to 

host 15mer and 29mer DNA aptamers and obtained Kd values of ~100 nM and ~0.5 nM 

respectively. The detection limit of thrombin were observed to decrease from 4 nM to 0.1 

nM for both aptamers (Zhao et al., 2008). The improvement was attributed to the increase 

in pre-concentration duration of thrombin from 0.5 min to 5 min, and the increase in the 
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immobilisation density of aptamer to 250 pmol/µL (Zhao et al., 2008). Han et al., (2012) 

demonstrated an online screening of lysozyme from a protein mixture by covalently 

immobilising an anti-Lys DNA aptamer on a poly (glycidyl methacrylate-co-ethylene 

dimethacrylate) monolithic rod. They attained a low back pressure of 1.0 MPa at a 

volumetric flow rate of 0.8 mL/min, an aptamer immobilisation density of 290 pmol/µL 

compared to 204 pmol/µL for microbeads, and a high precision, functionality, stability 

and reproducibility for 20 experimental runs using the monolithic rod (Han et al., 2012). 

Hybrid silica monolithic rod with immobilised amino-modified apt-29 was used to screen 

thrombin at a detection limit of 3.4 nM (Deng et al., 2012). They achieved an 

immobilisation density of 568 pmol/µL and a binding capacity of 1.95x10-24 mol/nm2 

compared to 1.4x10-25 mol/nm2 for open tubular capillaries (Deng et al., 2012). Brothier 

et al., (2014) demonstrated the design and application of a miniaturised hybrid silica 

monolith for the extraction of ochratoxin A and cocaine. The monolith was characterised 

in terms of its stability, reproducibility, permeability and morphology. Back pressures of 

~4.8 bars and ~12.1 bars at flow rates of 200 nL/min and 500 nL/min were observed for 

aqueous buffer and acetonitrile/water respectively. Also, the density of aptamer 

immobilisation was ~6.27 nmol/µL and ~5.14 nmol/µL for ochratoxin A and cocaine 

extraction (Pichon et al., 2015). Figure 3 shows an illustrative scheme for the 

immobilisation of an aptamer on a macroporous polymeric support and Table 4 reports a 

comparison between aptamer immobilised continuous polymer systems and particulate 

oligosorbent systems. 



126 
 

 

Figure 3. Aptameric immobilisation of a continuous polymeric support with non-uniform 

large-pore interconnectivities for molecular probing of a target molecule.    

6. CHALLENGES TO APTAMERIC BINDING AND APPLICATION 

Challenges relating to aptameric binding and application can be classified as follows: (i) 

Technological gap between aptamer research and practical applications (ii) Limitations to 

aptamer generation by SELEX and, (iii) Limitation to molecular recognition of some 

specific targets. With all the aforementioned benefits of aptameric binding and 

applications, only the Macugen aptamer has been accepted for clinical application. So 

what is hindering the progress of aptameric binding applications through the clinical 

phases?  First and foremost, Baird (2010) highlighted that since aptamers are aimed at 

replacing antibody-systems for molecular binding, it is natural for practitioners to resist 

the change. There still exists a knowledge gap between researchers and practitioners 

concerning the benefit of aptamers over antibodies in all application spheres (Baird, 2010). 

Moreover, it generally takes about fifteen to twenty years for new scientific discoveries to 

be implemented and accepted. As a result, applications of aptamers for diagnosis, 

therapeutic, and environmental analysis will take some time.  
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Radom et al., (2013) also discussed three different challenges that the SELEX approach 

brings to bear despite its’ simplicity and significance in aptamer selection. One possibility 

is the hybridization between the primers and random regions. This leads to a destruction 

of the secondary and tertiary structures of the aptamer responsible for binding the target. 

As a result, significant attention is required in designing the primers in order to circumvent 

the problem of sequence overlapping during SELEX. The second challenge SELEX poses 

are the post-amplification steps in each round of aptamer selection (Radom et al., 2013). 

This step involves separation of strands to ensure that only the appropriate strands are left 

for the next cycle. The techniques for the separation of nucleic acid aptamers have their 

own advantages and disadvantages. For RNA aptamers, separation is achieved by 

transcripting ssDNA templates into ssRNA and later digesting the DNA template. 

However, the separation process for DNA aptamers is achieved by eliminating the 

negative strands by employing either lambda-exonuclease digestion of the negative 

dephosphorylated strand, asymmetric PCR, denaturing polyacrylamide gel 

electrophoresis, or with streptavidin-coated magnetic beads. The third challenge identified 

by Radom et al., (2013) is the susceptible formation of incomplete complementary dimers. 

This can lead to the formation of concatamers, which are aptamers of undesired sizes. This 

problem can be circumvented by carefully monitoring the number of cycles of 

amplification for selected nucleic acids.  

Another peculiar problem facing aptameric binding is the selection of aptamers against 

hydrophobic targets such as steroids and alkaloids, as well as negatively charged 

molecules (Stoltenburg et al., 2007; Pinto et al., 2014). Efforts to resolve this challenge 

include the attachment of non-polar functional groups and the exploitation of non-stacked 

base pairs (Pinto et al., 2014).  

7. CONCLUSION 

Aptamers have a wide range of applications and this has triggered significant research 

interests.  Immobilising aptamers on surfaces for target detection has the potential to 

achieve high throughput screening with high accuracy, sensitivity and specificity at a 

relatively low cost. Immobilised aptamers have been used in solid phase extraction 

units/columns, in the development of biosensors and in the fabrication of glass nanopore 
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sensors. Potential applications exist in the health sector for mass screening during disease 

outbreaks, and also for the food and beverage industry, pharmaceutical industry, defence 

and domestic use. Immobilisation of aptamers in glass nanopore and solid phase extraction 

media have some challenges relating to low pore sizes, high back pressure and the limited 

capacity for high throughput screening. This can be resolved by applying continuous 

adsorbent systems. Such adsorbents, unlike the oligosorbents, are macroporous and 

possess significant longitudinal permeability with aptamers functionalised in their pore 

surfaces. These can be engineered to have minimal void fractions and a convective mass 

transfer mechanism. Application of continuous adsorbents will further strengthen the 

development of immobilised aptameric binding for full-scale application in a 

chromatographic format. However, it must be noted that the binding characteristics of 

aptamers under immobilised conditions can be significantly affected by controlled spatial 

mobility at the point of attachment and its’ performance. Also, research into various 

polymeric supports with the capacity to enhance convective fluid transport for high 

throughput screening is essential.  
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ABSTRACT 

Thermo-molecular mechanisms associated with the synthesis of polymethacrylate 

monoliths are critical in controlling the physicochemical and binding characteristics of the 

adsorbent. Notwithstanding, there is limited reported work focused on probing the 

underlining synthesis mechanism essential to establish the relationship between in-process 

polymerization characteristics and the physicochemical properties of the monolith for 

tailored applications. This work presents a real-time thermochemical analysis of 

polymethacrylate monolith synthesis by free radical polymerization to probe effects on 

the physicochemical characteristics of the adsorbent.  Experimental results showed that 

an increase in the cross-linker monomer concentration from 30% to 70% resulted in a peak 

temperature increase from 96.3 oC to 114.3 oC. Also, an increase in initiator concentration 

from 1% w/v Benzoyl peroxide (BPO) to 3% w/v resulted in a temperature increase from 

90.7 oC to 106.3 oC. Temperature build up increases the kinetic rate of intermolecular 

collision associated with microglobular formation and inter-globular interactions. This 

reduces the structural homogeneity and macroporosity of the polymer matrix. A 2-phase 

reactive crystallisation model was used to characterise the rate of monomeric reaction 

post-initiation and microglobular formation from the liquid monomeric phase in order to 

formulate the theoretical framework essential to evaluate the kinetics of the polymer 

formation process.    
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1. INTRODUCTION 

Conventional chromatographic supports for bioseparation and purification in life sciences 

are generally particulate in nature with small particle pores that present significant 

bioprocess challenges especially for large molecule applications including plasmid DNA 

(pDNA), viral particles and cellular targets. The mode of mass transfer in particulate 

adsorbents is mostly by diffusion, and this significantly slows down the flow 

hydrodynamics, reducing the mass velocity and capacity of matter into and out of the 

adsorbent. In addition, the random packing assembly of particulate adsorbents in 

chromatographic columns make it challenging to fine-tune its physical features for high 

throughput and rapid bioseparation applications.   

Monolithic adsorbents are regarded as relatively new chromatographic stationary supports 

synthesised by various chemo-molecular techniques to form a single piece of continuous 

sorbents in an unstirred mould (Svec, 2004; Danquah and Forde, 2007; Wang et al., 2014). 

Monoliths have the trademark of offering convective mass transport of fluids and low 

column backpressure as a result of their macroporous nature (Nischang, 2013). Their pore 

characteristics and surface functionalities can also be molecularly engineered to target 

analytes with varying physicochemical properties such as hydrodynamic size, charge and 

active moieties (Svec, 2012; Pfaunmiller et al., 2013; Podgornik et al., 2013). There are 

three main types of monoliths; organic, inorganic and hybrid organic-inorganic monoliths. 

Organic monoliths, especially polymethacrylates, represent one of the most utilised 

monolithic adsorbents for chromatographic applications. They are largely pH resistant and 

biocompatible with easily tailored pore characteristics and readily available reactive 

moiety, such as epoxy group, for functionalization (Roberts et al., 2009; Ongkudon and 

Danquah, 2010; Podgornik et al., 2013). Polymethacrylate monoliths are synthesised via 

free radical copolymerization of cross-linker and functional methacrylate-based 

monomers either initiated thermally or by radiation (Schlemmer et al., 2009; Svec, 2010; 

Vonk et al., 2015). Thermal initiation approach is commonly used, as it is cheap and 

primarily requiring the use of an isothermal water bath (Szumski and Buszewski, 2009; 

Alves et al., 2013). The synthesis process includes various steps of thermo-molecular 

mechanisms involving the monomers and the initiator.  These steps are (i) sensible heat 

transfer from the heating medium to the polymerization mixture; (ii) Decomposition of 
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initiator at temperature Ti (where Ti is the decomposition temperature of the initiator) 

resulting in the release of exotherms and temperature shoot; (iii) Reactive monomeric 

interactions driven by the released free radicals to form a nucleic complex in the liquid 

phase and; (iv) Formation of the solid polymer out of the liquid phase through 

microglobule development from the nuclei. In each of these steps, the control of the 

physicochemical characteristics is important, hence, an in-depth understanding of the 

phenomenon is important to develop well-characterised monoliths for targeted 

applications. However, current research efforts have mostly focussed on bulk synthesis, 

characterisation, functionalization and chromatographic application (Jandera et al., 2012; 

Zhang et al., 2013; Aydoğan, 2015; Yang et al., 2015) with limited focus on understanding 

the molecular mechanisms governing the monolith formation process. This limits 

opportunities to fully exploit adsorbent properties to enhance chromatographic 

performance indicators. Both in-process and post polymerization characterisations are 

essential in tailoring the physicochemical properties of the adsorbent in order to widen the 

scope of application and also tackle common challenges relating to structural stability, 

pore homogeneity and wall channelling.  

Various in-process synthesis conditions such as mass ratio of monomers, polymerization 

time, concentration of initiator, porogen type and composition, temperature affect the 

molecular arrangement of microglobules and cluster of globules during polymer 

formation, conferring unique physicochemical characteristics which affect the functions 

of the polymer in the molecular or nanoscale level (Danquah and Forde, 2008; Kim et al., 

2013; Chen et al., 2015). Polymerization temperature is critical to control the molecular 

organisation of microglobules during synthesis. Hence, it is an essential parameter to 

manipulate the structural and physical characteristics of polymethacrylate monoliths 

(Danquah and Forde, 2008; Szumski and Buszewski, 2009). Mihelic et al. (2001) studied 

the kinetics of polymerization for methacrylate monolith synthesis as well as the overall 

heat of reaction using differential scanning calorimetry (DSC). They reported the presence 

of two heating effects during polymerization; endothermic heat from porogen evaporation, 

and exothermic heat from monomer polymerization with the initiator. However, the 

endothermic heat of porogen evaporation had minimal effects on the peak temperature of 

the polymerization process. In addition, it was demonstrated that thermal polymerization 
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of monomer-porogen mixture without an initiator can occur but at temperatures above 110 

oC (Mihelic et al., 2001). Danquah et al. (2008) also demonstrated that the mechanism of 

homogenous pore formation during polymethacrylate synthesis can be controlled by 

minimizing the extent of release of exothermic heat into the polymerization mixture. They 

accomplished this by expelling the heat of decomposition from the initiator and 

isothermally pumping free radicals into the monomer mixture for the commencement of 

monolith synthesis. However, correlations existing between thermo-molecular 

mechanisms of the synthesis process and the structural and pore characteristics of the 

polymer are not well understood and this represents a major research gap. In contrast to 

the breadth of bioseparation applications of polymethacrylate monoliths reported, there 

has been limited work investigating in-process characteristics, such as temperature 

distribution, and its impacts on the structural properties of the polymer under varying 

compositional scenarios. This work attempts to develop the theoretical framework 

essential to understand temperature-induced behaviours of the polymerization process, 

and the effects of in-process synthesis mechanisms on the physicochemical characteristics 

of the polymer. It formulates an understanding of the polymerization kinetics and 

evaluates effects on the rate of polymerization as well as temperature control. 

Thermochemical analyses were performed using a real-time technique for in situ 

parametric characterisation of the monolith synthesised by thermal free radical 

copolymerization. In addition, a mathematical approach based on reaction kinetics and 

Avrami’s isothermal model is used to establish and monitor the rates of monomeric 

reaction post-initiation and polymer formation out of the liquid phase.   

2. EXPERIMENTAL 

2.1 Materials 

Glycidyl methacrylate (GMA) (MW 142.15, 97%), ethylene glycol dimethacrylate 

(EDMA) (MW 198.22, 98%), benzoyl peroxide (BPO) (MW 242.23, 70%), methanol 

(HPLC grade, MW 32.04, 99.93%), 1-dodecanol (MW 186.33, 98%), cyclohexanol (MW 

100.16, 99%), were purchased from Sigma–Aldrich (USA).  12 cm x 15 cm rimless test 

tubes (Borosil, India) were applied for in situ thermo-molecular characterisation of 

monoliths in a water bath (Memmert, Germany). Thermo-molecular characterisation of 
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the synthesis processes was carried out with a real-time midi logger GL220 thermocouple 

probe (Graphtec, USA).  

2.2 Methods 

2.2.1 Polymethacrylate monolith synthesis 

Polymethacrylate resin was produced after the mixture of monomers (GMA and EDMA), 

porogens (1-dodecanol and cyclohexanol) and initiator (BPO) for each set of experiment 

was sonicated for 10 mins, sparged with N2 for 5 min, to deoxygenate the mixture and 

prevent any side reactions that may occur due to the presence of oxygen gas, and held at 

a constant temperature above the decomposition temperature of the initiator. Thermal free-

radical copolymerization was achieved using an isothermal water bath reactor. Since 

porogens are mostly non-reactive and are mainly responsible for the solvation of 

monomers as well as the medium for pore formation, a fixed ratio (70%:30%) of total 

porogen to total monomer was maintained throughout the study. Also, the porogenic ratio 

of cyclohexanol to 1-dodecanol was maintained at 70%:30%. Hence, the polymerization 

conditions that we changed to represent each set of experiment were the following: 

temperature, the concentration ratio of functional monomer (GMA) to cross-linking 

monomer (EDMA), and the concentration of initiator. Polymerization temperatures 

investigated for in situ characterisation of the synthesis process were 61 oC, 65 oC, 75 oC 

and 85 oC at a constant GMA to EDMA ratio of 70%:30% and an initiator of 1% w/v of 

total monomers. The ratio of GMA to EDMA was investigated over the range 30%:70% 

to 70%:30% at a constant temperature of 85 oC and an initiator of 1% w/v of total 

monomers. Variations in the concentration of initiator from 1-3% was also studied at a 

constant temperature of 85 oC and a GMA to EDMA ratio of 70%:30%.    

2.2.2 Temperature monitoring 

15 mL solution of the above-described mixtures were pipetted into labelled glass test tubes 

and were securely clamped. The clamped test tubes containing the mixture were then 

inserted into the water bath while the temperature was monitored in real-time using midi 

Logger GL220 thermocouple. Monitoring of results was terminated after the peak 

temperature was obtained and thermal equilibrium with the water bath was reached. 
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Polymeric monoliths are poor conductors of heat; hence, a continual dip in temperature 

could be observed once the thermal probe continues to be in the monolith after the thermal 

equilibrium point.  

2.2.3 SEM analysis  

With the exception of monoliths utilised for in situ characterisation studies, all other 

monoliths were washed with methanol in a soxhlet extractor for a period of about 5 hours 

and air dried for 7 days for pores characterisation. The morphology of monolithic pores 

was probed with a variable pressure scanning electron microscope (SEM) (S-3400N 

Hitachi model, Japan) with the average pore size being estimated with an imageJ software 

of the probing device. Sputter coating was applied on the monoliths using gold, a sputter 

current of 20 mA for 30 s to ensure the conduction of signals during probing. 

2.2.4 Mathematical analysis of rate of polymerization 

Matlab and Simulink R 2014b were used to model the polymerization of monoliths based 

on a 2-phase mechanistic approach deduced from the established Avrami’s model for 

crystallisation. The choice of this approach was based on the fact that the formation of 

bulk monoliths is preceded by nucleation and reaction of these nuclei with the monomers. 

The first phase involved the post-initiation monomeric reaction stage to an intermediate 

liquid polyresin. The second phase involves the transformational processes leading to the 

formation of the solid polymer from the liquid intermediate phase. Varied conditions of 

monomer ratios of 1, 1.5, 2, 2.5 and 3 were therefore modelled with 2 different 

hypothetically selected rate constants of 0.5 s-1 and 0.3 s-1.     

3. RESULTS AND DISCUSSION 

3.1 Effect of polymerization temperature 

The lowest polymerization temperature was selected with reference to the decomposition 

temperature of the initiator (60 oC). As shown in SEM images in Figure 1, increasing the 

polymerization temperature resulted in decreasing pore size as follows: 65 oC (x 4700, 10 

µm), 75 oC (x 5000, 10 µm) and 85 oC (x 6000, 5 µm) and increasing surface area of the 

adsorbent monolith. In addition, the kinetics of molecular collision increases at elevated 
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temperatures and this enhances the energy levels of reactant species to achieve activation 

complex. Under such high frequency collision conditions, the formation rate of 

microglobules and its aggregation to globule are hindered by thermo-molecular instability 

existing in the monomeric phase. The images indicate decreasing size of the globular 

assembly with increasing temperature, and this affects the intra-globular and inter-cluster 

pore sizes. This observation is in line with previously reported findings (Svec and Fréchet, 

1995; Danquah and Forde, 2008; Szumski and Buszewski, 2009).  

 
Figure 1. SEM images of polymethacrylate monoliths at a magnification of x 4700 (10 

µm), x 5000 (10 µm) and x 6000 (5 µm) all at a voltage of about 5 kV.  

 

An increase in polymerization temperature leads to rapid decomposition of the initiator 

into free radicals to form a large number of nuclei per second for a unit volume of 

polymerization mixture. From equation (1), it can be deduced that an increase in 

temperature results in an exponential increase in the rate of change of the reaction which 

has a direct effect on the amount of free radicals released.   

𝑑𝜉

𝑑𝑡
= (1 − 𝜉)𝑛𝐴𝑒𝑥𝑝

(−
𝐸𝑎

𝑅𝑇𝑠
)
    (1) 

where 𝜉is the extent of the reaction; A is the pre-exponential factor; n is the order of the 

reaction; Ea is the activation energy; R is the gas constant; n is the order of the reaction, 

and Ts is the polymerization temperature for the synthesis reaction (Mihelic et al., 2001).  

Notably, the rate of decomposition of the initiator is directly affected by the 

polymerization temperature. Owing to the rapid increase in the rate of decomposition of 

the initiator, large amounts of monomers are successively converted in a chain reaction 

per unit time for every temperature rise. This stepwise conversion and addition of 

monomeric units lead to gradual agglomeration and cross-linking of large amounts of 

nuclei layer-by-layer until the entire monomeric substrates convert and polymerise out of 
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the porogenic phase as illustrated in Figure 2. Also, the rate at which the solid polymer 

phase crystallises out of the porogenic phase is faster with increasing temperature. This 

indicates that temperature is a critical parameter affecting stage-wise molecular 

mechanisms controlling the overall polymerization process, thus, sensible heat transfer 

into the polymerization mixture; initiator decomposition rate for the formation of free 

radicals; rate of monomeric interactions in the presence of free radicals to form nuclei and 

microglobules; aggregation of microglobules to form globules and clusters; and the rate 

of crystallisation of the polymer out of the porogenic phase. 

Figure 2. A mechanistic scheme for polymethacrylate monolith formation from reacting 

monomers A and B from the bottom to the top of the mould in a stepwise direction (stages 

1-3).  

Figure 3. Real time polymerization temperature profiles for polymethacrylate monolith 

synthesis of volume 15 mL at different temperatures of: A) 61 oC; B) 65 oC; C) 75 oC; D) 

85 oC.  
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Real-time temperature profiles recorded during polymerization at 61 oC, 65 oC, 75 oC and 

85 oC presented in Figure 3 show comparable thermal paths before polymerization time 

(t) ≤ 250 s. The thermal effects of the process during this period corresponds to sensible 

heat transfer from the heating medium to the monomeric mixture thus resulting in a 

warming-up phase until sufficient heat energy is accumulated to commence initiator 

decomposition into free radicals. The rate of sensible heat dispatch into the monomer 

medium is a function of the polymerization temperature. The amount of free radicals 

released after initiator decomposition and consequently the rate of formation of nuclei 

increases per unit time for each increase in polymerization temperature. High temperature 

conditions result in fast kinetic interactions between the reacting molecules with a high 

probability of nuclei formation driven by the availability of free radicals. The amount of 

heat energy required by the reactant molecules to achieve activation complex is 

augmented by exotherms released from initiator decomposition. The release of exotherms 

results in a rapid increase in the polymerization temperature before declining and 

stabilising in the process of polymer formation. This is shown in Figure 3 indicating the 

real-time temperature profiles and the corresponding differential profiles. In addition, as 

the temperature within the mould approaches the set polymerization temperature, there is 

gradual decline in the rate of change to the value before the peak temperature. The 

polymerization temperature declines afterwards before equilibrating at the set-point 

temperature. A further decline in the polymerization temperature below the set point was 

observed after polymer formation, and this was attributed to the poor thermal conductivity 

of the polymer, which obstructs conductive heat transfer from the heating medium to the 

thermocouple sensor surface. The respective peak polymerization temperatures, Tp, 

recorded were 61.3 oC (for Ts = 61 oC), 67.3 oC (for Ts = 65 oC), 80.2 oC (for Ts = 75 oC) 

and 96.3 oC (for Ts = 85 oC). Set point temperatures of 61 oC and 65 oC resulted in small 

changes in peak temperature as the amount of exotherms released post-initiation was not 

large enough to cause a significant upsurge in the polymerization temperature. The 

temperature and overall heat within the monolithic mould during polymerization can be 

expressed as: 

 

𝑇𝑝 = 𝑇𝑠 + ∆𝑇       (2) 
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∆𝐻𝑝 = ∆𝐻𝑖 + ∆𝐻𝑚𝑖 + ∆𝐻𝑚     (3) 

where Ts is the set point temperature; ∆T is the temperature rise at any time after initiator 

decomposition and reactions; ∆𝐻𝑝 is the enthalpy change of the polymerization reaction; 

∆𝐻𝑖 is the enthalpy change during initiation; ∆𝐻𝑚 is the enthalpy change as the monomers 

react; ∆𝐻𝑚𝑖 is the enthalpy change as the initiator interacts with the monomers. Porogens 

are usually non-reactive during the polymerization process. A previously investigated 

mixture of porogens (cyclohexanol 48%, dodecanol 12%) and monomers (glycidyl 

methacrylate 24%, ethylene dimethacrylate 16%) was carried out with a DSC Mettler 

Toledo by  Mihelic et al. (2001). The estimated heat of polymerization, apparent activation 

energy and the pre-exponential factor according to Mihelic et al. (2001) for the said 

composition were 190 J/g ± 5%; 1.681x109 s-1 and 81.5 kJ/mol. From the aforementioned 

equations (2-3), the heat of polymerization is dependent on (i) the set-point temperature, 

(ii) composition of the polymerization mixture, and (iii) the thermochemical properties of 

the monomers since their enthalpies are dependent on specific heat capacities.  

Once the temperature of the reaction mixture reaches 60 oC and above, the initiators 

undergo complete decomposition to form radicals and release a quantum of energy termed 

as ∆𝐻𝑖. These radicals react sporadically with the subunits of monomers to form monomer 

radicals which also reacts with each other to form smaller chains of polymer units leading 

to the formation of monoliths and their associated energies ∆𝐻𝑚𝑖 and ∆𝐻𝑚, respectively. 

Fundamentally, the formation of these monomer radicals and monomer chains through 

their molecular interactions causes an increase in the energy of the mixture as well as 

temperature rise.   

3.2 Effect of monomer variation  

Two types of monomers were employed in the synthesis of the polymethacrylate monolith 

at a constant temperature of 85 oC: EDMA as the cross-linking monomer and GMA as the 

functional monomer harbouring the epoxy moiety. An increase in the concentration of the 

cross-linking monomer results in the formation of a higher number of interconnectivities 

between globules and clusters of globules. Nevertheless, it must be noted that excessive 

amounts of total monomers to total porogen in the non-solvating mixture could lead to the 
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formation of gel-like monoliths irrespective of the temperature of polymerisation and 

polymerisation time. This is made evident in Figure 4 below with 30% total porogen and 

70% total monomers synthesised at: (A) 85 oC and (B) 80 oC respectively.  

 
Figure 4. The effect of excessive concentration of monomers in porogenic mixture on 

polymer formation.    

The type and concentration of the cross-linking monomer define the network structure of 

the monolith, affecting physical properties such as the mechanical strength and porosity. 

High cross-linker concentrations commensurate with the formation of large surface areas, 

less pores and high tensile strength of the polymer. Figure 5 shows the SEM images of 

polymethacrylate monoliths synthesised at 40% (x 6000, 5 µm), 60% (x 6000, 5 µm) and 

70% EDMA (x 7000, 5 µm) concentrations.  

 
Figure 5. SEM images of polymethacrylate adsorbents synthesised at 40% (5 µm), 60% 

(5 µm) and 70% (5 µm) EDMA concentrations. SEM analysis were conducted at 5 kV, 5 

kV and 10 kV with magnifications of 4.6 mm x 6000, 5.2 mm x 6000 and 4.3 mm x 7000, 

respectively.  

 

During thermochemical analysis of the polymerization reaction, the ratio of EDMA to 

GMA was varied from 30% to 70%. The boundary ratios (30% – 70%) were selected as 

polymethacrylate monoliths require reactive epoxy groups in the polymer architecture 



148 
 

from the GMA for adsorbent functionalisation. From Figure 6, it can be inferred that an 

increase in the EDMA/GMA ratio resulted in an increase in the temperature build-up 

during polymerization. The peak temperature increased from 96.3 oC at EDMA 30% to 

114.3 oC at EDMA 70%. Increasing the EDMA concentration creates an additional 

thermal evolution from the interactions between generated free radicals and the monomer. 

Aside the increased interconnectivities associated with high EDMA concentrations, the 

increasing peak temperatures further buttress the point that elevated EDMA 

concentrations lead to early formation of nuclei, reduction in pore size and pore volume 

(Danquah and Forde, 2008). The polymerization systems with varying EDMA 

concentrations generated similar thermal effects as observed for increasing the 

polymerization set-point temperature. However, because the polymerization temperature 

was kept constant at 85 oC, the thermal paths of the reactions in the sensible heat transfer 

region appeared to be similar until post initiator decomposition where the temperature 

peaks after traversing the polymerization set-point temperature. Under high EDMA 

conditions, more methylene units are available to react with the free radicals present in 

the same volume of polymerization mixture. Due to the associated increase in temperature, 

which is proportional to the concentration of EDMA, the rate of initiation is also directly 

affected and this results in late phase separation.  

 
Figure 6. Real-time polymerization temperature profiles for varying EDMA/GMA 

concentration ratio.  
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3.3 Effect of initiator concentration 

Although it has been experimentally determined by Mihelic et al. (2001) using a 

differential scanning calorimeter, that synthesis of poly(GMA-co-EDMA) monoliths can 

occur at high temperatures ˃110 oC without an initiator, the latter serves as a catalyst to 

speed up molecular interactions between the monomers thus, enhancing the rate of 

nucleation. The initiator decomposes at the initiation temperature to form free radicals, 

which interact with the monomers to induce nucleation. The free radicals induced 

nucleation step requires a lesser amount of heat to generate significant exotherms after 

decomposition. The effects of five varied initiator concentrations on the polymerization 

kinetics and temperature build up were investigated at a constant monomer ratio of 

EDMA/GMA (30%:70%), temperature of 85 oC and a total porogen concentration of 70% 

(cyclohexanol 70% : dodecanol 30%). As shown in Figure 7 the thermal reaction paths 

pre-initiation were comparable with an increase in peak temperatures for higher initiator 

concentrations. The peak temperatures increased from 90.7 oC for 1% w/v BPO to 106.3 

oC for 3% w/v BPO. In addition, increasing the initiator concentration resulted in a rapid 

rate of nuclei formation since more free radicals are released per unit quantum of energy 

to cause the formation of a large number of nuclei in the polymerization mixture. The 

increase in peak temperatures together with rapid polymerization rates are a result of an 

increase in the initiator decomposition to produce more radicals, which also reacts with 

the monomers to produce heat.  

The significantly large amount of exotherms released as a result of increasing the 

concentration of initiators in the reacting mixture leads to a faster frequency of nucleation 

formation, thereby forming more intra-globules, inter-clusters of globules and smaller 

pore sizes. Large amounts of initiators also render the polymeric monolith highly brittle.  
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Figure 7. Real-time polymerization temperature profiles for varying initiator 

concentrations.  

3.4 Effect of Polymerization time 

Polymerization time is another important tool to engineer the structural characteristics of 

the monolithic adsorbent without changing the synthesis conditions. In this study, 

different post-initiation polymerization times were investigated for the synthesis of 

poly(EDMA-co-GMA). These durations were based on the time during which the 

polymerization mixture changes from pale white to opaque. It was observed that with an 

increase in polymerization time, from 5 h to 9 h, the average pore size reduced from 40 

µm to 30 µm as shown in Figure 8. The reduction in pore size is due to the continuous 

conversion of the cross-linker monomers to form more nuclei units, which increased the 

surface area of the polymer and cause a reduction in the pore size. Internal heat effects 

within the mould can also cause further reductions in the pore size as a result of the low 

thermal diffusivity of the polymer to the external environment (water bath) after 

formation. It has previously been reported that extending the polymerization time causes 

a decrease in the porosity, height of the monolith and pore size distribution (Svec and 

Fréchet, 1995). It can also be inferred that the polymerization time coupled with 

temperature build-up from the bottom of the mould can cause a variation in the axial pore 

size distribution with smaller pores below the monolith length. Though not investigated 
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in this present work, it is anticipated that there is an optimum time above which there is 

no reduction in the pore size of the monolith, and this optimum time is a function of the 

concentration of the cross-linker monomer present in the polymerization mixture.    

 
Figure 8. SEM images of polymethacrylate adsorbents synthesised for 5 h (40 µm), 7 h 

(30 µm) and 9 h (30 µm). Analysis were carried out at resolutions of 5.4 mm x 1300, 4.2 

mm x 1900 and 4.1 mm x 1500, all at about 5 kV.  

4. Kinetics of Polymerization 

Synthesis of polymethacrylate monoliths by free radical polymerization is often governed 

by the reactivity of two monomers (cross-linkers and functional monomers) in a mixture 

containing an initiator to commence the formation of nuclei after the initiator 

decomposition temperature is reached. The polymer formation is characterised by two key 

processes: chemical reaction between the monomers, and the growth of nuclei. Until the 

sporadic formation of nuclei, no solid phase evolves within the polymerization mixture. 

The randomised combinations of nuclei to form microglobules and subsequent 

combinations to form globules and clusters result in the heterogeneous nature of 

polymethacrylate monoliths and dictate the pore size distribution of the monolith. The 

degree of randomness can be controlled via synthesis conditions such as temperature and 

the initiator concentration. The nuclei serve as the seed crystal to induce polymer growth. 

To elucidate the polymer growth process, a crystallisation rate model is applied and the 

resistance to the formation of the bulk solid polymer phase is factored through the kinetics 

of the reaction. The two monomers [GMA (A) and EDMA (B)] react post-initiation when 

subjected to suitable thermochemical conditions. Instantaneous reaction of A and B post-

initiation results in the formation of a viscous liquid intermediary stage, containing nuclei 

subunits, that dictates the propagation of chain molecules in the polymerization process. 

The extent of GMA-co-EDMA chains influences the rate of formation of the solid 
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polymer. Figure 9 shows a mechanistic view of the polymer formation process 

incorporating the reactivity stage and the polymer growth stage. The monomeric reaction 

stage can be represented by the following chemical reaction.  

 
 

Figure 9. A mechanistic view of polymethacrylate monolith formation showing the 

monomeric reaction stage and the polymer growth phase. The reaction stage is 

characterised by the extent, 𝜉1,  and the polymer growth stage is characterised by the 

extent, 𝜉2.   

 
𝐴

(𝐺𝑀𝐴)
+

𝐵
(𝐸𝐷𝑀𝐴)

𝑍
→

𝐴𝐵
(𝑃𝑜𝑙𝑦𝑚𝑒𝑟)

     (4) 

 

where Z represents the totality of suitable reaction conditions. Ao and Bo are the initial 

concentrations of the reactants whiles A and B are the concentrations at time (t). From 

equation (1), Mihelic et al. (2001) experimentally determined the reaction order for the 

synthesis of polymethacrylate monoliths as first order. Hence, the reaction rate equation 

can be written as follows.  

  

𝑑𝜉1

𝑑𝑡
= 𝑘1(𝐴𝑜 − 𝜉1)(𝐵𝑜 − 𝜉1)     (5) 

 

Assuming the monomer ratio Bo/Ao is x and A is the limiting reactant, equation (5) can be 

written in terms of the limiting reactant as follows.    
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𝑑𝜉1

𝑑𝑡
= 𝑘1(𝐴𝑜 − 𝜉1)(𝑥𝐴𝑜 − 𝜉1)     (6) 

 

The polymer growth phase occurs gradually in a layer-by-layer format from the bottom of 

the mould after the formation of the first nuclei to form globules, clusters of globules with 

pore interconnectivities to yield a single continuous piece. Avrami’s isothermal 

crystallisation equation is used to model the polymer growth phase owing to its ability to 

predict the kinetics of polymer formation in a finite volume, isothermal and non-

isothermal conditions as follows (Avrami, 1941; Foreman and Blaine, 1995; Piorkowska 

and Galeski, 2003):  

 

𝑑𝜉2

𝑑𝑡
= 𝑘2(𝑇)𝑓(𝜉2)     (7) 

 

𝑓(𝜉2) = 𝑟(1 − 𝜉2)[−𝐼𝑛(1 − 𝜉2)]1−
1

𝑟    (8) 

 

where 𝑓(𝜉2) governs the kinetics of polymer growth; 𝑘2(𝑇) is the specific rate constant; 

and r is the Avrami’s constant which typically ranges from 1 to 4. A value of r = 4 is 

chosen since the mechanism of polymethacrylate monolith formation is based on sporadic 

formation of nuclei. An isothermal model is used as the polymerization temperature 

rapidly equilibrates to the set-point temperature post-initiation. Considering the two 

stages, monomer reactivity and polymer growth, during the polymerization process, it can 

be inferred that the extent of formation (𝜉1) of ABl liquid in the intermediate region is 

dependent on the rate at which the monomers react. Also, the extent of ABl liquid 

transforming into the bulk-solid polymer (𝜉2) is dependent on the amount of ABs solid 

present in the mould.   

Various conditions were selected for modelling with MATLAB using different 

hypothetical conditions based on experimental observations. The ratios of monomers 

(B/A) were varied from 1:1 to 3:1 using Avrami’s model. Different hypothetical rate 

constants are also shown in Figure 10 for the two stages leading to the formation of 

monoliths.      
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Figure 10. The effects of polymer growth rate constant and varying monomer 

concentration ratio on the extent of polymerization within the mould.  

If k1 represents the rate constant for the monomeric reaction stage, and k2 represents the 

rate constant for the polymer growth phase, theoretically, three scenarios can occur 

between the monomer reactivity and the polymer growth rates. These scenarios are k1 > 

k2, k1 = k2 and k1 < k2. Scenario 1 (k1 > k2) shows the condition where the rate constant of 

ABl (liquid) formation is higher than ABs (solid) formation.  Scenario 2 (k1 = k2) shows the 

condition where the rate of ABl (liquid) formation is equal to that of ABs (solid) formation. 

Scenario 3 (k1 < k2) shows the condition where the rate of ABl (liquid) formation is slower 

than ABs (solid) formation.    

In scenario 1, k1 > k2 was modelled with hypothetical values of 0.5 s-1 and 0.3 s-1 for k1 and 

k2 respectively, and it was observed that the rate at which the monomers react to form the 

intermediary phase is much slower than the rate at which the bulk solid begins to form 

under the same conditions. However, the extent to which the monomers react to form the 

intermediary phase is higher at the early phase of the reaction than that of the formation 

of the solid phase. Apparently, this section of the Avrami’s model is in keeping with the 

polymerization of monoliths. Thus, the magnitude of their rate constants at either phase 

dictates the extent to which the reaction proceeded. The higher the rate constant for the 

first stage (monomeric reaction to form the intermediary ABl), the higher the amount of 

ABl that can be produced for the second stage simultaneously. According to Avrami’s 
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equation (7), the formation of the bulk solid phase in the second phase is governed by a 

function of the extent of reaction 𝑓(𝜉2), implying that the rate constants directly affected 

the extent of the reactions.         

In scenario 2 where k1 (0.3 s-1) = k2 (0.3 s-1), it was observed that the rate at which the 

monomers react to form the intermediary phase was faster than that of the formation of 

the solid phase but with a lower extent of reaction as evident in comparing the reaction 

curve x=1 to that of Avrami’s crystallisation model (k = 0.3). From the analysis, an 

increase in the ratio of monomers from x=1 to x=3 yielded in a corresponding increase in 

the extent of the reaction. This can be comparable to mixtures with low concentrations of 

monomers in the porogenic system. The implication is that, in the formation of monoliths 

based on the crystallisation model, the rate at which the solid phase forms is mainly 

temperature dependent since the rate constant is a function of temperature. In addition, 

given the same conditions, the transformation rate of the liquid phase into solid phase to 

form the bulk polymer is faster. Lastly, the third scenario, k1 ˂ k2, is the reverse of the first 

scenario. Inference from analysis (graph not shown) indicates that once the rate constant 

of phase 1 is less than that of phase 2, then the extent of the reaction for phase 1 will be 

lower than that of the second phase.  

5. CONCLUSION 

In summary, varied conditions for the synthesis of monoliths were probed to elucidate 

their in situ thermochemical effect during polymerization. Inferences from our 

parameteric analysis further proves the fact that the key parameter to the control of pore 

size and rate of formation hinges on the overall impact of the contribution of temperature 

in the polymerization mould. The higher the amount of exotherm released during 

polymerization, the smaller the size of pores. Online observations from the illustrated data 

indicates that an increase in the amount of cross-linkers (EDMA) from 30% to 70% 

correlates with an increase in polymerization peak temperatures from 96.3 oC to 114.3oC 

and a reduction in pore size as revealed by the SEM analysis. Similarly, an increase in the 

concentration of initiators (BPO) from 1% w/v to 3% w/v resulted in a temperature 

increase from 90.7oC to 106.3oC. In addition, the different set point temperatures for the 

water bath resulted in different thermal path for polymerization mixtures of the same 
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compositions and a corresponding increase in peak temperatures. Consequently, the 

overall internal thermal path for the reactive mixture is a function of the amount of cross-

linker and initiator present as well as the set point temperature for the water bath. 

The moderation of time as an in-process parameter whiles maintaining mixture 

compositions constant for EDMA-co-GMA polymeric monoliths also proved to be 

essential in reducing the pore sizes. An attempt to model the polymerization of monoliths 

based on the established Avrami’s isothermal model was in keeping with known 

experimental observations. The rate of monolith formation was observed to intensify with 

increasing amount of monomers. Essentially, results from the experiment show that the 

thermochemical processes leading to the formation of monoliths are very sensitive and 

could potentially cause variation in pore sizes, porosity, rate of formation and their 

mechanical strength when altered slightly. In addition, the extents of reactions in each 

phase of the proposed model are directly dependent on their rate constant.         
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ABSTRACT 

Polymethacrylate monoliths are synthetic adsorbents with macroporous and mesoporous 

interconnected channels that can be engineered to target the hydrodynamic features of a 

wide range of cells, biomolecules and viruses. However, rigorous study into the effect of 

synthesis conditions on their thermal stability is limited. This work attempts to 

characterise the influence of key synthesis process variables on the stability of 

polymethacrylate monoliths using thermogravimetric analysis at a heating rate of 10 

oC/min. Experimental results showed that the thermal stability of polymethacrylate 

monoliths increased with decreasing polymerisation temperature from 85 oC to 65 oC. 

Increasing the total porogen (P) to monomer (M) ratio increased the thermal stability of 

the monolith by >62% and >50% for P40/M60-P60/M40 and P60/M40-P80/M20, 

respectively. The impact of the initiator concentration, monomer variation, biporogen 

ratio, washing and activation of the monoliths were also investigated. NMR analyses 

conducted confirmed the hydrolysis of epoxy moieties on the monolith.     

 

 

 

Keywords: Polymerisation; Polymethacrylate monoliths; Thermogravimetry; Polymer 

Degradation; Thermal stability   
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1. INTRODUCTION 

Advances in bio-separation and purification technologies based on liquid chromatography 

have resulted in the development of macroporous polymeric stationary phase adsorbents 

for rapid and high throughput separation of cells and biomolecules. One of such stationary 

adsorbents is monolithic polymers such as polymethacrylates which have demonstrated to 

offer convective mass transport for rapid bio-separation compared to particulate 

adsorbents with diffusive mass transfer mechanisms (Svec and Fréchet, 1995).  

Polymeric monoliths are continuous solo-phase adsorbents with interconnected meso- 

and/or macro-pores synthesised within a mould. Polymethacrylate monoliths, for 

example, have gained significant interest in bioseparation due to their ease of synthesis, 

ability to engineer their pore sizes to enhance convective transport and prevent clogging, 

ease of ligand coupling for functionalisation, as well as the ability to retain ligand density 

and binding performance after multiple runs (Danquah and Forde, 2007). Monoliths 

assume the shape of their mould during synthesis and this results in varied architectural 

structures, size and bed morphology (Ongkudon et al., 2014). Monoliths can be 

synthesized using techniques such as sol–gel, polyemulsions, living polymerisation, 

polycondensations, click reactions and free radical polymerisation (Acquah et al., 2016; 

Liu et al., 2016). Polymethacrylate monoliths have largely been synthesised via free 

radical co-polymerisation to introduce epoxy functional groups for easy reactive 

functionalisation whilst being resistant to a wide pH range (Roberts et al., 2009; 

Podgornik et al., 2013). The synthesis of polymethacrylate monoliths is performed using 

various precursors in the form of cross-linker monomer, functional monomer, porogen 

and initiator under defined synthesis conditions.  

Mihelič et al. (2001) demonstrated using differential scanning calorimetry (DSC) that the 

initiator decomposes to provide significant energy and temperature to meet the activation 

complex of the polymerisation reaction in order to trigger the formation of nuclei. The 

cross-linking and functional monomers in a copolymeric format enable the formation of 

cross-linked polymeric core with reactive functional groups for easy immobilisation of 

suitable ligands. It has been previously demonstrated that an increase in the proportion of 

cross-linker monomer generates a high temperature build-up, resulting in the formation of 
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small size nucleic points that coalesce to form polymeric core with small pores (Danquah 

and Forde, 2008; Jandera et al., 2012; Acquah et al., 2016). Other reported studies have 

discussed the effects of polymerisation temperature and type of porogen on the pore 

structure and morphology of polymethacrylate monoliths (Cooper, 2000; Chen et al., 

2015). The type and concentration of porogen is dictated by the type of monomers with a 

demonstrated effect on the mechanical strength of the monolith (Danquah and Forde, 

2008; Wang et al., 2012; Liu et al., 2013; Iacono et al., 2016).    

Thermal stability is a major challenge with polymeric monoliths, and this has obstructed 

applications involving elevated temperature conditions (Hayes et al., 2014; Acquah et al., 

2016). The thermal stability of polymeric monoliths has previously been demonstrated to 

be under 210 oC for methacrylate monolith HMA-co-EDMA (Yusuf et al., 2016), 380 oC 

for poly(divinylbenzene) monolith (Sýkora et al., 2000), and 300 oC for the hybrid 

synthesised monolith, POSS-epoxy–TPTM (Lin et al., 2015). These characteristic 

temperature ranges represent the safe region beyond which the respective polymers will 

lose their molecular and structural properties. Thus, indicating striking features of the 

synthesised monolith for prolonged biotechnological applications involving heat or in the 

dry state (Park et al., 2014). To date, no research studies have comprehensively 

investigated the effects of synthesis conditions on the thermal stability of polymeric 

monoliths in general. Understanding the effects of polymerisation conditions on the 

thermal stability of polymethacrylate monolith provides an opportunity to develop them 

with predetermined stability for tailored thermophilic applications. Hence, the aim of this 

study is to conduct a parametric investigation of various in situ and ex situ process 

conditions relevant to polymeric monolith synthesis and establish effects on the thermal 

stability of the polymer. In addition, emphasis is placed on the first degradation stage 

beyond which the polymer will lose its molecular properties. 

2. EXPERIMENTAL  

2.1 Materials 

Glycidyl methacrylate (GMA, MW 142.15, 97%), ethylene glycol dimethacrylate 

(EDMA, MW 198.22, 98%), hydrochloric acid (HCl, MW 36.5, 37%), 1-dodecanol (MW 

186.33, 98%), cyclohexanol (MW 100.16, 99%), benzoyl peroxide or initiator (BPO, MW 
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242.23, 70%), and methanol (HPLC grade, MW 32.04, 99.93%) were purchased from 

Sigma–Aldrich. Polymerisation was performed using rimless cylindrical test-tubes (1.5 x 

12 cm, Borosil, India) as moulds in an isothermal water bath reactor acquired from 

Memmert (WNB 14, Germany).   

2.2 Method 

The method of synthesis of polymethacrylate monolith, as shown in the reaction scheme 

in Figure 1, is as reported in our previous publications (Danquah and Forde, 2008; Acquah 

et al., 2016) based on a free radical polymerisation technique in an isothermal water bath. 

Process conditions investigated include porogen to monomers ratio, porogen type and 

concentration, initiator concentration, polymerisation temperature, porogen dissolution 

method, and epoxy activation mechanism. All sample mixtures were purged with N2 for 

5 min and washed with methanol for 6 h. To ensure consistency, parameters to simplify 

the analysis of TGA, DTG and isothermal data are defined as follows: Tonset is the 

temperature at which the TGA curves commence, R1 is the rate of degradation before 

depolymerisation, R2 is the rate of degradation during the second stage of 

depolymerisation, R3 is the rate of degradation during the third stage of depolymerisation, 

Tp is the maximum temperature during each stage of degradation and Tf is the final 

temperature for each stage. Each sample was synthesised thrice to ensure repeatability. 

The average of the replicates was normalised for each sample with the associated relative 

standard error to assess the extent of deviation owing to the random nature of free radical 

polymerisation processes.  Morphological analyses of dried monoliths were conducted 

with a variable pressure scanning electron microscope (model S-3400N, Hitachi, Japan) 

at a voltage of 5 kV.  
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Figure 1. Reaction schematics for the synthesis of polymethacrylate monolith by free 

radical polymerisation   

2.2.1 EDMA-GMA (E/G) Effect 

The thermal effect of EDMA to GMA ratio was investigated based on the following 

variations: E40/G60, E60/G40 and E80/G20 on a v/v basis. The polymerisation process 

occurred at 85 oC for 4 h with the following material compositions: Porogen-Monomer 

ratio (60%/40%, v/v); BPO composition (1%, w/v of total monomer); Cyclohexanol-

Dodecanol ratio (60%:40%, v/v).  

2.2.2 Porogen-Monomer (P/M) Effect 

The ratio of porogen to monomer was varied as follows: P40/M60, P60/M40 and P80/M20 

on v/v basis. Other parameters were made constant as follows: Cyclohexanol-Dodecanol 

ratio (60%:40%, v/v); BPO composition (1%, w/v of total monomer); EDMA-GMA ratio 

(40%:60%, v/v). The polymerisation temperature was set at 85 oC for 4 h.  

2.2.3  Temperature Effect 

Water bath set point temperatures for polymerisation were varied as follows: 61 oC, 65 

oC, 75 oC and 85 oC. For each aforementioned temperature condition, 5 ml of 

polymerisation mixture was prepared with the following compositions: Porogen-
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Monomer ratio (60%/40%, v/v); Cyclohexanol-Dodecanol ratio (60%:40%, v/v); BPO 

composition (1%, w/v of total monomer); EDMA-GMA ratio (40%:60%, v/v). The 

polymerisation mould was immersed in the water bath at the set point temperature, and 

polymerisation proceeded for 4 h.  

2.2.4 Cyclohexanol-Dodecanol (C/D) Effect 

The effect of cyclohexanol to dodecanol ratio was investigated based on the following 

variations: C40/D60, C60/D40 and C80/D20 on a v/v basis. The polymerisation 

temperature was set as 85 oC for 4 h as other parameters were also left constant as follows: 

Porogen-Monomer ratio (60%/40%, v/v); BPO composition (1%, w/v of total monomer); 

EDMA-GMA ratio (40%:60%, v/v).  

2.2.5 Initiator concentration Effect 

Three different concentrations of the initiator (BPO) were applied: BPO (0.5%, w/v), BPO 

(1%, w/v) and BPO (1.5%, w/v). The ratios were calculated relative to the total volume of 

monomer. The polymerisation temperature was set as 85 oC for 4 h as other parameters 

were also kept constant as follows: Porogen-Monomer ratio (60%/40%, v/v); EDMA-

GMA ratio (40%:60%, v/v).  

2.2.6 Effect of methanol washing and acid activation 

10 ml of polymerisation mixture was prepared based on the composition: Porogen-

Monomer ratio (60%/40%, v/v); cyclohexanol-dodecanol ratio (60%:40%, v/v); BPO 

composition (1%, w/v of total monomer); EDMA-GMA ratio (40%:60%, v/v) and 

pipetted equally into two different test tubes for polymerisation at a temperature of 85 oC. 

The synthesised polymer samples were divided to compare the effect of methanol washing 

to an unwashed sample and also the impact of acidic activation on polymer stability using 

1 M HCl at 60 oC for 6 h. 

2.3 Thermogravimetric Characterisation of Monoliths 

Thermogravimetric characterisations of polymethacrylate monoliths were carried out 

using a TGA/DSC 1 system (Mettler Toledo, USA). The polymers from different 
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experiments were crushed with 20 mg sampled out for thermogravimetric analysis in 70 

µL aluminium oxide pans. Thermogravimetric (TG) and differential thermogravimetric 

(DTG) analyses were mainly conducted at 10 oC/min over a temperature range of 50 – 

450 oC and nitrogen flow rate of 25 mL/min. The Mettler Toledo system was frequently 

purged with nitrogen gas at a flow rate of 100 mL/min and a heat flow of 20 oC/min for 

equilibration. In addition, isothermal degradation of the samples was measured at 150 oC 

for 120 min.   

3. RESULTS AND DISCUSSION   

3.1 Synthesis of Polymethacrylate Monolith 

Polymethacrylate monoliths were thermally synthesised by means of free radical 

polymerisation of the two monomers (GMA and EDMA) in an interfacial layer after 

decomposition of the initiator (BPO); hence, their thermal stability characteristics were 

analysed based on chemistries for heterogeneous solids. The presence of nuclei caused 

scissions of monomeric units in the sonicated mixture to form monomer radicals which 

subsequently lead to reaction between the methacrylate monomers. Formation of the 

polymer occurs stage wise from the bottom of the column to the apex of the reagents. The 

final polymer formed has a dual phase in the mould- a solid phase being the polymer and 

a liquid phase being the unreacted monomers, inert porogens (cyclohexanol and 

dodecanol) and formed droplets of water molecules. Thus, necessitating the need for 

rigorous washing of the formed polymers with non-destructive chaotropic reagents such 

as methanol.  

3.2 Thermogravimetric analysis  

3.2.1 Effect of EDMA/GMA (E/G) ratio on thermal stability  

The impact of varying the concentration of monomers on the thermal stability of 

monoliths using the TG and DTG curves is shown in Figures 2a and 2b, respectively, for 

a heat flow rate of 10 oC/min. It was conspicuously observed that irrespective of monomer 

variation, the monoliths possessed three (3) main degradation stages but with different 

characteristic temperatures. The selected concentrations studied for the EDMA-co-GMA 

polymeric monoliths were: E40/G60; E60/G40 and E80/G20. The occurrence of the 

second and third stage, referred to as depolymerisation in the current analysis, of the 
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monolith could be attributed to the fact that the polymer synthesis proceeded with two 

homopolymeric compounds as monomers. This observation is in good agreement with the 

previous experiment by Vlad et al. (2003) where they confirmed the impact of different 

cross-linkers on the thermal stability and degradation of acrylamide copolymers. 

 
Figure 2. a) TGA, b) DTG and c) total mass loss curves obtained under isothermal 

conditions for varied monomer ratios during the formation of EDMA-co-GMA 

polymethacrylate monoliths synthesised at 85 oC for 4 h.  

Generally, the first degradation of the varied samples under this condition occurred with 

minimal rate of mass loss R1 <6% and low associated standard errors ranging from 0.81–

1.43% as indicated in Table 1. It was observed that an increase in the amount of EDMA 

could cause a corresponding decrease in the rate of degradation R1 (% of mass loss/min) 

in the first stage. The reduction in mass loss is due to the fact that high amount of EDMA 

correlates with the formation of large amounts of interconnected networks to form a hard 

and robust monolith as previously reported by the seminal work of Svec and Fréchet 
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(1995) and by other recent groups such as Jandera et al. (2012) utilising different kinds of 

cross-linking reagents to vary pore sizes. 

Table 1. Characteristic temperatures and rate of mass loss for polymethacrylate monoliths 

with different monomer ratios 

Owing to the sensitive applications of monoliths for thermophilic targets and 

chromatographic operations, their corresponding characteristic temperatures in the first 

stage represents the safe range within which monoliths can be operated without having 

significant consequential damage on their surface chemistry and mechanical properties. 

The cause of mass loss within this range is mainly due to the chemical dehydration of any 

absorbed moisture and extraction solvent (methanol). The mass loss of the second 

First Stage 

EDMA/GMA  

(%v/v) 

Tonset (
oC) Tp  Tfinal (

oC) R1 (% min-1) 

E40/G60 57.36±0.12 164.61±27.17 206.44±2.26 5.96±0.81 

E60/G40  56.19±0.55 156.37±25.87 188.78±9.67 4.82±1.43 

E80/G20 55.15±0.44 118.90±27.88 191.88±1.02 4.30±1.00 

Second Stage (Depolymerisation) 

E40/G60 206.44±2.26 296.02±5.78 307.99±0.87 26.81±2.30 

E60/G40  188.78±9.67 288.27±1.44 304.72±2.33 47.29±3.87 

E80/G20 191.88±1.02 292.50±2.56 298.84±4.42 24.73±3.85 

Third Stage (Depolymerisation) 

E40/G60 307.99±0.87 345.61±1.80 393.50±2.52 47.29±3.87 

E60/G40  304.72±2.33 345.87±0.41 389.57±0.33 43.49±4.30 

E80/G20 298.84±4.42 338.39±4.56 388.48±0.73 39.00±2.65 

Isothermal Mass Loss for 120 mins  

E40/G60 2.51±0.16 

E60/G40  2.62±0.91 

E80/G20 1.84±0.09 
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degradation stage was observed to be significantly higher than the first stage as expected 

due to the commencement of depolymerisation process in the monolith. This results in the 

polymer losing its chemical nomenclature which could be attributed to the breakdown of 

bonds in the acrylate group of compounds in reference to the temperature ranges in the 

TG/DTG curves. The highest rate of mass loss was observed in the composition E60/G40. 

In addition, the third stage of degradation signified the final depolymerisation of the 

monolith. The trend in the third stage of degradation indicates that degradation of the 

epoxy-bond in monoliths could occur within the characteristic temperatures of ~298 – 308 

oC for the selected samples. In addition, the characteristic temperatures for 

depolymerisation of the monolith also increased with increasing amount of GMA as 

previously remarked by Carioscia et al. (2007), Allaoui and El Bounia, (2009) for other 

epoxy-based materials.  

To further elucidate the pattern of thermal stability, isothermal mass loss analyses were 

also conducted for each E/G sample at a temperature of 150 oC. The selected temperature 

was to ensure the polymer warm sufficiently to evaporate (at >100 oC) any moisture 

present as well as being within the first stage of degradation, thus; giving a good depiction 

of the thermal stability of the samples. In coherence with the dynamic temperature test at 

10 oC/min, E80/G20 had the minimal mass loss indicating the robust nature of the 

interconnected networks among bonds, as shown in Figure 2c. Nevertheless, E60/G40 

unexpectedly had a slightly higher mass loss than E40/G60. Although the variation 

observed between both samples were small under the said condition, it indicates the 

relatively weak nature of the van der Waals bonds in the former. However, much 

analytical studies maybe necessary to further expound their chemistries. 

3.2.2 Effect of polymerisation temperature on thermal stability  

Another fundamental parameter applicable in the engineering of monolithic pores is their 

temperature of polymerisation. As the thermal decomposition temperature of BPO is ~ 60 

oC, the effect of polymerisation temperature in the current analyses were investigated at 

61 oC, 65 oC, 75 oC and 85 oC. Our group have previously demonstrated that increasing 

polymerisation temperature results in an increase in temperature build-up during 

polymerisation, causing a rapid decomposition of the initiator to generate large quantities 
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of nuclei zones that coalesce to form small pore size monoliths (Danquah et al., 2008; 

Acquah et al., 2016). TGA, DTG and Isothermal degradation curves from the current 

analyses reveal the consequential impact of this mechanism on the thermal stability of 

polymethacrylate monoliths as seen in Figure 3. 

 
Figure 3 (a) TGA, (b) DTG, (c) average isothermal curves and (d) standard error of 

isothermal mass loss, under varied monomer ratios in the formation of EDMA-co-GMA 

polymethacrylate monoliths synthesised at E40/G60 for 4 h. Dynamic heating rate of 10 
oC/min and isothermal temperature of 150 oC were applied for samples synthesised at 

61oC, 65oC, 75oC and 85oC to investigate the effect of temperature on thermal stability.   

It can be observed that the number of degradation stages remained unchanged despite the 

variation of polymerisation temperature which results in different rate of reaction. In 



174 
 

addition, the pattern of degradation as seen in the TG and DTG curves of Figures 3a and 

3b, respectively were similar despite the differences in their corresponding characteristic 

temperatures. It was observed in the first stage that an increase in the polymerisation 

temperature resulted in an increase in the rate of mass loss, R1, although they were 

generally <6% per min with a low standard error ranging from 0.10-8.81% as indicated in 

Table 2. This shows the suitable extent of thermal stability of organic polymethacrylate 

monoliths. Nevertheless, there was also a corresponding increase in the characteristic 

temperatures necessary for safe operation of monoliths for relatively high temperature 

processes. Monolithic samples synthesised at 61 oC were observed to be outliers in the 

trend due to the incomplete conversion of significant amount of monomers under the 

selected time duration of 4 h. The unconverted monomers therefore reduced the formation 

of more interconnected chains serving as the backbone of the polymer. The trend is further 

supported clearly by the isothermal curve shown in Figure 3c and the corresponding 

average mass loss in Figure 3d.   

Table 2. Effect of polymerisation temperature on the thermal stability of polymethacrylate 

monoliths. 

First Stage 

Temp. Samples Tonset (
oC) Tp  Tfinal (

oC) R1 (% min-1) 

T 61 oC Sample 56.15±0.57 191.94±13.99 201.34±5.96 2.20±0.59 

T 65 oC Sample 56.21±0.61 200.96±2.35 200.96±2.35 0.95±0.10 

T 75 oC Sample 56.15±0.66 202.04±1.67 202.04±1.67 2.16±0.49 

T 85 oC Sample 57.36±0.12 164.61±27.17 206.44±2.26 5.96±8.81 

Second Stage (Depolymerisation) 

T 61 oC Sample 201.34±5.96 283.98±11.80 294.67±1.99 25.37±0.93 

T 65 oC Sample 200.96±2.35 268.38±14.82 281.71±8.01 17.24±2.54 

T 75 oC Sample 202.04±1.67 300.55±1.02 300.55±1.02 23.71±2.28 

T 85 oC Sample 206.44±2.26  296.02±5.78 307.99±0.87 31.07±4.56 

Third Stage (Depolymerisation) 

T 61 oC Sample 294.67±1.99 341.17±0.91 388.34±1.48 56.25±9.92 
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T 65 oC Sample 281.71±8.01 341.99±1.48 389.72±3.30 72.61±1.63 

T 75 oC Sample 300.55±1.02 347.70±0.90 394.00±1.05 62.63±2.80 

T 85 oC Sample 307.99±0.87 345.61±1.80 393.50±2.52 47.29±3.87 

Isothermal Mass Loss for 120 mins 

T 61 oC Sample 0.94±0.48 

T 65 oC Sample 0.59±0.08 

T 75 oC Sample 0.99±0.21 

T 85 oC Sample 2.51±0.16 

The outcome correlates with the fact that each selected condition possess an optimum time 

of polymerisation to convert monomers into the polymer (Greiderer et al., 2009; Acquah 

et al., 2016). Under relatively low polymerisation temperature conditions, given the same 

polymerisation time and synthesis conditions, the generation of free radicals and the 

kinetic velocity of active monomeric and porogenic molecules is slower. This confers a 

lower entropy associated with molecular arrangements of reduced amounts of nuclei 

points within the polymerisation system, thus, creating a more porous sub-polymeric 

structure that interrupts heat transfer gradient within the polymer matrix. In addition, 

prolonged exposure of monoliths in the mould to high heating conditions could result in 

gradual oxidation of bonds resulting in hydrolysis of acrylate chains which leads to the 

high rate of mass loss in the first stage. In the work reported by Geiser et al. (2007) on the 

performance stability and repeatability of poly(butyl methacrylate-co-ethylene 

dimethacrylate) synthesised by means of photo- and thermal initiation, they reported that 

polymerisation temperatures at relatively lower set-points are more effective to improve 

the solvency and viscosity of the porogenic medium of polymerisation. This increased the 

performance stability of the polymer during application (Geiser et al., 2007), which is also 

in keeping with our current findings. This implies that lower polymerisation temperatures 

favour the formation of thermally stable methacrylate polymers.  
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3.2.3 Effect of Porogen-Monomer (P/M) ratio on thermal stability  

Previous experiments have shown that an increase in porogen concentration relative to 

monomer concentration leads to increases in pore size and porosity of the polymer 

(Danquah and Forde, 2008) with a decrease in mechanical strength. That notwithstanding, 

there has been no research reports investigating the effects of porogen to monomer ratio 

on the thermal stability of polymethacrylate monoliths. From the thermogravimetric 

curves of Figures 4a – 4c, it was observed that increasing the ratio of porogen to monomer 

does not only increase the pore size but also increases the thermal stability of the 

monoliths. P40/M60 had the highest safe characteristic temperature range ending at ~233 

oC for safe operation without losing the chemical signature of the polymer as indicated in 

Table 3. However, this required compromising on the rate of mass loss which will 

eventually affect the performance stability of the monolith in operations. For instance, the 

rate of degradation in the first stage was drastically reduced by >62% per min when the 

volume concentration of porogen was increased from P40/M60 to P60/M40, and by >50% 

per min for an increase in porogen from P60/M40 to P80/M20. The relative standard errors 

to the average mass losses, as illustrated in Figure 4d, were also minimal within close 

ranges of 0.81-1.24%.  
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Figure 4. (a) TGA, (b) DTG, (c) Isothermal condition curves and (d) average mass loss 

for varied monomer ratios in the formation of EDMA-co-GMA polymethacrylate 

monoliths synthesised at E40/G60 for 4 h. Dynamic heating rate of 10 oC/min and 

isothermal temperature of 150 oC were applied for samples P40/M60, P60/M40 and 

P80/M20 to investigate the effect of temperature on thermal stability. 

Table 3. Effect of porogen to monomer ratio on the thermal stability of 

polymethacrylate monoliths 

First Stage 

Porogen/monomer 

(%v/v) 

Tonset (
oC) Tp  Tfinal (

oC) R1 (% min-1) 

P40/ M60 56.14±0.54 226.00±7.16 233.98±3.91 16.04±0.95 

P60/ M40  57.36±0.12 164.61±27.17 206.44±2.26 5.96±0.81 

P80/ M20 56.48±0.65 216.08±12.92 216.08±12.92 2.93±1.24 

Second Stage (Depolymerisation) 

P40/ M60 233.98±3.91 286.15±1.14  315.51±0.71 34.68±0.37 
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P60/ M40  206.44±2.26 296.02±5.78 307.99±0.87 26.81±2.30 

P80/ M20 216.08±12.92 295.72±2.5 298.95±3.49 17.79±3.06 

Third Stage (Depolymerisation) 

P40/ M60 315.51±0.71 349.49±1.15 387.52±0.60 31.29±0.74 

P60/ M40  307.99±0.87 345.61±1.80 393.50±2.52 47.29±3.87 

P80/ M20 17.79±3.06 354.20±0.28 399.22±2.76 68.09±2.09 

Isothermal Mass Loss for 120 mins  

P40/ M60 4.67±0.13 

P60/ M40  2.51±0.16 

P80/ M20 0.69±0.13 

 

According to Svec and Fréchet (1995), the void fraction within the formed polymer is a 

function of the volume fraction of porogens. High porogen concentrations relative to 

monomer reduce nuclei formation points within the polymerisation system thus creating 

a more porous polymeric structure that resists heat transfer within the polymer as shown 

in Figure 5. For a given composition of monomer ratio, an increase in porogen 

concentration results in increasing solvation within the swollen nuclei. The isothermal 

curves further affirm the impact of the ratio of porogen to monomer on the thermal 

stability of polymethacrylate monoliths.  

 
Figure 5. SEM images showing the morphological effect of increasing pore size with 

varying porogen to monomer ratio: (A) P40/M60 v/v%; (B) P60/M40 v/v%; and (C) 

P80/M20 v/v% 
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3.2.4 Effect of Cyclohexanol-Dodecanol (C/D) ratio on thermal stability  

Different classes of porogens including microporogens, macroporogens,  supercritical 

carbon dioxide, solid porogens and polymer porogens exist for the synthesis of 

polymethacrylate monoliths (Svec, 2010). Cyclohexanol and/or dodecanol are one of the 

most commonly used inert diluent solvents for the synthesis of polymethacrylate 

monoliths (Buchmeiser, 2007). Due to their relative characteristic effects on the pore and 

surface structures of the polymer, cyclohexanol and dodecanol are often used in 

combination to explore synergistic impacts on pore formation (Gunasena and El Rassi, 

2013; Carrasco-Correa et al., 2015; Aydoğan and El Rassi, 2016). Dodecanol, which is a 

poor porogenic solvent, has been shown to increase the pore size of the polymer when 

paired with cyclohexanol at relatively high temperatures of polymerisation (Danquah and 

Forde, 2008). The effect of cyclohexanol to dodecanol ratio on the thermal stability of 

polymethacrylate monolith was therefore investigated in this work.  

From the thermogravimetric results in Figure 6a - 6c there was minimal correlation 

between the thermal stability of the samples with respect to the proportion of the 

biporogen mixtures. From Table 4, the rate of mass loss R1 was higher for C60/D40 

contrary to our expectations of a decrease in mass loss as the amount of dodecanol is 

increased due to the resultant increase in pore size interrupting with the resultant heat 

transfer gradient when the proportion of dodecanol is increased. To annihilate the 

possibility of the occurrence of any systematic error leading to the results in C60/D40 

mass loss, TGA and isothermal tests were conducted multiple times with multiple 

synthesised samples of C60/D40. However, the results were still within the same region. 

By inference, the thermal stability data suggests that the use of excessive amount of 

microporogens may not be suitable for the solvency of monomers under thermally 

initiated free radical polymerisation, as observed in our case.    
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Figure 6. (a) TGA, (b) DTG, (c) average mass loss for varied biporogen mixture of 

cyclohexanol to dodecanol concentration ratios of C40 / D60; C60 / D40; and C80 / D20 

ratios in the formation of polymethacrylate monoliths synthesised for 4 h. Dynamic 

heating rate of 10 oC/min and isothermal temperature of 150 oC were applied to investigate 

the effect of temperature on thermal stability.  
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Table 4. Effect of varied ratios of microporogen to macroporogen on thermal stability of 

methacrylate monoliths.  

First Stage 

Cyclo/Dodecanol 

 (%v/v) 

Tonset (
oC) Tp  Tfinal (

oC) R1 (% min-1) 

C40/ D60 57.03±0.25 125.28±42.49 204.12±1.78 3.7±2.76 

C60/ D40 57.36±0.12 164.61±27.17 206.44±2.26 5.96±0.81 

C80/ D20 57.22±0.06 120.76±0.79 205.76±0.62 5.13±0.36 

Second Stage (Depolymerisation) 

C40/ D60 204.12±1.78 296.46±4.13 304.74±3.89 26.18±5.69 

C60/ D40 206.44±2.26 296.02±5.78 307.99±0.87 26.81±2.30 

C80/ D20 205.76±0.62 294.61±4.42 310.15±3.72 35.58±5.63 

Third Stage (Depolymerisation) 

C40/ D60 304.74±3.89 348.69±2.32 394.54±1.07 53.82±8.55 

C60/ D40 307.99±0.87 345.61±1.80 393.50±2.52 47.29±3.87 

C80/ D20 310.15±3.72 344.11±2.49 391.79±2.14 47.30±5.58 

Isothermal Mass Loss for 120 mins 

C40/ D60 1.05±0.42 

C60/ D40 2.51±0.16 

C80/ D20 1.52±0.21 

3.2.5 Effect of initiator concentration on thermal stability  

The impact of initiator concentration has previously been shown to minimise the pore size 

of polymethacrylate monoliths, as confirmed in the SEM images of Figure 7, and 

increased the degree of thermal build-up during monolith synthesis (Danquah and Forde, 

2008; Acquah et al., 2016).  
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Figure 7. SEM images showing the morphological effect of decreasing pore size with 

varying concentration of initiator (BPO): (A) BPO 0.5 w/v%; (B) 1 w/v%; and (C) 1.5 

w/v% 

From the thermogravimetric results shown in Figures 8a-8c, concentration of free radicals 

generated by the decomposition of varied BPO amount had minimal effect on the thermal 

stability of the monoliths. This could be since only a fixed quantity of free radical is 

required per unit monomeric composition for complete polymerisation initiation. That 

notwithstanding, samples synthesised with 1% w/v of initiator consistently had a lesser 

stability but with an improved characteristic end temperature as evident in Table 5.  

Notably, initiator concentrations of 0.5-1% w/v of total monomer remains the most 

utilised proportion to date.  
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Figure 8. (A) TGA, (B) DTG, (C) average mass loss for varied initiator concentration 

ratios of 0.5%; 1%; and 1.5% w/v in the formation of polymethacrylate monoliths 

synthesised for 4 h. Dynamic heating rate of 10 oC/min and isothermal temperature of 150 
oC were applied to investigate the effect of temperature on thermal stability.   
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Table 5. Effect of initiator concentrations on the thermal stability of polymethacrylate 

monoliths 

First Stage 

Initiator (%w/v) Tonset (
oC) Tp  Tfinal (

oC) R1 (% min-1) 

0.5 55.98±0.60 165.88±27.22 197.03±7.25 2.87±2.05 

1 57.36±0.12 164.61±27.17 206.44±2.26 5.96±0.81 

1.5 58.75±2.42 165.27±26.52 193.39±1.96 2.51±1.90 

Second Stage (Depolymerisation) 

0.5 197.03±7.25 294.02±3.13 294.02±3.13 22.05±0.19 

1 206.44±2.26 296.02±5.78 307.99±0.87 26.81±2.30 

1.5 193.39±1.96 290.33±0.97 310.72±1.76 38.02±2.22 

Third Stage (Depolymerisation) 

0.5 294.02±3.13 345.12±1.81 397.06±2.91 62.82±2.34 

1 307.99±0.87 345.61±1.80 393.50±2.52 47.29±3.87 

1.5 310.72±1.76 348.54±0.59 397.56±1.39 47.48±3.78 

Isothermal Mass Loss for 120 mins 

0.5 0.76±0.42 

1 2.51±0.16 

1.5 0.90±0.41 

3.2.6 Effect of methanol washing and activation on thermal stability  

Polymethacrylate monoliths possess a two-phase system within the mould after 

polymerisation; (i) the solid-phase polymer and (ii) liquid phase containing the inert 

porogen, unreacted monomeric reagents and droplets of condensed water. As a result, 

polymethacrylate monoliths require washing with a suitable chaotropic reagent, mostly 

methanol, without causing chemical and physical damage to the polymer. Figure 9 reveals 

the presence of unwanted materials (dry porogenic crust) within the cross-section of 

polymeric monoliths as compared to washed monoliths.  
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Figure 9. SEM images showing the presence and absence of a dry porogenic crust in (A) 

an unwashed and (B) washed EDMA-co-GMA monolith with composition C60%, D40%, 

E60%, G40% v/v and BPO 1% w/v. 

To ensure immobilisation of functional ligands onto polymethacrylate monoliths, epoxy 

moieties are often activated in several ways including the facile epoxy method which 

involves acid activation with HCl. This results in the hydrolysis of the epoxy moiety for 

ligand immobilisation. Nuclear magnetic resonance (NMR) results in Figure 10 further 

confirms the reduction in intensity of epoxy moiety from 3.342 to 2.380 ppm, thus, 

signifying the hydrolysis of epoxy functional groups in the backbone of the monolith.    

 

Figure 10. 1H and 13C NMR spectra of polymethacrylate monoliths with emphasis on the 

hydrolysis of epoxy functional groups from (A) inactivated or washed monoliths (3.342 

ppm) to (B) activated monoliths (2.380 ppm).  
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Figures 11a and 11b show that unwashed polymethacrylate monoliths are thermally 

unstable and reactive and this leads to degradation in the presence of heat. Unwashed 

monoliths were observed to have a constant decline in mass loss from the onset of 

decomposition, Tonset, 57.18 oC to ~ 195 oC with ~45.67% mass loss and two degradation 

peaks; in reference to the corresponding DTG curve. This renders it unreliable for any 

applications. The rapid mass loss is due to the presence of residual organic methacrylate 

reagents, alcoholic groups – cyclohexanol and dodecanol, and condensed water droplets 

volatilising and decomposing. The temperature ranges from 195 – 252 oC resulting in ~ 

4.96% mass loss could be attributed to the decomposition of lighter molecular weight 

residues held together by van der Waals forces in the aliphatic chains. Depolymerisation 

of the unwashed samples occurred between ~252 oC – 390 oC, accounting for ~34.15% 

mass loss, since the bulk of the polymer had already been lost in relatively lower 

temperature conditions in the earlier stages of the monolith.  

Figure 11. (A) TGA, (B) DTG of unwashed, washed and activated monoliths synthesised 

for 4 h. Dynamic heating rate of 10 oC/min and isothermal temperature of 150 oC were 

applied to investigate the effect of temperature on thermal stability. 

Relative to the unwashed sample, methanol-washed portion of the same polymer sample 

resulted in thermally stable results from the onset temperature, Tonset, 57.42 oC to ~206 oC 

resulting in ~5.5% in mass loss despite the wider temperature range. Signifying the 

improvement in the characteristic features of the washed monolith for safe operation over 

an unwashed monolith. Consequently, depolymerisation of the washed monolithic sample 
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occurred between 206 oC – 393 oC, accounting for a bulk mass loss of 78.02%. Activation 

with HCl also caused an obvious change in the pattern of degradation. For HCl activated 

polymer, there was a sharp decrease in mass loss (~24.77%) from 55.15 oC - 108 oC. The 

temperature range with reference to the TG and DTG curves clearly shows that the mass 

loss was mainly due to dehydration of the hydrolysed epoxy groups successfully done 

with HCl. After this temperature range, analogous to the washed sample, the sample 

became thermally stable with a mass loss of only 2.24% until the depolymerisation stage 

(~250 oC – 385 oC) where the mass loss was 44.88%. The R1 values indicating the thermal 

stability with respect to rate of mass loss per min were 50.63%; 27.02% and 5.52% for 

unwashed, activated and washed samples, respectively.  

4. CONCLUSION  

Polymethacrylate monoliths have become essential stationary adsorbents for diverse 

chromatographic applications. Research into this adsorbent material and potential 

applications thereof has gained much popularity over the past two decades. However, an 

area that has received limited research attention has been the relationship between polymer 

synthesis conditions and thermal stability. This work investigated the thermo-molecular 

mechanisms associated with polymer synthesis and its relationship with thermal stability. 

The thermal stability of polymethacrylate monoliths was investigated by varying in situ 

and ex situ synthesis conditions. Porogen to monomer ratio and polymerisation 

temperature demonstrated to be the most influential parameters affecting the thermal 

stability of the monolith. In addition, an increase in cross-linker monomer resulted in the 

enhancement of thermal stability within the first degradation stage in reference to their 

TG and DTG curves. Minimal differences were observed for the variation of initiator 

(BPO) concentration. Nevertheless, monoliths prepared with 1% w/v of BPO 

demonstrated a lower thermal stability compared to those synthesised with 0.5 % w/v BPO 

and 1.5 % w/v BPO. In addition, TGA curves can be utilised as a destructive technique 

for low resourced labs in assessing the extent of polymer washing and preliminary post 

modification processes. 
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ABSTRACT 

The thermo-molecular mechanisms associated with free radical synthesis of 

polymethacrylate monoliths offers an effective pathway to tune their pore characteristics. 

In this work, thermogravimetric analyses were used for ex situ characterisation of 

polymethacrylate monoliths synthesised from ethylene glycol dimethacrylate (EDMA) 

and glycidyl methacrylate (GMA). Apparent activation energies of the polymeric 

monoliths were determined by using Ozawa-Flynn-Wall (OFW) and Kissinger–Akahira–

Sunose (KAS) iso-conversional method. The number of degradation stages for the 

polymers were observed to be as follows: homopolymeric GMA and EDMA (2 

degradation stages each) and polymeric EDMA-co-GMA monoliths (3 degradation 

stages). The relationship between apparent activation energy and extent of conversion 

showed that the degradation of monoliths is based on a complex multistep reaction rather 

than a single reaction model. Kinetic parameters showed that an increase in the 

composition of EDMA and GMA above 20% significantly enhances the thermal stability 

of polymeric EDMA-co-GMA monoliths under elevated non-isothermal conditions. 

E40/G60 and E60/G40 monoliths were identified as the most thermally stable monoliths 

from the kinetic analyses.  

 

Keywords: Monoliths; Polymethacrylate; Apparent Activation Energy; 

Thermogravimetric Analyses; Isoconvensional Methods.  
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1. INTRODUCTION 

Monoliths are continuous unit of porous adsorbents with the propensity to provide 

convective mass transport for fluids. Active research into the synthesis of monoliths 

commenced over two decades ago with organic gel-like monoliths (Hjertén et al., 1989; 

Hjertén et al., 1993); blocks of methacrylate monoliths (Svec and Fréchet, 1995; Svec and 

Fréchet, 1995) and silica-based monoliths (Minakuchi et al., 1996). In contrast to 

particulate beds; the pores, surface areas, interstitial voids and pore size distribution of 

monoliths can be tailored to improve upon their efficiency depending on the target size 

(Roberts et al., 2009; Acquah et al., 2016). 

Different varieties of monoliths exist in the form of polystyrenes, polymethacrylates, 

cryogels, silica monolith and hybrid silica monoliths mainly depending on their 

monomeric units. However, polymethacrylate monoliths are the most utilised owing to 

their ease of synthesis, wide pH range, presence of epoxy ends, mechanical and chemical 

stability (Ongkudon and Danquah, 2010; Podgornik et al., 2013). Numerous innovative 

research into the advancement of monoliths through their formation processes (Danquah 

et al., 2008; Jandera et al., 2013; Alshitari et al., 2015), up-scaling (Podgornik et al., 2000; 

Urthaler et al., 2005; Danquah and Forde, 2008), non-invasive characterisation techniques 

(Lendero et al., 2005; Podgornik et al., 2005), in situ analysis (Mihelič et al., 2001; 

Acquah et al., 2016), and  tackling of wall-channelling (Greiderer et al., 2009; Ongkudon 

et al., 2013) have sprang up into the scene. These have maximised the usefulness of 

monoliths for bioscreening applications such as chromatographic separations, biosensors, 

catalytic bioreactors, purification and concentration processes (Acquah et al., 2016). 

These processes are often carried out at room temperatures but could also be designed for 

specific applications requiring process conditions above room temperature. For instance; 

Peters et al. (1997) demonstrated the application of thermally reversible gates grafted into 

a poly GMA-co-EDMA monolithic polymer using poly(N-isopropylacrylamide). At 

temperatures of 40 oC the GMA-co-EDMA modified polymer allowed the free flow of 

fluids whereas a high back pressure ensued at 25 oC to restrain the flow for protein 

separations. Similar thermally reversible gate monolithic devices have also been 

demonstrated for microfluidic chips (Luo et al., 2003; Yu et al., 2003) and molecularly 
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imprinted polymers (Wen et al., 2016). In addition, monolithic columns have been 

successfully used for isothermal separations at high temperatures (Sýkora et al., 2000; 

Korolev et al., 2006). 

The synthesis of polymethacrylate monoliths often requires the reaction between a 

functional monomer such as Glycidyl methacrylate (GMA), crosslinking monomer such 

as Ethylene glycol dimethacrylate (EDMA) and an initiator, all in a suitable porogenic 

solvent such as dodecanol and cyclohexanol. The polymerisation reaction is mostly 

initiated thermally by means of a free radical process leading to the formation of a cross-

linked polymer with pores. Thorough analysis into the physicochemical effect of process 

parameters such as monomer concentration and ratio; porogen concentration and ratio; 

temperature; initiator amount; polymerisation time and diverse types of monomers with 

different repeating non-polar ends on the pore size and porosity have previously been 

documented (Svec and Fréchet, 1995; Danquah and Forde, 2008; Jandera et al., 2013). An 

increase in cross-linker concentration is well known to result in the formation of large 

surface areas as well as an enhancement in the interconnectivities.  

The quintessence of monitoring the kinetics of thermally initiated processes is to establish 

a mathematical relationship between the process rate, extent of conversion and the 

temperature (Vyazovkin et al., 2011). Kinetic and thermal analysis of polymers can be 

investigated via any of the following thermal analysis techniques: dynamic mechanical 

analysis, infrared spectroscopy, differential scanning calorimetry (DSC), dilatometry and 

thermogravimetric analysis (TGA) (Vyazovkin, 2015; Carrasco-Hernandez et al., 2016). 

The most utilised amongst the aforementioned techniques are the DSC and TGA 

(Vyazovkin, 2015). Major challenges in the synthesis and application of monoliths 

pertains to the control of internal temperature build-up, prevention of cracks, thermal and 

mechanical stability, especially for large scale (Danquah et al., 2008; Deng et al., 2012; 

Ongkudon et al., 2014). In order to understand these impacts, Mihelič et al. (2001) 

previously probed into the impact of monomers (24% GMA and 16% EDMA), porogens 

(12% dodecanol and 48% cyclohexanol) and benzoyl peroxide as an initiator on the 

kinetics of polymerising monoliths. Their analysis was done based on the use of a DSC 

equipment with five (5) dynamic scans and an Ozawa-Flynn-Wall (OFW) model. The 
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OFW model is generally known to be of essence for multiple reaction mechanisms without 

knowledge of their reaction mechanism by assuming a linear correlation. However, 

according to the International confederation for thermal analysis and calorimetry (ICTAC) 

kinetics committee, a much accurate estimation can be obtained when the Kissinger–

Akahira–Sunose (KAS) model is applied (Vyazovkin, 2015).   

Recently, Göbel et al. (2010) also demonstrated the use of DSC analysis, IR spectroscopy, 

acid–base titration and other biophysical techniques to characterise the phase behaviour 

of some ionic liquids in silica modified monoliths. Vlad et al. (2003) also performed a 

pre- and post-effects of functionalising various cross-linked acrylamide copolymers with 

ion-exchangers and its impact on their thermal stability and kinetics. It was observed that 

the degradation of the acrylamide copolymers where dependent on the type of monomers 

and their moiety. Likewise, various characteristic temperatures have been observed as the 

thermally stable point beyond which depolymerisation occurs leading to the loss of 

chemical signature for the following types of monoliths: HMA-co-EDMA methacrylate 

monolith, 210 oC (Yusuf et al., 2016); poly(divinylbenzene) monolith, 380 oC (Sýkora et 

al., 2000); poly(g-glutamic acid) monolith, ~230 oC (Park et al., 2014); and POSS-epoxy–

TPTM hybrid monolith, 300 oC (Lin et al., 2015). 

In-depth thermal and kinetic studies of several polymers have been done by means of 

thermogravimetric (TGA/DTG/DSC) analysis (Jeske et al., 2012; Jakić et al., 2013; 

Nabinejad et al., 2015) but lacking for polymethacrylate monoliths contrary to its 

significance as a stationary phase for bioseparation. Some of these polymers such as cross-

linked polystyrenes (Wang et al., 1999) have shown that the thermal stability of polymers 

are mainly determined by the amount of cross-linking. Generally, epoxy resins are also 

thought of to enhance crosslinking with co-monomers which could aid in the thermal, 

chemical and mechanical stability of polymers (Carioscia et al., 2007). Nevertheless, they 

have also been shown to lead to the production of brittle polymers when cured with a co-

monomer (Vabrik et al., 1998). To the best of our knowledge there has been no thorough 

thermally initiated kinetic study into the thermal stability of synthesised polymethacrylate 

monoliths. 
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Hence, the aim of this work is to present an in-depth ex situ kinetic analysis probing into 

the thermal stability of poly EDMA-co-GMA monoliths through thermogravimetric 

analysis using a Mettler Toledo thermogravimetric (TG) equipment. The thermal stability 

analyses of the polymer were based on chemistries for heterogeneous solids. It was 

hypothesised that variation in the concentration of GMA could dictate the thermal stability 

of monoliths. The apparent/global activation energy of different compositions of 

monoliths were ascertained and compared using both the OFW and KAS isoconversional 

method.      

2. EXPERIMENTAL  

2.1 Materials 

Ethylene glycol dimethacrylate (EDMA, MW 198.22, 98%), glycidyl methacrylate 

(GMA, MW 142.15, 97%), 1-dodecanol (MW 186.33, 98%), cyclohexanol (MW 100.16, 

99%), benzoyl peroxide (BPO, MW 242.23, 70%), and methanol (HPLC grade, MW 

32.04, 99.93%) were acquired from Sigma–Aldrich. EDMA and GMA are the two 

monomers serving as the cross-linker and functional monomer, respectively. 

2.2 Method 

Methacrylate monoliths were synthesised by adapting our previous protocol (Danquah 

and Forde, 2008; Danquah et al., 2008). Different samples of methacrylate monoliths were 

prepared by means of thermal free radical polymerisation in a water bath. Monoliths were 

synthesised having varied EDMA-GMA volume ratio as follows: 0/100; 20/80; 40/60; 

60/40; 80/20; and 100/0%, L/L. Other conditions for adsorbent synthesis were maintained 

constant at a reacting temperature of 85 oC for 4 hours, an overall porogen (Cyclohexanol 

60%: Dodecanol 40%, L/L) to monomers ratio of 60%:40% and 1% w/v of initiator. 

Washing of monoliths was done for 6 hours by using methanol in a soxhlet extractor to 

remove any unreacted monomers and porogens present in the monolith after 

polymerisation. Monoliths were air dried for a period of 7 days. The morphology of a 

selected monolith was investigated using a variable pressure scanning electron 

microscope, SEM, (S-3400N Hitachi model, Japan). Monoliths were sputter coated with 

gold to increase the conduction during SEM analysis.  
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2.3 Thermogravimetric Characterisation of Monoliths 

Thermal analyses of the polymer were preceded with purging of the system (Mettler 

Toledo equipment) at 20 oC/min under a nitrogen gas flow of 100 mL/min. This is to 

ensure the analysis is free of external contaminants in the furnace capable of negatively 

influencing the results. Thermogravimetric characterisation of polymethacrylate 

monoliths were performed by using multiple heating rates of 5, 10, 15, 20 and 25 oC/min 

in a temperature range of 50 oC – 450 oC under constant N2 flow rates of 25 mL/min. 

Portions of each sample weighing 20 mg was used after being pulverized and thoroughly 

shaken.  

2.4 Non-isothermal Kinetic Analysis 

Ozawa-Flynn-Walls (OFW) and Kissinger–Akahira–Sunose (KAS) isoconversional 

models were applied to calculate the kinetic properties based on the experimental results 

without fore knowledge of the reaction model, 𝑓(𝛼). Parameters obtained are presented 

in their respective tables where; Tmax is the maximum/peak temperature (K) and Ea is the 

“apparent” activation energy. Data pairs generated from OFW and KAS isoconversional 

models were matched with trend lines for the multiple heating rates.  

3. RESULTS AND DISCUSSION   

3.1 Polymerisation of Polymethacrylate Monolith 

Polymethacrylate monoliths were thermally synthesised by means of free radical 

polymerisation of the two monomers (GMA and EDMA) in an interfacial layer after 

decomposition of the initiator (BPO); hence, their thermal characteristics were analysed 

based on chemistries for heterogeneous solids. The presence of nuclei caused scission of 

monomeric units in the cured mixture to form monomer radicals which subsequently led 

to reaction between the methacrylate monomers. EDMA-co-GMA monolithic adsorbents 

can be easily tailored to meet the hydrodynamic size of biomolecular targets. An increase 

in the concentration of EDMA resulted in smaller pores and larger surface areas, whist an 

increment in the amount of GMA corresponded to an upsurge in the functional groups for 
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ligand immobilisation (Danquah and Forde, 2008). An example of the morphology of 

pores in monoliths at a specified condition is shown in Figure 1. Epoxy moieties on the 

functional monomer also enhanced the formation of chemical crosslinking networks with 

EDMA in the formation of the polymer. This was confirmed subsequently with the TG 

data.  

 
Figure 1. Scanning electron micrograph of EDMA-co-GMA polymeric monolith showing 

the morphology with varied compositions (a) E40/G60 and (b) E80/G20; thus, an increase 

in their respective surface areas and reduction in pore sizes.  

3.2 Thermogravimetric analysis 

The principal steps for the degradation of heterogeneous solids include: (i) transfer of heat 

and reactants to separation surfaces of each interphase; (ii) consumption of solid reactants 

and migration of separation surface interphase; and (iii) transport of volatile products from 

the reaction space (Vlad et al., 2003). The impact of varying the concentration of 

monomers on the thermal degradability of monoliths using the TG and DTG curves is 

shown in Figures 2a and 2b, respectively, for a heat flow rate of 5 oC/min on selected 

monomer variations (E/G): 0/100; 20/80; 40/60; 60/40/; 80/20; and 100/0.  
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Figure 2a. TG curves illustrating the thermal degradation of varied EDMA-co-GMA 

polymethacrylate monoliths at heating rates of 5 oC/min to assess their thermal stability 

effects.   

 

Figure 2b. DTG curves illustrating the thermal degradation of varied EDMA-co-GMA 

polymethacrylate monoliths at heating rates of 5 oC/min to assess their thermal stability 

effects.   

Homopolymer resins, E0/G100 and E100/G0 when polymerised with the initiator (BPO) 

to form solid homopolymers were seen to undergo 2 stages of degradation as evident in 

the TG/DTG curves. These degradations were within the temperature ranges of about 55.2 

- 223.3 oC with a mass loss rate of 7.0% and 223.3 – 381.9 oC with a mass loss of 79.7% 

for the first and second stages of E0/G100, respectively, with a heating rate of 5 oC/min. 
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On the other hand, E100/G0, homopolymer of EDMA had the following characteristic 

temperature ranges of about 55.4 – 195.8 oC with a corresponding mass loss rate of 4.3% 

and 195.8 – 372.7 oC with a mass loss rate of 61.8 %, for the first and second respective 

stages of degradation. The first stage of degradation for each homopolymer and monoliths 

were marked to be the characteristic point beyond which the polymer loses its chemical 

signature. The narrow characteristic temperature range in the first stage for E100/G0 as 

compared to E0/G100 is indicative of the fact that the presence of epoxy moiety in resins 

or polymers enhances their thermal stability (Carioscia et al., 2007; Allaoui and El Bounia, 

2009). 

Unlike the homopolymers, the thermal degradation of monoliths were all observed to have 

three stages of degradation. The first stage being the point beyond which the monoliths 

loses their chemical and mechanical properties, similar to the homopolymers. The mass 

loss in this stage is mainly due to dehydration. The second (2) and third (3) stages are 

depolymerisation stages resulting in the chemical decomposition of the polymer, mainly 

attributed to the loss of the two polymer chains EDMA and GMA forming the monolith. 

In reference to the DTG curves and the respective peak temperatures of the 

homopolymers, stage 2 of the monolith depolymerisation could be attributed to the lighter 

ends of the polymers (such as methacrylic acid groups) devolatilizing out of the system 

whereas stage 3 is mainly dictated by the concentration of the epoxy-based resin in the 

monolithic polymer. The application of 3-5 temperature programs is recommended as 

appropriate to attain more accurate kinetic values according to the ICTAC kinetics 

committee (Vyazovkin et al., 2011). The impact of different heating rates on the mass loss 

of EDMA-co-GMA monolithic polymers were analysed at 5, 10, 15, 20 and 25 oC/min. 

As expected, an increase in the rate of heat supply for the same mass of sample caused a 

shorter degradation time due to the increase in instantaneous transfer of heat. This 

phenomenon generally resulted in the shift of peak temperatures higher (from the left to 

right) for each stage. Data for maximum temperature of depolymerisation (Tmax) for each 

stage as a function of the five (5) heating rates are shown in Table 1. It was observed that 

the peak temperatures for each monolith generally shifted to higher temperatures as the 

heating rates were increased.  
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Table 1. Effect of different heating rates on depolymerisation Tmax in stages 2 and 3 of 

EDMA-co-GMA monoliths.   

EDMA/GMA 

(Depolymerisation 

Stage) 

0/100 20/80 40/60 60/40 80/20 100/0 

Stage 2 
 

5 oC/min  283.5 279.0 282.9 285.6  

10 oC/min 
 293.9 289.9 289.9 297.1  

15 oC/min 
 297.9 299.1 296.4 265.1  

20 oC/min 
 301.7 302.5 299.1 273.8  

25 oC/min  305.1 304.5 303.4 262.6  

Stage 3 5 oC/min 
347.9 315.3 335.0 326.6 322.0 314.9 

10 oC/min 
363.6 351.9 348.4 346.3 342.4 320.3 

15 oC/min 
363.1 361.1 357.2 351.1 309.0 340.8 

20 oC/min 
365.7 366.1 364.1 359.0 344.8 348.2 

25 oC/min 
368.4 371.3 363.2 363.0 357.2 353.7 

3.3 Non-isothermal kinetic analysis 

Kinetic analysis can be done with either disc scanning calorimetry (DSC) or TG/DTG. 

TG/DTG is a highly sensitive technique used to study the thermal stability and polymer 

degradation without the need for calibration curves, whereas; a DSC technique is used for 

identification based on the polymers melting point (Jeske et al., 2012). Notably, 

isoconversional models based on integral methods are the most appropriate for 

thermogravimetric data interpretation (Karimian et al., 2016). 

Monitoring the kinetics of processes initiated thermally, such as the synthesis of EDMA-

co-GMA polymers, formulates a mathematical relationship between the process rate, 

extent of conversion and the temperature (Vyazovkin et al., 2011). This can be determined 

through the kinetic triplet Ea, A and 𝑓(𝛼). In addition, predictions made based on these 

analyses are critical in estimating the life span and compositions outside the current 

experimental analysis (Vyazovkin et al., 2011; Jakić et al., 2013). Equations employed 

for kinetic study is fundamentally hinged on a single step equation: 

𝑟 =
𝑑𝛼

𝑑𝑡
≡  𝛽

𝑑𝛼

𝑑𝑇
      (1) 

𝑟 = 𝐴𝑒𝑥𝑝 (−
𝐸𝑎

𝑅𝑇
) 𝑓(𝛼)      (2) 
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where β is the heating rate, α is the extent of conversion, T is absolute temperature in K, 

𝑓(𝛼) is the reaction model. Isoconvensional models such as Ozawa-Flynn-Wall’s (OFW) 

and Kissinger-Akahira-Sunose’s (KAS) methods are often applied in that regard in 

accordance with ASTM 698 without prior knowledge of 𝑓(𝛼) in the determination of the 

kinetic parameters (Vyazovkin et al., 2011; Jeske et al., 2012). The extent of conversion 

can be calculated based on equation (3) below:   

𝛼 =
𝑚𝑜−𝑚

𝑚𝑜−𝑚𝑓
      (3) 

where mo, mf and m are the initial, final and mass at any time, respectively. The 

dependence of the extent of conversion for each monolith composition (E20/G80; 

E40/G60; E60/G40 and E80/G20) with respect to the full range degradation temperature 

at 5 oC/min was plotted and is shown in Figure 3. It can be observed that there are > 1 

pattern in the rate of change in the conversion of mass with respect to temperature, with 

the steepest point coinciding with the depolymerisation stage from about 225 oC – 375 oC. 

This further shows the inability of a single reaction model, 𝑓(𝛼) to accurately cover the 

full kinetics of the monolithic polymer.  

 
Figure 3. Trajectory of the extent of conversion as a function of temperature for monoliths 

at a heating rate of 5 oC/min.  

OFW and KAS methods are both integral isoconversional methods, with the former 

seemingly being the most utilised whereas the latter has been recently remarked by the 

ICTAC kinetic committee (Vyazovkin et al., 2011) as offering an improvement in 

accuracy of 𝐸𝑎 values. OFW model in the current analysis has the basic equation: 
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𝑙𝑜𝑔𝛽 = 𝑙𝑜𝑔 (
𝐴𝐸𝑎

𝑅
) − 2.315 − 0.4567 (

𝐸𝑎

𝑅𝑇
) − log 𝑓(𝛼)    (4) 

Equation (4) can be modified in terms of an equation of a straight line: y = mx + c for 

easy analysis. Thus;  

 𝑙𝑜𝑔𝛽 = 𝑎𝑇−1 + 𝑏     (5) 

where  

  𝑎 =  −0.4567
𝐸𝛼

𝑅
       (6) 

 𝑏 =  𝑙𝑜𝑔 (
𝐴𝐸𝑎

𝑅
) − 2.315            (7)  

Similarly, KAS isoconversional model is given as: 

ln(
𝛽

𝑇𝑚𝑎𝑥
2 ) = (

−𝐸𝑎

𝑅𝑇𝑚𝑎𝑥
) + ln

𝐴𝐸𝑎

𝑅
− ln 𝑓(𝛼)    (8) 

Equation (4) – (8) was used to calculate the activation energies for the different 

compositions.  Arrhenius equation can be estimated from equation (9): 

𝐾 = 𝐴exp (−
𝐸𝑎

𝑅𝑇
)     (9) 

where ‘A’ is the frequency factor (min-1) which determines the frequency of molecular 

collision leading to polymer degradation as a function of temperature; 𝐸𝑎 is the activation 

energy (kJ/mol); R is the energy gas constant (8.3145 J/mol K); T is the Temperature (K).  

To accurately determine the kinetic parameters, the dependency of the apparent energy on 

extent of conversion from α = 0.05 - 0.9 and a step size of 0.05 was calculated for each 

monolith and homopolymers as shown in Figure 4a – 4f. It was demonstrated for each 

sample that the apparent activation energy varied with respect to extent of conversion. 

Thus, a single average activation energy will be inaccurate to represent all three stages of 

degradation/thermal stability for the monolithic samples. A similar trend in increase and 

decrease of 𝐸𝑎 values as α increases is also confirmed in the analysis on modified 

polyvinyl copolymers by Vlad et al. (2003). The observed fluctuations for high α values 

can be attributed to either competitive processes or the depolymerisation process 

occurring in the polymer under dynamic heating conditions. It is also evident that the 

homopolymer samples had distinct chemical compositions from each other due to the vast 

differences in pattern in their respective 𝐸𝑎 curves. Similarities also exists for the 

monolithic (E20/G80; E40/G60; E60/G40 and E80/G20) samples due to the presence of 

the same reactive chemical constituents (EDMA, GMA, BPO) in different proportions.    



205 
 

 

 

 

 

 

Figure 4. Relationship between apparent activation energy as a function of extent of 

conversion generated from two isoconversional models; KAS (red) and OFW (black), for 

(a) E0/G100; (b) E20/G80; (c) E40/G60; (d) E60/G40; (e) E80/G20 and; (f) E100/G0.   
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Activation energy in relation to the peak temperatures for each of the 3 degradation stages 

was calculated and presented in Table 2 based on OFW and KAS Isoconvensional models.  

The first stage of degradation generally had lower Ea values as compared to the second 

and third degradation stage for each monolith. This is due to the fact that stage 1 of 

monolith degradation was mainly due to dehydration process whereas stage 2 and 3 were 

the result of depolymerisation of the monolith. The negative activation energy values in 

some of the monoliths are mainly as a result of dehydration of remaining water molecules.  

Table 2. Apparent activation energy (𝐸𝑎) values derived from Ozawa-Flynn-Wall’s 

(OFW) and Kissinger-Akahira-Sunose’s (KAS) isoconversional method.  

EDMA/

GMA 

First stage, Ea1 

kJ/mol 

Second stage, Ea1 

kJ/mol 

Third Stage, Ea1 kJ/mol 

OFW KAS OFW KAS OFW KAS 

0/100 1.2 -1.1 -  74.2 72.1 

20/80 -9.5 -13.5 51.6 49.4 25.1 20.7 

40/60 10.5 8.0 40.2 37.4 50. 46.8 

60/40 6.6 4.7 53.3 51.2 41.3 37.7 

80/20 7.9 5.7 -19.4 -25.0 14.1 9.4 

100/0 5.6 3.2 -  31.3 27.4 

From the apparent activation energy values in the first stage of degradation, an increase 

in the cross-linker composition above 20% significantly enhanced the thermal stability of 

monoliths. With the interest of monolithic samples often in the arena of bioseparation and 

bioscreening, the best monomer compositions to ensure a thermally stable monolith were 

concluded to be E40/G60 and E60/G40 with an apparent activation energy for the first 

stage within 8.0 – 10.5 kJ/mol (mass loss rate from 2.7 - 5.7 % per min) and 4.7 – 6.6 

kJ/mol (mass loss rate from 2.2 - 4.2 % per min). It must be emphasised that the most 

utilised monolith composition in bioseparation science is the E40/G60 composition. This 

is to ensure that there are sufficient amount of epoxy functional groups for ligand 

functionalisation without trading-off the amount of crosslinking, mechanical properties 

and permeability (Svec and Fréchet, 1995; Han et al., 2012). 

4. CONCLUSIONS  

An understanding of kinetic parameters for polymeric materials is essential in 

understanding their life span and change in material properties when subjected to elevated 
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temperature. Herein, various monomer mixtures were prepared as EDMA-co-GMA 

monolithic adsorbents and investigated for their thermal stability. Thermogravimetric 

curves showed that homo-GMA polymers had a better stability than homo-EDMA 

polymers. The kinetic parameters indicated that an increase in the composition of EDMA 

and GMA above 20% significantly enhances the thermal stability of monoliths under 

elevated non-isothermal conditions. This was due to the concurrent enhancement in the 

cross-linkages and amount of epoxy moiety in the monolithic polymer. E40/G60 and 

E60/G40 monoliths were identified as monoliths with better thermal stability amongst the 

synthesised samples; which happens to be consistent with literature as to the most utilised 

composition for monolithic applications. Nevertheless, the choice of appropriate 

monolithic polymer for biomolecular separations should not be purely based on the 

thermal stability since a number of other essential factors such as pore size for convective 

transfer of targets, surface area and reactive functional ends for ligand immobilisation 

have to be taken into consideration with a good compromise based on the user’s 

preference. The dependence of apparent activation energy (𝐸𝑎) on the extent of conversion 

(α) demonstrated that the degradation of monolithic polymers could not be accurately 

represented by a single reaction model or a single heating rate making it an example of a 

complex multistep reaction. Thermogravimetric analyses were therefore performed with 

multiple heating rates of 5, 10, 15, 20 and 25 oC/min under N2 atmosphere. The use of 

Ozawa-Flynn-Wall’s and Kissinger–Akahira–Sunose isoconversional integral methods 

have been shown to be effective in determining the kinetic properties of EDMA-co-GMA 

monolithic samples. Generally, biomolecular activities with monoliths are done under 

temperature conditions less than 100 oC making monoliths safe for chromatographic 

operations relative to their characteristic temperature ranges in the first stage of 

degradation. 
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ABSTRACT 

Aptamers are single stranded nucleic acids with specific target-binding functionalities, 

biophysical and biochemical properties. The binding performance of aptamers to their 

cognate targets is influenced by the physicochemical conditions of the binding system 

particularly in relation to biomolecular charge distribution and hydrodynamic 

conformations in solution. Herein, we report the use of zeta potential measurements to 

characterise the surface charge distribution, biomolecular hydrodynamic size and the 

binding performance of a 15-mer thrombin binding aptamer (TBA) to thrombin under 

various physicochemical conditions of pH, temperature, monovalent (K+) and divalent 

(Mg2+) cation concentrations. Charge distribution analysis demonstrated time dependence 

in the formation of stable TBA-thrombin and TBA-thrombin-metal ion complexes. TBA 

was characterised to be most stable in pH above 9. The presence of monovalent and 

divalent metal ions reduced the electronegativity of TBA through electrostatic 

interactions, and this demonstrated to improve binding characteristics. TBA-thrombin 

complexes generated under different physicochemical conditions showed varying surface 

charge distributions. The stability of TBA-thrombin complex investigated using Scatchard 

analysis showed that the presence of  K+ increased the binding performance by displaying 

a positive cooperativity relationship. The presence of Mg2+ showed a concave upward 

trend, potentially caused by heterogeneity in binding.  

 

Keywords: Thrombin binding aptamer; Charge distribution; Affinity interaction; 

Biomolecular binding; Hydrodynamic stability 
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1. INTRODUCTION  

Aptamers are single-stranded DNA/RNA ligands generated by means of an iterative 

process known as Systematic Evolution of Ligands by Exponential enrichment (SELEX) 

(Ellington and Szostak, 1990; Robertson and Joyce, 1990; Tuerk and Gold, 1990). They 

are a preferred class of bioprobes owing to their stability, non-immunogenicity, low cost 

of generation, wide spectrum of target space, minimal ethical issues, and the ability to 

undergo pre-/post biomodification processes (Acquah et al., 2015; Nezlin, 2016). 

Notwithstanding, the binding performance of aptamers to their target molecules is a 

function of the physicochemical conditions of the binding system including pH, presence 

of metal ions, temperature and chemo-molecular labelling/modifications of the aptamer. 

This affects the kinetics of the binding process, charge and conformational distributions 

of the aptamer and the stability of the complex. An in-depth biophysical characterisation 

of aptamer-target interactions is critical to improve understanding of the binding process 

in order to establish optimal binding conditions for diverse applications.   

The 15-mer thrombin binding aptamer (TBA) [5́-GGT TGG TGT GGT TGG-3́ ] is 

commonly used as a model aptamer to characterise aptamer-target interactions (Tasset et 

al., 1997; Hamaguchi et al., 2001; Ostatná et al., 2008; Lin et al., 2011). Biophysical 

techniques such as circular dichroism, isothermal titration and surface plasmon resonance 

have been used to investigate the effects of binding conditions such as the presence of 

metal ions and variations in thrombin concentration on the binding characteristics of 15-

mer and 29-mer TBA. Lin and co-workers reported that 15-mer TBA binds to exosite I 

(fibrinogen recognition site) of thrombin by electrostatic interaction. They also reported 

that the presence of K+ induces the formation of G-quadruplex conformations of TBA 

(Lin et al., 2011). By using affinity capillary electrophoresis, Girardot et al. (2010) studied 

the effect of monovalent (Na+, K+, Cs+) and divalent (Mg2+, Ca2+, Ba2+) metal ions on the 

binding interactions of a lysozyme aptamer. A mobility swift was observed during the 

addition of cations to the electropheretic medium, potentially due to the interactions 

between aptamer molecules and cations and further inducing a conformational change of 

the aptamer. Girardot et al. (2013) employed a microchip electrophoresis technique in a 

frontal mode to characterise the binding behaviour of a lysozyme aptamer under different 
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conditions of ionic strength, divalent cations and thermal effect. The results showed that 

the presence of divalent metal ions improved binding affinity. Also thermal treatment of 

the aptamer increased conformational stability which further resulted in improved binding 

affinity.  

In addition, the electrokinetics and binding traits of aptamers change with varying 

conditions of the binding medium (Hianik et al., 2007; Lin et al., 2011; Chang et al., 

2014). Zeta (𝜁) potential analysis via dynamic light scattering is a useful technique in 

characterising interfacial distribution and electrokinetic behaviour of charged species in 

aqueous media (Adamczyk et al., 2010; Song et al., 2015), and would advance theoretical 

understanding of the binding behaviour of aptamers in relation to surface charge 

distribution, hydrodynamic mobility and binding characteristics in solution. Despite the 

uniqueness of ζ potential as a biophysical parameter for biomolecular characterisation and 

complex formation, there is limited research focused on the application of ζ potential 

analysis to investigate the binding characteristics of aptamers to their cognate target 

molecules and the stability of the emerging biomolecular complex. This study focuses on 

the application of ζ potential analysis as a tool to investigate the effect of varying surface 

charge distribution and hydrodynamic mobility on aptamer binding characteristics, and 

the stability of the aptamer-target complex. It contributes to building a robust theoretical 

understanding that underpins the binding behaviours of aptamers, providing basis to 

optimise binding performance for a wide range of applications including biosensor, 

bioseparation, cell targeting, high throughput screening, in vitro evolution, and drug 

delivery. 

2. MATERIALS AND METHODS 

2.1 Biomolecules and reagents  

15-mer thrombin aptamer 5́-GGT TGG TGT GGT TGG-3́ was purchased from First Base 

(Malaysia). Thrombin and Arsenazo III were purchased from Sigma-Aldrich (Malaysia). 

Potassium Chloride, Magnesium Chloride, Calcium Chloride and Tris-EDTA (TE) buffer 

were obtained from Fisher Scientific (Malaysia).  
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2.2 Instrumentation 

Nanoplus particulate system (Nanoplus-3, USA) was used to perform zeta potential and 

average hydrodynamic size measurements of TBA, thrombin and thrombin-TBA complex 

at 25 oC. Zeta potential analysis was performed with forward scattering optics at 15o and 

a voltage of 60 V. Hydrodynamic size measurement was performed with Backscatter 

Optics at 160°. All measurements were taken after the equilibrium time of one minute. 

Measurements for each analysis were triplicated, and all aqueous media were formulated 

with Milli-Q water purification system.  An illustration of the principle of dynamic light 

scattering technique in characterising the zeta potential of TBA and thrombin-TBA 

complex is shown in Figure 1. 

 
Figure 1. An illustration of the application of dynamic light scattering technique to 

characterise aptamer charge distribution and biophysical stability.  

2.3  Zeta potential analysis of TBA and thrombin-TBA complex 

2.3.1  Effect of pH  

100 µM aptamer solutions were diluted in pH-adjusted TE buffers ranging from pH 4-11 

to a final volume of 1 mL and incubated for 30 min at 25 °C. Zeta potential measurements 

were performed for each pH system. To study the effect of pH on TBA-thrombin complex, 

100 µM aptamer solutions were interacted with 7.5 mg/mL thrombin solution and pH-

adjusted TE buffer in a volumetric ratio of 1:1:2 to make a final volume of 1 mL. The 

mixtures were incubated for 30 min at 25 °C. For zeta size analysis, 1600 µM TBA 
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aliquots were diluted in pH-adjusted TE buffers ranging from pH 4-11 and incubated for 

30 min at 25 °C. 1600 µM TBA aliquots were interacted with 7.5 mg/mL thrombin 

solution and pH-adjusted TE buffer in 1:1:1 volumetric ratio, followed by incubation for 

30 min at 25 °C. Zeta size measurement was performed for each pH system. 

2.3.2 Effect of metal ion polarity and concentrations  

The effect of different metal ions on the surface charge distribution of TBA was 

investigated. Two different metal ions Magnesium (Mg2+) and Potassium (K+) with 

concentrations 0.01 M, 0.1 M,  0.5 M, 1.0 M and 1.5 M were prepared and interacted with 

500 uL of TBA or Thrombin-TBA complex. The resulting solutions were then incubated 

for 30 min at 25 °C followed by zeta potential measurements. For zeta size measurement, 

TBA (1600 µM) and thrombin-TBA complex (7.5 mg/mL for thrombin) were measured 

after interaction with varying concentrations of metal ions in incubation  for 30 min at 25 

°C.  

2.3.3 Effect of temperature 

100 µM aptamer solution was diluted with TE at pH 8, made up to a final volume of 1 

mL, and incubated for 30 min under varying temperature conditions of 20 °C, 25 °C, 30 

°C, 37 °C and 45 °C.  Thrombin-TBA complex was prepared by mixing 100 µM aptamer 

solution with 7.5 mg/mL thrombin solution, followed by incubation at the 

abovementioned temperatures. To understand the impact of temperature on the 

hydrodynamic size and zeta potential of the complex, 1600 µM aptamer solution was 

reacted with thrombin (7.5 mg/mL) at a volumetric ratio of 1:1 and incubated at the 

different temperatures.  

2.4 Scatchard Analysis  

Scatchard analysis was performed to investigate the binding of metal ions to TBA and 

Thrombin-TBA complex. Arsenazo III was used to bind free metal ions K+ and Mg2+. 

Arsenazo stock solution of 250 µM was prepared with 20 mL of the prepared solution 

aliquoted and diluted to 50 µM. This was followed by adjustment of the pH to 9 by the 

addition of NaOH. 20 µL of 10 µM TBA was incubated with 20 µL of metal ions with 
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varying concentrations 0.01, 0.1, 0.2, 0.3, 0.4, 0.5, 1.0, 1.5 and 2.0 M for 30 min. 10 µL 

aliquots were served into a 96 well flat bottom plate, and 250 µl of 50 µM Arsenazo was 

added to each well with gentle mixing. The system was allowed to incubate for 10 min 

before taking absorbance measurements using a microplate spectrophotometer at 610 nm 

wavelength. An analogous experiment was carried out using TBA-thrombin complex. The 

concentration of free/unbound cations in solution was determined from the absorbance 

readings using a standard curve. A Scatchard plots of bound/free cation concentrations 

versus TBA (Thrombin-TBA complex) bound cation concentrations were developed.  

3. RESULTS AND DISCUSSION 

3.1 Effect of pH on the characteristics of TBA and thrombin-TBA complex 

As different agents for biomarking and stabilisation may present non-isocratic conditions 

that can affect the binding affinity and chemical properties of aptamers, the effect of pH 

from 4-11 was investigated. Zeta potential analysis of TBA surface charge distribution 

demonstrated electronegativity over the range of pH as shown in Figure 2 (A). This was 

primarily due to the presence of negatively charged phosphate groups on the base DNA 

aptamer sequence. Also, the structure of G-quadruplex with rich guanine and centered by 

carbonyl oxygen increases the electronegative stability of TBA. The results indicated that 

the surface charge of the aptamer increased in electronegativity with increasing pH. The 

zeta potential of the aptamer was slightly positive at pH 4, with an isoelectric focusing 

(pI) point of ~4.1. The increase in aptamer electronegativity under increasing pH was as 

a result of deprotonation associated with increasing concentration of hydroxyl groups 

exposed to the aptamer. Also, high hydroxyl concentrations can result in structural 

conformational changes to induce redistribution of negatively charged moieties of the 

aptamer molecule. The positive zeta potential observed for pH < pI was due to the 

presence of high concentration of H+ ions (protonation) that neutralise localised negative 

charges on the aptamer molecule. The aptamer was considered most stable at pH above 9 

with a zeta potential of > -30 mV. The zeta potential analysis of the TBA-thrombin 

complex showed electronegativity within -12 mV to -22 mV over the range of pH 

investigated with reduced charge and molecular stability compared to free TBA. The 

observed lower zeta charge stability of TBA-aptamer complex compared to TBA is 
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because biomolecular complexation occurs at the most stable intermolecular charge 

activation and structural conformation, hence, variations in pH would not significantly 

alter the charge profile. The result further demonstrates that the biophysical charge 

characteristics of the complex formed from the interaction of thrombin and TBA was not 

significantly affected by protonation and deprotonation mechanism of pH.  

 
Figure 2. Effect of pH on zeta potential (A) and average hydrodynamic size (B) of TBA 

and thrombin-TBA complex in Tris-EDTA buffer. Buffer pH was varied from 4 to 11 

(n=3 data sets).  

The TBA showed a hydrodynamic size range of 100 nm to 800 nm over the pH range of 

4-11. As it can be seen in Figure 2 (B), no specific trend in hydrodynamic size distribution 

over the pH range was observed. Variations in pH affect the polarity of charged moieties 

on the aptamer, as shown in the zeta potential data, and can result in intermolecular 

agglomeration. TBA showed the smallest average hydrodynamic size of 105.93 nm at pH 

10 corresponding to the most electronegative zeta potential value of -80.9 mV. At this 

electronegativity, dynamic repulsive effect is significantly strong hindering agglomeration 

between TBA molecules. The thrombin-TBA complex showed a hydrodynamic size range 

of 70 nm to 600 nm over the pH range 4-11. The overall hydrodynamic size of thrombin-

TBA complex was relatively smaller than TBA for most pH conditions. TBA condenses 
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and folds into intrinsic forms during binding with thrombin, resulting in the formation of 

a molecular complex with reduced hydrodynamic size. Thrombin-TBA complex showed 

the smallest hydrodynamic size of 70.8 nm at pH 8, and the corresponding zeta potential 

indicated colloidal stability. The high electrostatic repulsion at this pH reduced 

agglomeration and resulted in reduced particulate size of the complex. 

3.1.1   Kinetic modelling of aptameric binding under varying pH conditions 

The kinetic modelling was based on first order binding interaction of an aptamer ligand 

[A] and a target analyte [T] in a homogenous system with non-variable physicochemical 

conditions. It was assumed that a single monovalent analyte interacts with the aptamer 

and that all binding events are independent. The formation of complex [TA] follows 

pseudo-first order kinetics under the assumption that the reaction is not mass transfer 

limited. The binding between an arbitrary aptamer molecule [A] and the cognate target 

molecule [T] can be expressed by the reversible reaction equation (1): 

                                                  𝐴  +   𝑇   
 𝑘𝑎

⇌
  𝑘𝑑

    𝐴𝑇                                         (1) 

Where [AT] is the intermolecular complex formed between the aptamer and the target; 

and ka and kd are the association and dissociation rate constants respectively. The net rate 

at which the complex [AT] forms is defined by the difference in the rate of its formation 

and the rate of its dissociation into molecular entities of aptamer and target. This can be 

expressed by reaction equation (2):   

 

           ][]][[
][

ATkTAk
dt

ATd
da                                    (2) 

The association constant, ka, describes the rate of complex formation per unit second for 

one molar solution of [A] and [T]. The dissociation constant, kd describes the stability of 

the complex in terms of its rate of decay into [A] and [T] per second. The concentration 

of aptamer in the binding system at any time can be expressed as: [A] = [A]max – [AT], 

where [A]max is the initial concentration of aptamer with a specified number of active 
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binding sites. Substituting [A] into the differential equation of AT formation (2), the 

formation rate of the intermolecular complex [AT] becomes: 

 

                                          ][][
][

max ATkATATk
dt

ATd
da                   (3) 

Although the differential rate equation describes one-to-one binding phenomenon, it only 

describes the time rate of formation of [AT], thus it is not applicable in characterising 

absolute net concentrations of [AT]. Considering steady-state conditions and solving the 

differential equation (3), the intermolecular complex [AT] formation as a function of time 

can be expressed  as equation (4): 
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ATkAT
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1
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][

max
                    (4) 

The generated aptamer-target binding kinetics can be correlated with biomolecular 

interaction analysis via surface plasmon resonance (SPR). SPR analysis generates real-

time adsorption and desorption profiles of the molecular interaction between the aptamer 

and its target molecule displayed as a sensogram. The SPR output, resonance unit (R), is 

a measure of the real-time concentration of bound target on the aptamer-immobilised chip 

surface. The net rate of formation of the intermolecular complex (AT), expressed in R 

terms, is given by equation (5):  

                                            RkRRTk
dt

dR
da  ]][[ max

            (5) 

The observed SPR signal R is proportional to the net concentration of [AT] complex: 

][ATR . Also, the maximum SPR signal, maxR  is proportional to the maximum 

concentration of binding sites available on the aptamer immobilised on the sensing 

surface: maxmax ][AR  . The concentration of the intermolecular complex, R as a function 

of time can be obtained by integrating equation (5) to obtain equation (6):   

                                                        tkkT

da

a dae
kkT

kRT
R )]([max 1

][

][ 


                  (6) 
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The effect of pH on aptamer binding can be incorporated into the illustrated kinetic 

scheme through the reactive dependence of H+ or OH- ionic species in the binding system.  

In order to establish the existence of, for example, H+ in the reactive binding system, 

equation (1) can be re-written as follows: 

                              𝐴−  +  𝑇+ +  𝐻+ 
𝑘𝑎

  ⇌
𝑘𝑑

 𝐴𝑇∗                       (7) 

 

With the above reactive kinetic scheme in equation (7), it is possible to predict the net 

binding rate in the presence of H+ ions. Under this scenario, maxR  would correspond to a 

reduced aptamer active site concentration resulting from potential inactivation of 

electronegative binding sites. Thus  *AT consists of the resultant complex ][AT  and a 

second complex ][AH such that    AHATAT  ][* .  

The kinetic rate of  *AT formation based on equation (7) is: 

                                  
*

*

][]][][[
][

ATkHATk
dt

ATd
da  

                (8) 

Rewriting equation (8) to reflect the effect of H+ ions on the reactive binding scheme 

gives: 

                AHATkHAHATATk
dt

ATd
da   ][][][][

][
max

*

               (9) 

Correlating equation (9) with SPR kinetics in terms of resonance unit (R) and assuming

 ** ATR  ,  AHM , and  maxmax AR   gives: 

                            MRkRRTk
dt

dR
d

pH
a   **

max

*

]10[][                 (10) 
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For one-to-one binding relationship,      pHAAHM  101 . Solving equation (10) 

for real-time resonance response unit (Rt) gives: 
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Req represents the equilibrium-binding signal between the aptamer and the target analyte, 

where there exists a steady state between the rates of association and dissociation. Req is a 

function of the total number of available binding sites on the aptamer, maxR , the kinetic 

rate constants, ka and kd, concentration of the target analyte [T], and the pH of the binding 

medium. This indicates that the pH of the binding medium significantly affects the 

equilibrium characteristics of the aptamer-target binding association and dissociation. For 

a given aptamer-target binding system with known kinetic constants under varying pH 

conditions, Req becomes a direct function of pH and the number of occupied binding sites 

as shown in Figure 3.  

 

Figure 3. Effect of pH variation on (A) real-time binding signal where pH 3 > pH 2 > pH 

1, and (B) equilibrium binding signal for a modelled aptamer-target binding scenario. 

A sharp decrease in real-time binding is observed for signals modelled at low pH levels. 

Increasing the pH of the binding medium reduced the intensity of the instantaneous 
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binding signal. This demonstrates that pH increase results in increasing aptamer 

electronegativity due to deprotonation, significantly reducing electrostatic binding affinity 

with target molecules through intermolecular repulsion. This is in keeping with other 

experimentally published results showing the impact of pH on the structure of aptamer 

and/or target system and the resulting binding characteristics (Deng et al., 2001; Hianik 

et al., 2007). Hianik et al. (2007) reported that pH variation affects the structure of aptamer 

binding sites and obtained an optimum pH of 7.5 for 32-mer DNA aptamer-thrombin 

binding using a quartz crystal microbalance. It should however be noted that the choice of 

medium pH for optimal binding characteristics is dependent on the aptamer and target 

system (McKeague et al., 2015). A logarithmic relationship between real-time binding 

signal and equilibrium binding signal was also observed in Figure 4.  Thus, characteristic 

binding parameters can be globally fitted to provide a functional correlation for local Req 

kinetics.  

Figure 4. Relationship between equilibrium binding signal (Req) and real-time binding 

signal (Rt).  

3.2 Stabilization effect of potassium ions (K+) 

To understand the effect of ionic strength on the binding features of aptamers in 

applications involving different buffer characteristics, the effect of ionic concentration 

was studied to provide a basis for optimising binding performance. Figure 5 shows that 

increasing concentration of K+ ions results in decreasing electronegativity. The result 
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supports the argument that K+ electrostatically interacts with the negative phosphate 

groups of the aptamer and also with free electrons at the O6 of guanine in G-quartet 

conformation, making the zeta potential less electronegative. The result also demonstrates 

that the binding effect of K+ ions to the aptamer is not instantaneous but molecularly 

randomised during incubation until the spatial charge locus of binding stability is 

established within the system. The initial increase in electronegativity after 1 h for 1.5 M, 

1.0 M and 0.01 M concentrations of K+ ions could be due to early conformational changes 

of the aptamer molecule in the presence of the monovalent cation, favoring a random 

exposure of more anions to the surface.  The zeta potential of TBA in the presence of 0.5 

M and 1.0 M showed that high concentrations of K+ ions result in increased stabilisation 

effect as the zeta value is highly electronegative. However, this stabilisation effect only 

lasted for ~ 0.5 h of binding.  

 

Figure 5. Effect of K+ concentrations on the surface charge distribution of TBA after 1.5 

h of incubation. Average plots for n=3 data sets.    

Under high K+ concentrations, there exists vigorous molecular interactions between the 

cations and the aptamer and this results in a diffusive binding mechanism. A positively 

charged shelter is created around the aptamer to neutralises available negative charges of 

the aptamer and cause the net charge to be less electronegative. The zeta potential value 

of TBA significantly shifted from -10.47 mV to +24.85 mV after 1.5 h of incubation with 
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1.5 M of K+, indicating that high concentrations of K+ can neutralise all the electronegative 

sites of the aptamer to project a positive zeta potential. High K+ concentrations can also 

induce some subtle TBA structural changes. Zeta potential analysis for >1.5 M K+ 

concentration was not carried out due to the formation of a large number of bubbles within 

the electrolytic cuvette. However, it can be predicted to be in the electropositive. TBA is 

most stable in potassium-induced G-quadruplex at K+ concentration of 0.5 M after 0.5 h 

of incubation. The lack of uniformity in the zeta potential profiles for the different K+ 

concentrations indicates conformational changes in the structure of TBA during 

incubation, and this is important to establish charge distribution stability after 

complexation.  

 

Figure 6. Effect of K+ concentrations on the surface charge distribution of thrombin-TBA 

complex after 1.5 h of incubation.  Average plots for n=3 data sets.            

Figure 6 shows the zeta potential characterisation of thrombin-TBA complex in the 

presence of varying concentrations of K+ ions. The zeta potential of thrombin-TBA 

complex after 0.5 h of incubation with no K+ addition is -14.72 mV, which is comparable 

to -12.96 mV recorded as the zeta potential of TBA in the presence of 0.01 M K+. This 

finding supports the argument that K+-induced TBA G-quadruplex structure is similar to 

thrombin-induced structure in the absence of a stabilizing ion, such as K+ ion, but with 
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some differences in their intramolecular configuration (Baldrich and O’Sullivan, 2005; 

Nagatoishi et al., 2007). In the presence of thrombin, K+ plays the role of stabilizing 

thrombin-TBA complex through structural changes in thrombin-TBA complex 

(Nagatoishi et al., 2007; Russo Krauss et al., 2013). The zeta potentials of thrombin-TBA 

complex in the presence of 0.01 M and 0.1 M K+ ions indicate that K+ increases the 

stability of the complex to a high electronegativity of -30 mV. K+ ions are well-known as 

stabilizing cations of aptamer G-quadruplex structure (Nagatoishi et al., 2007; Owczarzy 

et al., 2008; Smestad and Maher, 2012). 

The effect of high concentrations of K+ became evident at 0.5 M when it resulted in 

reduced electronegativity. High K+ concentrations drive non-specific interactions with the 

phosphate groups of TBA in a diffusive binding mechanism, causing the surface charge 

of the complex to be less electronegative. Compared to the effect of K+ on TBA, the 

destabilizing effect of thrombin-TBA complex emerged at a higher K+ concentration of 

1.0 M. This shows that the binding of thrombin and TBA was by electrostatic interaction 

with thrombin and K+ ions competing for negatively charged active sites on the TBA 

molecule. The destabilizing effect of thrombin-TBA complex at high K+ concentrations 

was due to decreasing electronegativity from -14.72 mV in the absence of K+ to -6.65 mV 

in 1.0 M K+ and -0.52 mV in 1.5 M K+.  However, this destabilizing effect reduced after 

1 h of incubation. The electronegativity increased to -10 mV and -16 mV for 1.0 M and 

1.5 M K+ respectively, and this could be due to the role of thrombin in the stabilisation of 

thrombin-TBA complex. Thrombin plays a key role in inducing electronegative charge 

distribution and stabilizing the G-quadruplex of TBA (Baldrich and O’Sullivan, 2005; 

Russo Krauss et al., 2013).  
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Figure 7. Effect of K+ concentration on the average hydrodynamic size of TBA and 

thrombin-TBA complex. Average plots for n=3 data sets.    

The data obtained for the effect of K+ addition on the average hydrodynamic size of TBA 

(Figure 2) is in agreement with the zeta potential data shown in Figure 7. At low 

concentrations of K+, the shielding effect of TBA reduces the repulsive force on the 

phosphate backbone and promoted intermolecular interaction, resulting in the increased 

hydrodynamic size of TBA at 0.01 M (1319 nm). The hydrodynamic size of TBA reduced 

from 9-14 nm in the presence of 0.5 M to 1.5 M K+. K+ ions stabilized the G-quadruplex 

structure of TBA by binding to the TGT loop above the G-tetrad or the one below the 

second G-tetrad through interactions between T4 and T13 (Mao et al., 2004). The presence 

of K+ also promotes the compaction of TBA structure, making the average hydrodynamic 

size small. At high K+ concentrations, diffusive interactions with TBA happens, and this 

promotes intermolecular agglomeration to increase TBA hydrodynamic size. Marathias 

and Bolton (2000) reported a saturation limit of 2 M K+ to stabilise the quadruplex 

structure of TBA (Marathias and Bolton, 2000). Extremely high K+ concentrations interact 

non-specifically with TBA and promote molecular folding which destabilizes the G-

quadruplex of TBA. The addition of K+ ion increased the hydrodynamic size of thrombin-

TBA complex in general. A significant size increase was observed in the presence of 0.5 

M K+; from 160 nm at 0.1 M K+ to 796 nm at 0.5 M K+. This finding was in agreement 

with zeta potential analysis where intermolecular repulsion reduces under high K+ 
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concentrations, leading to agglomeration of thrombin-TBA complex. This observation 

potentially hints that both K+ and thrombin bind to the same binding sites on TBA, so the 

presence of thrombin isolates K+ in solution minimising effective interactions necessary 

to cause compaction.  

3.3 Effect of divalent Mg2+ ions on TBA and its binding activity 

Figure 8 shows the charge distribution of TBA in the presence of varying concentrations 

of magnesium ion (Mg2+). The results generally show decreasing electronegativity in the 

presence of Mg2+ due to electrostatic interactions between Mg2+ and the phosphate 

backbone of TBA via non-specific binding. This binding phenomenon results in a 

screening effect and neutralization of TBA negative charges. Mg2+ binds to TBA by inner 

sphere contact due to the high GC base pair structure of TBA (Noeske et al., 2007). Under 

low Mg2+ concentrations, the electronegativity decreased and plateaued in the near zero 

region, whilst the charge distribution increased to electropositive for high Mg2+ 

concentrations. Near zero zeta potential facilitates molecular instability as a result of 

reduced intermolecular repulsion between TBA molecules. At 0.5 M Mg2+, TBA exhibited 

a positive charge indicating the presence of excess Mg2+ residing on the structural surface 

of TBA to form a positive shield. The positive shielding effect results in intermolecular 

electrostatic repulsion of TBA molecules to form a more stable complex. The repulsive 

force between TBA molecules increases with increasing concentration of Mg2+ to 1.5 M. 

With further increase in Mg2+ concentration, molecular stability can be established in the 

electropositive region. The presence of Mg2+ facilitates the folding of TBA into different 

conformations with potentially different binding characteristics. Tan and Chen (2006) 

investigated the helix-helix interactions of a short DNA sequence (10bp) and they reported 

that divalent cations exhibit strong binding to DNA, inducing a self-organized correlated 

configuration (Tan and Chen, 2006). They also reported that intermolecular attraction 

between helices increases with the concentration of dication until 0.1 M. Dication 

concentration above 0.1 M causes repulsion between helices.  
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Figure 8. Effect of Mg2+ concentrations on the surface charge distribution of TBA after 

1.5 h of incubation. Average plots for n=3 data sets.    

The zeta potential of thrombin at pH 7.2 was determined to be -15.18 mV as shown in 

Figure 9. The presence of Mg2+ reduces the electronegativity of TBA. Hence, the binding 

of TBA to thrombin was favored in the presence of Mg2+. The zeta potential of TBA in 

the presence of 0.01 M Mg2+
 was -8.11 mV after 1.5 h of incubation. This value is close 

to the zeta potential of thrombin-TBA complex of -8.41 mV observed at the same Mg2+ 

concentration, showing that the presence of Mg2+ causes a conformational change in TBA 

for thrombin binding. The zeta potential of thrombin-TBA complex maintained 

electronegativity for Mg2+ concentrations less than 1.5 M, and this is due to the 

competitive binding of TBA between Mg2+  and thrombin. Above 1.5 M Mg2+ a more 

stable TBA-thrombin complex system can be generated.     
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Figure 9.  Effect of Mg2+ concentration on the surface charge distribution of thrombin-

TBA complex after 1.5 h of incubation. Average plots for n=3 data sets.    

The hydrodynamic size of TBA generally increased in the presence of Mg2+ as shown in 

Figure 10. At low concentrations of  Mg2+ (0.01 M), the size of TBA reduced significantly 

from 288 nm to 23.3 nm and the zeta potential data showed an electronegative profile. 

The pattern depicts a dose response in terms of Mg2+ concentration. Tan and Chen (2006) 

reported that the interaction of TBA with Mg2+ causes desolvation of Mg2+, allowing small 

size Mg2+ ions to interact with TBA to cause compaction. They also discussed that the 

presence of high Mg2+ concentrations can facilitate helix-helix interactions, further 

affecting the degree compaction of DNA. The hydrodynamic size of TBA increased in the 

presence 0.1 M Mg2+ to 3770 nm.   
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Figure 10. Mean hydrodynamic size of TBA and thrombin-TBA complex in the presence 

of Mg2+ ranging from 0.01 M to 2.0 M. Average plots for n=3 data sets.    

The increase in hydrodynamic size could also be due to the screening effect of Mg2+ which 

provides outer-layer electrostatic binding sites for more negatively charged aptamers in a 

multi-layered pattern. The presence of Mg2+ can cause structural reorganization of TBA 

to expose negative charges of TBA to interact with Mg2+ ions bound to another TBA 

(Draper et al., 2005; Tan and Chen, 2006).  

The presence of Mg2+ increased the hydrodynamic size of thrombin-TBA complex. The 

size of the complex increased from 70.8 nm to 798.3 nm in the presence of 0.01 M Mg2+. 

The size of complex further increased with increasing Mg2+ concentration until 0.5 M. 

Further increase in Mg2+ concentration did not demonstrate a significant effect on the 

hydrodynamic size of TBA-thrombin complex. From the zeta potential analysis, it was 

deduced that above 1.5 M Mg2+, a more stable TBA-thrombin complex is formed. This is 

evident by the hydrodynamic size measured at 2.0 M, where the size of thrombin-TBA 

complex is slightly smaller compared to the size at 1.5 M.  

3.4 Effect of temperature on the folding of TBA and complex 

Temperature is known to affect the kinetics of binding between an aptamer and its target. 

However, the effect of temperature on charge and biomolecular intereaction dynamics is 
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not well reported.  Figure 11 shows the effect of temperature on the charge and size 

distribution of TBA and TBA-thrombin complex. TBA was found to be most stable at 

~20 °C with a zeta potential of -44.61 mV. Increase in temperature reduced the 

electronegativity of TBA affecting its stability. This could be due to reduced molecular 

enthropy which facililates condensation of TBA thereby exposing reduced surface 

electronegative polarity. This supports findings by Baldrich and co-workers (Baldrich and 

O’Sullivan, 2005). They reported that low temperatures favour the folding of TBA. TBA 

folds as a G-quadruplex structure at temperatures lower than 24 °C. They demonstrated 

through NMR analysis that the configuration of G-quadruplex formed under low 

temperature was intramolecularly different from G-quadruplex induced by K+. This can 

be depicted from the different zeta potentials for TBA at 20 °C (-44.61 mV)  and the 

reading obtained in the presence of K+ (-26.65 mV to 24.59 mV). By comparing the zeta 

potentials, the G-quadruplex structure formed under low temperature conditions is more 

stable than G-quadruplex structure induced by the presence of K+.  

 
Figure 11. Effect of temperature on the zeta potential and mean hydrodynamic size of 

TBA and thrombin-TBA complex in Tris-EDTA buffer, pH 8. Average plots for n=3 data 

sets.    

As shown in Figure 11 (B), zeta potential for TBA decreased to -12.76 mV at 25 °C, 

suggesting that temperature increase inhibits the formation of stable G-quadruplex 
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structure. TBA was found to be most unstable at 30 °C with a zeta potential reading of 

0.29 mV. A further increase in temperature to 37 °C and 45 °C resulted in improved zeta 

potential readings of -32.61 mV and -37.02 mV respectively. The zeta potential at 30 °C 

indicates closeness to a higher temperature than the melting temperature (Tm) of G-

quadruplex of TBA. Under this condition, the G-quadruplex relaxes back to the native 

aptamer conformation with exposed electronegative surfaces. Comparing this to findings 

from Nagatoishi et al., (2011), 30 °C is higher than the melting temperature of TBA G-

quadruplex which is 23.1°C (Nagatoishi et al., 2007).  

The zeta potential profile of thrombin-TBA complex under varying temperature 

conditions follows the same trend as TBA. Thrombin-TBA complex established stability 

at 20 °C with a zeta potential of -31.54 mV. It has been reported that temperatures lower 

than 24 °C favour G-quadruplex formation of TBA, and folding only occurs at 

temperatures in the presence of K+ (Baldrich and O’Sullivan, 2005). Between 25-30 °C 

incubation temperature, the formation of G-quadruplex, which facilitates stable thrombin-

TBA complexation, is not favored. Above 35 °C, which is beyond the melting temperature 

of TBA G-quadruplex, the thrombin-TBA complex formation is stable. As explained 

ealier, at temperatures beyond the meting point, TBA G-quadruplex relaxes to its original 

conformation with more electronegative surfaces exposed. Notwithstanding, the degree of 

stability associated with TBA at temperatures beyond G-quadruplex melting point is 

higher than the stability of the TBA-thrombin complex under the same temperature 

conditions. Figure 11 (A) shows the hydrodynamic size distribution of both TBA and 

TBA-thrombin complex under various incubation temperatures. The size of TBA reduced 

from 20 °C to 30 °C. TBA was found to be smallest at 30 °C though the corresponding 

zeta potential showed the lowest stability which faciliates agglomeration. This observation 

hints that the cylce of formation and relaxation of G-quadruplex is over a tight temperature 

range between the meting point temperature Tm and the temperature commencement point 

for relaxation (Tr). Between the temperature range of Tm-Tr (where Tr > Tm), no significant 

change in hydrodynamic size would be expected. At higher temperatures T > Tr, such as 

37 °C and 45 °C, the hydrodyanmic size of TBA significantly increased to 1863.6 nm and 

1274.5 nm due to molecular relaxation. Thrombin-TBA complex generally demonstrated 

a smaller size compared to TBA except at 30 °C. This observation is due to a potential 
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temperature shift in the relxation cycle TBA quadruplex in the presence of thrombin, 

resulting in slightly increased thermal resistivity of the complex.  

3.5 Scatchard analysis  

Scatchard analysis is widely used to evaluate ligand-target binding parameters including 

association constant, number of binding sites, and ligand binding capacity (Barri et al., 

2008). Scatchard analysis was used in this work to study the binding characteristics of 

metal ions (Mg2+ and K+) and TBA or TBA-complex in order to evaluate the effect of 

metal ions on aptamer-target binding. Figure 12 (A) shows curved Scatchard plots for 

Mg2+ and K+ displaying an inverse cooperatively pattern. Curved Scatchard plot is 

attributed to cooperative binding  and binding heterogeneity. For Mg2+-TBA binding, a 

concave upward pattern was observed with the theoretical number of bound cation per 

molecule of TBA being ~0.07. Concave upward Scatchard pattern could be the result of 

negative cooperativity and/or heterogeneity in binding affinity. Negative cooperativity 

refers to the binding of ligands under reduced binding affinity to the receptor. Previous 

studies have shown that the presence of Mg2+ enhances the binding affinity of aptamers 

(Deng et al., 2001; Hartwig, 2001; Cruz-Aguado and Penner, 2008; Girardot et al., 2010), 

so the concave downwards pattern observed for Mg2+ treatment may only be due to 

heterogeneity of the binding site. This can be explained by the presence of multiple 

binding sites on TBA that confer different molecular interactions and binding affinities.  

 
Figure 12. Scatchard plots for TBA and thrombin-TBA complex. (A) TBA was incubated 

with Mg2+ or K+ over the concentration range: 0.01 M, 0.1 M, 0.5 M, 1 M, 1.5 M and 2 
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M. (B) Thrombin-TBA complex was incubated with Mg2+ or K+ over the same 

concentration range as in (A).  

Previous studies have shown that Mg2+ induces conformational changes in TBA (Tan and 

Chen, 2006; Noeske et al., 2007; Girardot et al., 2010), to result in the creation of 

heterogeneous binding sites. Heterogeneity in the binding affinity results in ligands 

binding to higher affinity sites first before lower affinity sites, creating the pattern of the 

same phenomenon as negative cooperativity. The binding of Mg2+ to TBA involves three 

types: basic binding, crosslinking and closure binding. Basic binding happens when one 

Mg2+ binds to one binding site of TBA and there is no sharing of Mg2+ between TBA 

molecules as shown in Figure 13 (A). Crosslinking interaction refers to binding of one 

Mg2+ to more than one TBA, and the TBA binding site is not saturated with Mg2+ (refer 

to Figure 13 B). As shown in Figure 13 (C), closure binding refers to the saturation binding 

of TBA by Mg2+. There was a change of concavity observed in the Scatchard plot for 

Mg2+-TBA binding. Change of concavity from concave down to concave up is usually 

observed when closure binding dominates the other binding types (Wofsy and Goldstein, 

1992).  

 
Figure 13. Illustration of Mg2+ and TBA binding types; (A) Basic binding, (B) 

crosslinking, (C) closure binding. The green circle indicates Mg2+ binding site of TBA. 

K+-TBA displays a positive cooperativity (increasing bound/free cation concentrations 

with increasing bound cation/TBA concentrations), meaning that the binding of K+ to 

TBA increases the binding affinity of TBA. This is in agreement with the previous results 

showing that the binding of K+ to TBA stabilizes the TBA G-quadruplex structure and 

enhances the binding affinity of TBA. The result indicates that K+ confers a relatively 

higher binding capacity per molecule of TBA than Mg2+ due to the small and monovalent 

nature of K+. Hence, the total charge distribution of K+ per molecule of TBA is higher than 
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Mg2+, and this contributes to the higher degree of aggregation of TBA. Ka values were 

determined with the assumption that there is only one type of binding site, and the binding 

affinity remains unchanged. From Table 1, the binding affinity of Mg2+ to TBA is 500 

fold higher than that of K+. This finding is in keeping with previously reported data by 

Korolev and co-workers in their competitive binding study of different metal ions to DNA. 

They mentioned that Mg2+ has a better DNA affinity compared to K+ (Korolev et al., 

1999).  

Table 1. Affinity binding constant (Ka) data for Mg2+ and K+ from Scatchard analysis. 

Binding affinity- Ka (M) Mg2+ K+ 

TBA 11.25 0.02 

Thrombin-TBA complex 21.90 39.73  

 

Thrombin-TBA complex followed the same binding distribution trend as TBA upon 

interaction with Mg2+ and K+ but at a higher gradient. Mg2+-thrombin-TBA complex 

showed a downwards Scatchard plot whereas K+-Thrombin-TBA complex showed a 

positive co-operativity. The maximum number of bound cations per Mg2+-Thrombin-TBA 

complex was ~0.2, and this is only slightly higher than that of the binding with TBA. This 

supports the argument that the stability of TBA-thrombin complex reduces the effect 

caused by Mg2+ binding with neighbouring Mg2+-Thrombin-TBA complex. The higher 

gradient slope for thrombin-TBA complex shows that both metal ions possess a relatively 

higher affinity towards thrombin-TBA complex as compared to TBA.   

4. CONCLUSION 

The paper attempts to provide theoretical insights into the dependence of TBA and 

thrombin-TBA binding stability on hydrodynamic charge and size distributions in the 

presence of metal ions and changing physicochemical conditions. TBA was 

electronegative under pH > 5, and was most dispersed and stable above pH 9. It was 

demonstrated that pH affects the binding affinity of TBA through protonation and 

deprotonation mechanisms, potentially resulting in some conformational changes in TBA. 

Thrombin-TBA complex was determined to be electronegative, and maintained 

electronegativity over the pH range investigated. The presence of metal ions influenced 
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the formation of TBA secondary structures and the resulting thrombin-TBA 

complexation. K+ induced the formation of G-quadruplex in TBA under a charge 

distribution stability similar to thrombin-induced G-quadruplex. The presence of K+ also 

reduced the electronegativity of TBA, and at low concentrations, K+ stabilizes the 

formation of TBA G-quadruplex structure. Thrombin-TBA complex is considered most 

dispersed and stable at 10 mM K+ concentration. The presence of Mg2+ reduced the 

electronegativity of TBA aggressively and favoured binding to thrombin. TBA and 

thrombin-TBA complex are considered stable in the presence of Mg2+ at concentrations > 

1.5 M. TBA was found to be most stable at temperature ~20 °C with reduction in 

electronegativity as temperature increased. TBA regained the structure flexibility at 

temperature above melting temperature (Tm). Scatchard plot analysis for Mg2+ with TBA 

and thrombin-TBA complex showed that the presence of Mg2+ gives a concave upward 

trend indicating binding heterogeneity. K+ with thrombin-TBA complex displayed 

positive cooperativity. Whilst this work provides fundamental applications of zeta 

measurements to probe the binding characteristics and stability relationships between 

TBA, thrombin and metal ions presence under varying physicochemical conditions, it is 

important to mention that more sophisticated bioanalytical and stereochemical approaches 

are required to completely understand the spatial conformational changes of TBA and 

thrombin-TBA complexation during binding events.   
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ABSTRACT 

Aptamers are in vitro ‘chemical antibodies’ generated by means of an iterative process 

known as Systematic Evolution of Ligands by Exponential Enrichment (SELEX). They 

are short, single-stranded RNA or DNA sequences and have emerged as a new class of 

biomolecular probes. Aptamers can selectively interact with specific targets, such as 

proteins, cells, and biochemicals with tighter and more specific binding characteristics 

compared to antibodies. Aptamers are generated inexpensively, easily, reproducibly, and 

are simple to modify and integrate into different analytical systems. Immobilisation of 

aptameric ligands on solid stationary supports for effective binding of target molecules 

requires understanding of the relationship between aptamer-polymer interactions and the 

conditions governing the mass transfer of the binding process. Herein, we investigate key 

process parameters affecting the molecular anchoring of a thrombin-binding aptamer onto 

polymethacrylate monolith pore surface, and the binding characteristics of the resulting 

aptasensor. FT-IR spectroscopic analysis and thermogravimetric analyses were used to 

characterise the available functional groups and thermo-molecular stability of the 

immobilised polymer generated with Schiff-base activation and immobilisation scheme. 

The initial degradation temperature of the polymethacrylate stationary support increased 

with each step of the Schiff-base process: poly(EDMA-co-GMA) [196.0 oC (±1.8)]; 

poly(EDMA-co-GMA)-EDA [235.9 oC (±6.1)]; poly(EDMA-co-GMA)-EDA-GA [255.4 

oC (±2.7)]; and Aptasensor [273.7 oC (±2.5)]. These initial temperature increments 

reflected in the associated endothermic energies determined with disc scanning 

calorimetry (DSC). The aptameric ligand density obtained after immobilisation was 480 

pmol/uL. Increase in pH and ionic concentration affected the surface charge distribution 

and the binding characteristics of the macroporous aptasensors, resulting in the optimum 

binding pH and ionic concentration of pH 8 and 5 mM Mg2+ respectively. These results 

are very critical in understanding and setting parametric constraints essential to develop 

and enhance the performance of aptasensors.  

 

Keywords: Aptamer; Affinity Binding; Polymethacrylate; Thermogravimetric Analysis; 

Biophysical Characterisation; Liquid Chromatography. 
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1. INTRODUCTION 

Biosensors utilise specific bioprobes to detect and analyse target molecules (Velusamy et 

al., 2010; Kirsch et al., 2013; Pakchin et al., 2017). They have attracted significant 

attention in research and applications for medical diagnosis and prognosis, as well as the 

detection of environmental contaminants such as pesticides and heavy metals (Mascini 

and Tombelli, 2008; Lopez-Barbosa et al., 2016). Unlike conventional cellular and 

biochemical methods, bioaffinity sensing is largely devoid of long sample processing 

times, offer specific and selective target binding, and can be inexpensive to develop 

(Acquah et al., 2015).  

Various kinds of bioaffinity probes exist for the development of biosensors. These include 

antibodies, enzymes, cells and aptamers. Antibodies are generally the most utilised 

bioaffinity probes in the design of biosensors, and are uniquely referred to as 

immunosensors. However, the development and application of antibodies as bioaffinity 

probes is challenged by ethical issues, high cost of production, binding specificity, 

bioavailability, immunogenicity, thermal stability and short shelf-life (Acquah et al., 

2015; Chen and Yang, 2015; Tan et al., 2016). 

Aptamers are short single stranded oligonucleotides that can be generated and chemically 

synthesised to target a wide range of proteins, cells, lipids and ions. These cognate targets 

are popularly known as ‘apatopes’. Aptamer-target interactions are non-covalent and are 

based on any or a combination of the following: electrostatic, hydrogen bonding, aromatic 

stacking, hydrophobic, and Van der Waals interactions (Acquah et al., 2015; Schulz et al., 

2016). Aptamers are developed through a robust iterative process known as Systematic 

Evolution of Ligands by Exponential enrichment (SELEX) (Robertson and Joyce 1990; 

Tuerk and Gold 1990; Ellington and Szostak 1990). Owing to the rigorous iterative 

SELEX process, aptamers inherently possess better binding strength and specificity than 

antibodies. They also possess other advantageous production, biophysical and 

biochemical attributes including a large array of target space, low cost of production, 

thermal and chemical stability, low to no ethical issues, prolonged shelf-life / reusability 

and simple pre-/post biomodification mechanisms (Ilgu and Nilsen-Hamilton, 2016; 

Nezlin, 2016; Monaco et al., 2017).   
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Molecular interactions between aptamers and their targets are affected by the 

physicochemical conditions of the binding environment including ionic concentration, 

pH, type and characteristics of the support matrix , aptamer modifications, and 

temperature (Hianik et al., 2007; Oktem et al., 2007). The immobilisation of aptamers to 

form aptasensors enhances their reusability through successive regeneration for 

continuous flow application (Jiang et al., 2017; Su et al., 2017). In recent times, the 

immobilisation of aptamers on macroporous monolithic matrices to form aptasensors with 

convective flow characteristics for high throughput biosensing and bioseparation 

applications have become a major research endeavour (Zhao et al., 2008; Han et al., 2012; 

Brothier and Pichon, 2014; Du et al., 2015). Polymethacrylate monoliths, by virtue of 

their tunable macroporous structure, biocompatibility and simple functionalisation 

chemistries, have gained interest for use as the synthetic polymer core for the development 

of biosensors for high throughput applications (Roberts et al., 2009; Acquah et al., 2016). 

Molecular coupling of aptamers on polymethacrylate monoliths through Schiff-base 

chemistry ensures the formation of a covalently bonded interaction between the monolith 

and aptamer (Brothier and Pichon, 2014), and this reduces the likelihood of potential 

leaching of aptameric ligand. In addition, it incoporates a spacer-arm through amine-

aldehyde linking groups to prevent the occurrence of steric hindrance. Amongst the 

limited number of reported studies investigating the suitability of various coupling 

chemistries for the developoment of macroporous aptsensors, none have focused on 

probing the impact of biophysical and biochemical parameters on the binding 

characteristics and performance of the  aptasensor. This work seeks to synthesise and 

evaluate the chromatographic binding performance of poly(EDMA-co-GMA) 

macroporous disk-aptasensors under varying physicochemical conditions. The impact of 

key physicochemical parameters on the surface charge distribution of the aptsensor is also 

investigated.  

2. EXPERIMENTAL 

2.1 Materials 

Modified 15-mer thrombin binding DNA aptamers (TBA) with the sequence 5’-

/5AmMC6/GGT TGG TGT GGT TGG-3’ was synthesised by Base pair biotechnologies 
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(Malaysia). The following chemicals were purchased from Sigma-Aldrich (USA): 

ethylene glycol dimethacrylate, EDMA, (MW 198.22, 98%); glycidyl methacrylate, 

GMA, (MW 142.15, 97%); methanol (HPLC grade, MW 32.04, 99.93%); 

azobisisobutyronitrile, AIBN, (MW 164.21 g/mol, 98%); cyclohexanol (MW 100.16, 

99%); hydrochloric acid (HCl, MW 36.5, 37%); phosphate buffer solutions (PBS); Trizma 

HCl (MW 157.60, 99%); ethylenediaminetetraacetic acid (MW 292.24, 99%); sodium 

cyanoborohydride (MW 62.84, 95%); sodium perchlorate (MW 122.44 g/mol, 98%); 

ethylenediamine, EDA,  (MW 60.10, 99%); glutaraldehyde, GA, (MW 100.12, 25%); and 

human alpha thrombin.  

2.2 Methods 

2.2.1 Synthesis of polymethacrylate monoliths  

Disk polymethacrylate monoliths were synthesised in situ via free radical polymerisation 

as reported previously by our group (Ongkudon and Danquah, 2010; Acquah et al., 2017). 

In brief, 0.5 mL of monoliths were prepared using 60/40 % v/v of monomer to porogen 

composition. The monomeric composition constituted 60% v/v GMA as the functional 

monomer and 40% v/v EDMA as the cross-linker. Cyclohexanol was used as the porogen, 

and the polymerisation mixture was sonicated for 10 min. The mixture was transferred 

into a 1.5 cm I.D BIORAD polypropylene column and sparged with nitrogen for about 10 

min. The column was sealed and polymerisation commenced isothermally at a set point 

temperature of 65 oC for 16 h. The disk polymethacrylate monoliths formed were washed 

with methanol followed by deionised water using NGC Discover chromatography (Next 

Generation Chromatography Discover 100 Chromatography system, BIORAD, 

Melbourne, Australia) system until a constant baseline was obtained over an extended 

period of time. The washed monoliths were stored under wet conditions at 4 oC for 

activation and functionalisation.  

2.2.2 Aptamer immobilisation  

Prior to activation and functionalisation, the disk monoliths were incubated at 60 oC to 

remove bubbles trapped within the pores of the adsorbent. Thrombin binding aptamer 

stock solutions of 100 µM were prepared with phosphate buffer A (10 mM phosphate 
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buffer + 20 mM potassium chloride + 137 mM sodium chloride + 5 mM MgCl2 at pH 7.4) 

and stored at -20 oC.  Aptamer immobilisation was performed by recirculation of aptamer 

solution using the HPLC system through the Schiff-base activation chemistry.  In the 

Schiff-base activation, the monoliths were interacted with 15 mL of EDA at 60 oC for 12 

h, rinsed with deionised water to remove any residual EDA, and exposed to 15 mL of 10% 

GA solution at 25 oC.  The glutaraldehyde functionalised monoliths were equilibrated with 

buffer A followed by 20 µM aptamer covalent immobilisation at 0.2 mL/min. Aptamer-

immobilised monoliths (macroporous aptasensors) were later washed with buffer A to 

remove non-specifically bound aptamer molecules. 5 mg/mL NaBH3CN solution was 

used in capping unreacted epoxy rings for 1 h followed by washing with the mobile phase 

buffer B, (10 mM Tris HCl + 5mM MgCl2). Thrombin solution was prepared in buffer B 

and was used to determine the binding affinity of the monolith by chromatography.  

2.2.3 FT-IR and SEM characterisation 

Analysis of surface morphology was carried by Scanning Electron Microscopy (Model S-

3400N, Hitachi, Japan) after drying of the polymethacrylate disk-monoliths at 60 oC for 

24 h. The monolith surface was sputter-coated with gold to enable signal conduction. 

Fourier Transform Infra-Red spectroscopy, FTIR, (Agilent Cary 630 FTIR, USA) was 

used to identify newly introduced functional moieties in the polymer matrix. The FTIR 

analysis was conducted for both the blank and aptamer-functionalised monoliths.  

2.2.3 Thermogravimetric (TG) and Disc Scanning Calorimetric (DSC) 

characterisation  

Thermogravimetric analyses (TGA) of polymethacrylate monolith, Schiff base activated 

monolith, and aptamer immobilised monolith were carried out under an inert condition 

with a N2 gas flow rate of 25 cm3/min. The samples were exposed to a dynamic heating 

rate of 10 oC/min from 25 oC to 500 oC using DSC/TGA Mettler Toledo equipment. The 

same temperature range was used for DSC characterisation. 
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2.2.4 Zeta potential analysis of functionalised polymethacrylate monoliths 

Different ionic concentrations of NaCl and MgCl2 ranging from 0-3.5 M were prepared to 

investigate the effect of ionic strength on the zeta potential of the aptasensor. The 

aptasensor was first pulverised uniformly and conditioned with the salt concentrations for 

about 20 min, and the zeta potential measurements were taken. Similarly, the effect of pH 

on the charge distribution of the aptasensor was also studied. Zeta potential measurements 

were taken using Malvern Nano ZS equipped with a folded capillary cell to hold sample 

solutions. 

2.2.5 Liquid chromatographic analysis  

The HPLC system used was for the liquid chromatographic studies was an NGC Discover 

equipment (Next Generation Chromatography Discover 100 Chromatography system, 

BIORAD, Melbourne, Australia). The system is equipped with two F10 system pumps 

that are capable of achieving 10 mL/min at 25.2 MPa, multi-wavelength detector module, 

F100 sample pump for a maximum of 100 mL/min at 10 MPa, an inlet valve, mixer, 

column switching valve, sample inject valve, buffer blending valve, pH valve, 

communication adaptor, ChromLab software, and an integrated system touch screen. The 

chromatographic column adopted was a BIORAD polypropylene column (Econo-Pac 

Chromatography columns, 12 cm x 1.5 cm i.d) attached with an adjustable flow adaptor 

(Econo-Pac Flow Adaptor, catered for 1.5 cm column i.d). 

The BIORAD polypropylene columns contained 0.5 mL of the developed aptasensor 

connected to an adjustable flow adaptor and configured to the HPLC system. The feed 

mobile phase containing thrombin was prepared using buffer B, (10 mM Tris HCl + 5 mM 

MgCl2) under different ionic and hydrogen potential conditions. The applied flow rate for 

the mobile phase was 0.3 mL/min under different ionic (0, 5, 10, 15, 20 mM MgCl2) and 

pH (4, 6, 7, 8, 10).  The mobile phase was loaded for 18 mins using buffer B prior to 

elution. Elution of bound thrombin was done with 2 M NaClO4 with subsequent washing 

with buffer B. 
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3. RESULTS AND DISCUSSION 

3.1 SEM and FTIR analyses 

Polymethacrylate monoliths are continuous polymers that can be synthesised into various 

shapes and forms depending on their mould. They enable easy functionalisation with 

chemical and biomolecular ligands, and possess convective mass transport characteristics. 

Disk monoliths have been previously demonstrated to remarkably enhance rapid 

hydrodynamic flow properties with minimal backpressure  (Strancar et al., 1998; 

Kramberger et al., 2010; Trauner et al., 2011). There is no reported work exploring the 

convective mass transfer and flow hydrodynamic properties of disk polymethacrylate 

monoliths and the high specificity binding characteristcis of aptameric ligands to develop 

smart biosensing formats. The present work explored molecular anchoring of a thrombin 

binding aptameric ligand on a disk polymethacrylate monolith and characterised it 

physicochemically. To achieve a covalently bonded interaction between the TBA and the 

monolith, a Schiff-base activation chemistry was employed as shown in the following 

reaction scheme as Figure 1.   
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Figure 1. Schematic presentation of molecular interactions governing the development of 

the aptasensors. (A) Synthesis of polymethacrylate monoliths. (B) Activation of 

polymethacrylate monolith via Schiff-base chemistry. (C) Covalent immobilisation of 

amine-modified thrombin binding aptamers (TBA). 

The covalent bond established between the aptamer and monolith minimizes potential 

leaching of aptamers during multiple applications. FTIR spectrographs of the original and 

aptamer-functionalised monoliths in Figure 2 show the absence of epoxy moieties in the 

aptamer-functionalised monolith at ~847 cm-1. The original monolith showed the presence 

of epoxy functional groups.   

 

Figure 2. FTIR spectroscopic characterisation of original poly(GMA-co-EDMA) and 

aptamer-functionalised poly(GMA-co-EDMA) monoliths over 4000 – 600 cm-1 wave 

number.   
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Reaction of the epoxy moieties with ethylenediamine creates active sites for molecular 

interaction with glutaraldehyde. The reaction between the amine and epoxy moieties is 

based on a nucleophilic attack, and the subsequent reaction with glutaraldehyde leads to 

the introduction of a covalent linkage between the amine-activated monolith and the C6-

amine-modified aptameric ligand. Since aptamers are synthetic nucleic acids, the 

occurrence of peaks on the spectrograph of the aptamer-functionalised monolith in the 

region 1500 – 1600 cm-1 being indicative of heterocycle compounds further demonstrate 

successful coupling of aptameric ligands onto the monolith. It has been reported that the 

nature and type of porogenic solvent affect the physiochemical characteristics and surface 

morphology of polymethacrylate monoliths (Danquah and Forde, 2008; Ongkudon and 

Danquah, 2010), and this impacts the molecular arrangement of the pore surface and the 

degree of ligand immobilisation. As a result, to optimise the ligand density of the disk 

aptasensor, a microporogen (cyclohexanol) was used to enhance permeability of the 

aptasensor whilst not compromising effective pore surface area for ligand immobilisation. 

The ligand density of the aptasensor, determined using equation (1), was 480 pmol/µL 

compared to previously reported ligand densities based on different techniques and porous 

supports; 170 pmol/µL (Zhao et al., 2008), 204  pmol/µL (Deng et al., 2001), 290 pmol/µL 

(Han et al., 2012) and 568 pmol/µL (Kökpinar et al., 2011). SEM images in Figure 3 show 

heterogeneous pore surface interconnections and morphology of the disk monolith 

synthesised at 65 oC in a cyclohexanol microporogen.  

𝑞 =
(𝐶𝑜−𝐶)𝑉𝑠

𝑉𝑚
      (1) 

where q is the ligand density of the aptamer (mol/L) covalently immobilized on the 

monolith; Co and C are the initial and final concentration of aptamer solution (mol/L) 

respectively; and Vs and Vm are the volume (mL) of the aptamer solution and the 

monolith, respectively.   
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Figure 3. SEM images of polymethacrylate monoliths at magnifications of (A) 2.0 k with 

pore size of 20 µm and (B) 3.0 k with pore size of 10 µm. 

3.2 Thermogravimetric (TG) and Differential Scanning Calorimetry (DSC) 

Analyses  

Thermogravimetric analysis of the polymethacrylate aptasensor is important to probe the 

effect of temperature on the stability of the molecular interactions between the aptameric 

ligand and the polymer. Understanding the effect of synthesis and physicochemical 

conditions on the stability of polymethacrylate monoliths is critical to the development of 

robust aptasensors for mass and routine applications.  The synthesis of the 

polymethacrylate monolith was achieved by a thermally-initiated free-radical 

polymerisation process involving a functional monomer (GMA) and a cross-linker 

(EDMA) in a porogen. Mihelič et al. (2001) demonstrated via DSC analysis that the use 

of initiators reduces the activation temperature needed for polymerisation to commence.  
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Figure 4a. Thermogravimetric analysis of (a) polymethacrylate monolith (b) EDA-

activated polymethacrylate monolith (c) GDA functionalised polymethacrylate monolith 

and (d) C6-aptasensor.  

Figure 4a and 4b show the TG and DSC patterns for each step in the development of the 

polymethacrylate aptasensors. The average thermal degradation curve for each process 

condition was observed to be similar in pattern to the original polymethacrylate monolithic 

adsorbent. The differences in mass loss from 25 oC – 100 oC for the polymer samples were 

due to differences in moisture contents after air drying. This finding is in keeping with 

previously reported TGA characterisations of polymers (Vlad et al., 2003; Acquah et al., 

2017). Previous studies have shown that depending on the degree of cross-linking, 

polymethacrylate resin degradation commenced within the temperature range of 191 – 

210 oC (Yusuf et al., 2016; Acquah et al., 2017; Acquah et al., 2017). As shown in Table 

1, there were noticeable increments in the temperature of degradation for each process 

step which is in conformity with findings from Awad et al. (2016).   

Table 1. Characterisation of Schiff-base activated-monoliths via TGA for aptamer 

immobilisation. Results show the average of 3 replicates.  

Sample Onset of 

Degradation (oC) 

Total Residual 

Mass % 

DSC Endothermic 

Peak (mW) 

DSC Peak 

Temp (oC) 
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Monolith 196.0 (±1.8) 0.250 (±1.82) - 41.8 (±11.1) 200.1 

(±6.5) 

EDA-

Monolith 

235.9 (±6.1) 0.538 (±0.036) - 25.9 (±8.4) 209.6 

(±5.9) 

GA-Monolith 255.4 (±2.7) 0.545 (±0.034) - 23.7 (±4.7) 215.3 

(±6.3) 

Aptasensor 273.7 (±2.5) 0.653 (±0.076) -23.05 (±1.4) 220.2 

(±1.1) 

This phenomenon can be attributed to the formation of covalent bonds formed from the 

Schiff-base activation process as well as aptamer immobilisation. Throughout this 

process, amine functional groups of ethylenediamine and the amine-modified C6-aptamer 

nucleophilically attack the epoxy functionalities of the polymethacrylate monolith. This 

leads to the substitution of C=O bonds of the epoxy moieties within the polymethacrylate 

matrix with C=N bond during the amine reductive process. Functionalisation of the 

monolith with covalent chemistries using ethylenediamine and glutaraldehyde activation 

further increases the degree of cross-linking and mechanical properties thus enhancing 

thermal stability (Verma et al., 2013; Awad et al., 2016). Also, the incorporation of stable 

short chain nucleotides from the aptamer onto the polymer matrix can enhance the thermal 

stability of the complex. The total residue for each functionalised and immobilised sample 

increased after complete degradation due to increase in organic content per unit sample 

mass. This finding demonstrates that effective activation and immobilisation of 

polymethacrylate resins is coupled with enhancement of thermal stability. 
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Figure 4b. Differential scanning calorimetry (DSC) curves for the aptasensor 

development via Schiff-base covalent chemistry. Data points represent the average of 3 

replicates (n=3). 

DSC curves showed significant variations in the peak heat energies of the samples, 

indicating the effectiveness of the grafting process. Endothermic peak heat energies 

increased after covalent reactions of ethylenediamine, glutaraldehyde and aptamer 

immobilisation due to the enhancement in the degree of cross-linking. Furthermore, there 

was a shift in peak temperatures towards the right in collaboration to the increase in 

endothermic peak heat energies.   

3.3 Effect of monovalent and divalent cations on zeta potential and 

chromatographic performance 

The secondary structure of aptamers has been shown to be affected by the presence of 

monovalent and divalent ions resulting in conformational changes. As the binding 

mechanisms of aptamers may vary with systems (Lin et al., 2008), investigating the 

concentration of ions in a binding medium is necessary to optimise the binding kinetics 

and performance of aptamers to their cognate targets in a chromatographic sensor.   

The zeta potentials of the aptamer-functionalised adsorbents were analysed through their 

electrophoretic mobility after pulverization and incubation under varying process 

conditions of pH and ionic strength. The thrombin binding DNA aptamers possess G-

quadruplex structures with conformations and stability that can be altered by ionic 
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compositions and concentrations of their microenvironment (Nagatoishi et al., 2007; Cho 

et al., 2008). In previous reports, the effects of different cations on aptamer structural 

integrity were studied via circular dichroism spectroscopy (CDS), nuclear magnetic 

resonance (NMR), quartz crystal microbalance (QCM) and X-ray photoelectron 

spectroscopy (XPS) (Hianik et al., 2007; Nagatoishi et al., 2007; Ostatná et al., 2008; Lin 

et al., 2011). Hianik et al. (2007) studied the effect of Na+ ions on immobilised aptasensors 

via QCM. They observed that although Na+ had minimal effect on the stability of G-

quadruplex conformation, a gradual increase in concentration resulted in a corresponding 

decrease in aptamer sensitivity due to shielding effects. To further understand the 

influence of cationic species on the charge stability and binding sensitivity of the polymer-

immobilised aptamer, different concentrations of Na+ and Mg2+ ions were interacted with 

the pulverised aptasensor and the resulting zeta potentials were analysed. As shown in 

Figure 5, increasing the ionic concentration of Mg2+ resulted in a more rapid decrease in 

the electronegativity of the aptamer. Mg2+ has a smaller ionic radius (1.5 Å) and higher 

electropositive charge than Na+ (1.8 Å), and this enables it to possess a higher charge 

density that creates improved shedding effect at aptamer anionic interface.  The isoelectric 

focussing points of the aptamer in the presence of Na+ and Mg2+ ions were established at 

the concentrations 1.1 M for Mg2+ and 3.4 M for Na+.    

 
Figure 5. Effect of [Na+] and [Mg2+] on the zeta potential of pulverised aptasensor 

conducted at 25 oC using a folded capillary cell.  
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The effect of Mg2+ on the chromatographic characteristics of the aptasensor was studied 

over the range 0 – 20 mM in the mobile phase buffer at pH 8. Generally, raising the ionic 

strength of the mobile phase through [Mg2+] increase resulted in increasing retention time 

of the thrombin molecule as shown in Figure 6 as follows: 0 M (23.96 min); 5 mM (28.23 

min); 10 mM (28.42 min); 15 mM (28.36 min) and 20 mM (28.32 min). This is attributed 

to induced formation of G-quadruplex secondary structure of the thrombin binding 

aptamer (TBA) and subsequent stabilisation by Mg2+ (Noeske et al., 2007; Lin et al., 2008; 

Tan et al., 2017). Increasing concentrations of monovalent and divalent ions affects the 

helix-helix electrostatic interactions in the polynucleotide aptamer (Tan and Chen, 2006). 

The inherent polyanionic nature of aptamers due to their phosphodiester backbone renders 

them as negatively charged molecules with an anisotropic distribution (Noeske et al., 

2007). The anisotropic distribution and high electronegativity is therefore minimised by 

the addition of Mg2+ or other suitable divalent cations or high concentrations of 

monovalent cations to stabilise the aptamer (Noeske et al., 2007; Tan et al., 2017). Also, 

increasing Mg2+ introduces positive electrostatic binding sites on the aptasensor to 

increase thrombin molecular retention, reducing the concentration of thrombin eluted 

under constant elution program.  Notably, the zero [Mg2+] mobile phase buffer showed 

the highest thrombin concentration in the elution with the shortest retention time, 

demonstrating the absence of extra positive electrostatic binding sites that increase 

retention. It should be noted that increasing Mg2+ concentration can compromise the 

binding specificity of the aptasensor, resulting in increasing electrostatic binding of 

electronegative non-targeted species. Also, Mg2+ ions shield active electronegative sites 

of the aptamer, making them unavailable or less sensitive for thrombin binding.   
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Figure 6. Effect of [Mg2+] on chromatographic binding characteristics of thrombin. The 

chromatograph shows decreasing thrombin concentration with increasing [Mg2+]. The 

chromatograph was generated by HPLC at a mobile phase flow rate of 0.3 mL/min and 

eluted with 2 M NaClO4 after 18 min of sample loading. 

3.3.2 Effect of pH on charge distribution and chromatographic performance 

The effect of pH on the zeta potential distribution of the aptasensor was studied after 

pulverising the aptasensor polymer and conditioning them with different volumes of either 

0.01 M HCl or 0.01 M NaOH in PBS buffer to establish a pH range. Since the monolith 

was immobilised with TBA in PBS buffer at pH 7.4 with an original zeta potential of -

2.37 mV (±0.38), this condition was used as the baseline. Figure 7 shows the effect of pH 

variation on the net charge of the aptasensor.   
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Figure 7. Effect of pH on the zeta potential of the pulverised aptasensor conducted at 25 
oC using a folded capillary cell.  

Generally, the zeta potential of the aptasensor decreased from 11 mV to -7.2 mV with 

increasing pH from 2 to 12. This trend could be attributed to two-step phenomenon: (i) 

adsorption of H+ and OH- on the surface of the aptasensor particulates, and (ii) protonation 

and deprotonation of aptasensor moieties under decreasing or increasing pH, respectively. 

Aptamers are single stranded nucleic acids; hence, they possess moieties that can undergo 

ionisation. Notably, carbonyl and phosphate moieties of the aptamer are known to undergo 

deprotonation in the presence of acids whereas pyrimidines (cytosine, thymine and uracil) 

are susceptible to protonation, resulting in zeta potential variation.  

From the experimental data, a predictor equation with an R2 value of 0.9986 was obtained. 

The predictor equation is important in determining the isoelectric focusing point, pI of the 

aptasensor. The pI point was estimated at 5.9. The net electronegativity of the aptasensor 

at pH > pI was due to the low concentration of H+ ions and gradual increase in OH- 

resulting in deprotonation of the carbonyl and phosphate moieties (Tan et al., 2017). 

Addition of OH- helps in the redistribution of the negative charges on the aptamer to 

reduce the anisotropic effect which in essence enhances the binding kinetics and 

performance of the aptasensor. This data is critical in developing assays for optimal 

operation of the aptasensor. As a result, most of the reported aptasensors operate under 
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pH conditions slightly above their pI point in order to maintain an electronegative charge 

distribution (Deng et al., 2012; Han et al., 2012; Du et al., 2015; Marechal et al., 2015). 

Hianik et al. (2007) via a quartz crystal microbalance (QCM) analysis using an anti-

thrombin aptamer reported that the optimum operating pH to enhance the sensitivity of 

aptasensors is pH 7.4 – 7.5.   

Figure 8 shows the effect of pH on retention time and absorbance areas of thrombin peaks.  

The pI of the target thrombin molecule is in the region of 6.35 – 7.6. The neutral operating 

pH showed the longest retention time with a relatively low thrombin concentration eluted. 

However, the alkaline regions were observed to have higher concentrations of thrombin 

in the eluted fraction. Consequently, the optimum operating pH of the mobile phase was 

determined as 8.0. The pI of the target thrombin molecule is in the region of 6.35 – 7.6. 

This indicates the importance of the mobile phase pH in optimising the binding 

characteristics of the aptasensor based on the pI of the target molecule.  

 

Figure 8. Effect of pH on retention time and peak absorbance area of thrombin detection. 

The chromatograph was generated by HPLC at a mobile phase flow rate of 0.3 mL/min 

and eluted with 2 M NaClO4 after 18 min of sample loading. 
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4. CONCLUSION 

This work demonstrates that the binding performance of immobilised aptamers on 

polymethacrylate monoliths is affected by the physicochemical conditions in their micro-

environment including ionic concentration, pH and the chemistry of the supporting 

system. Thermogravitmetric analysis of the polymer activation and immoblisation showed 

increasing initial temperatures of degradation, corresponding to an increase in the amount 

of endothermic energy needed to degrade samples from each modification step. The use 

of microporogen in the synthesis of polymethacrylate monolith enhanced the surface area, 

resulting in a high aptameric ligand density of 480 pmol/uL. Data for thrombin retention 

and elution analysis showed an optimal operating condition of pH 8 and [Mg2+] of 5 mM 

for TBA-thrombin interaction and polymeric adsorption. This body of work is critical in 

understanding biophysical activities governing aptamer-thrombin interactions at the 

polymer pore surface and the significant impacts on chromatographic performance.  
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ABSTRACT 

Polymethacrylate monoliths are a continuous bed of porous resins with convective mass 

transfer characteristics. They can be synthesised into varied architectures with unique 

convective flow hydrodynamic characteristics. The introduction of aptamers onto 

monoliths could produce an effective biomedical tool for a wide range of high throughput 

bioscreening and bioseparation applications. In this work, a polymethacrylate disk 

monolith was synthesised, characterised and modified with an aptamer for 

chromatographic isolation and separation of thrombin from a protein mixture. 

Chromatographic analyses were carried out to ascertain the performance of the aptamer-

modified disk monolith. 
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1. INTRODUCTION 

Over the past two decades, continuous porous sorbents known as “monoliths” with 

interconnected meso and/or macropores have emerged as novel supports in advancing 

liquid chromatographic applications (Podgornik and Krajnc, 2012; Desire et al., 2017; 

Krajacic et al., 2017). The heightened interest in monoliths is due to the high porosity, 

interconnected flow channels, convective transport characteristics, low buffer 

consumption, high binding capacity for a wide range of biomolecules, and the ease of 

surface modification to introduce different ligands (Bencina et al., 2007; Ongkudon et al., 

2013; Černigoj et al., 2016). The pore characteristics of monoliths can also be tailored to 

match the hydrodynamic metrics of the target molecule to enhance rapid bio-separation 

(Danquah and Forde, 2008; Podgornik et al., 2013). Polymethacrylate monoliths possess 

unique physicochemical characteristics including ease of surface modification, resistance 

to pH, high ligand retention, biocompatibility, and effective convective mass transfer 

characteristics (Roberts et al., 2009; Acquah et al., 2016).  

Depending on the geometry of the mould and the polymerisation conditions, 

polymethacrylate monoliths can be synthesised into different architectural shapes such as 

capillary, microfluidic columns, conical, disks, membranes and annular (Ongkudon et al., 

2014; Acquah et al., 2017). Each of these architectural shapes present unique 

hydrodynamic flow characteristics within the interconnected channels of the monoliths. 

Short format disk monoliths have been demonstrated to enhance convective flow, flow 

independent chromatographic efficiency, low pressure drop, short analysis time with 

minimal or no compromise on peak resolution during large molecule separation (Prasanna 

and Vijayalakshmi, 2010; Brgles et al., 2014; Isakari et al., 2016). Thus, the 

aforementioned unique hydrodynamic flow and separation features of short format disk 

monoliths when incorporated into chromatographic affinity interactions as the ideal 

synthetic support enhances high throughput applications (Jiang et al., 2005; Prasanna and 

Vijayalakshmi, 2010).   

Owing to the high cost of affinity ligands, their reusability and efficiency are enhanced 

through suitable immobilisation chemistries onto solid supports. Aptamers are single-

stranded oligonucleotides which are chemically synthesised by means of a stringent 
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iterative process known as Systematic Evolution of Ligands by Exponential Enrichment, 

SELEX (Robertson and Joyce 1990; Tuerk and Gold 1990; Ellington and Szostak 1990). 

Aptamers are heralded as “golden age” bioprobes due to their superior biophysical and 

chemical characteristics over antibodies. They can be developed at low costs with no batch 

to batch variation, possess minimal ethical issues, bind specifically to their targets with 

low KD, are thermally stable and, are able to denature and renature (Acquah et al., 2015; 

Tan et al., 2016; Sharma et al., 2017). Nonetheless, there have been limited successes in 

the development and establishment of new aptamer-based analytical techniques and 

assays for commercialisation. In recent times, the development of aptasensors through 

immobilisation of aptamers onto continuous porous supports such as monoliths has a 

promising area of research focus to enhance chromatographic separation of various 

analytes. The group of Chris Le pioneered the development of porous aptamer-modified 

monoliths via avidin-biotin strong non-covalent chemistries on glycidyl methacrylate-co-

trimethylolpropanetrimethacrylate monoliths (Zhao et al., 2008; Zhao et al., 2008). 

However, non-covalent immobilisation of aptamers could potentially lead to loss of 

ligands through hydrolysis and leaching (Deng et al., 2012; Brothier and Pichon, 2014). 

Activation chemistries such as Schiff-base, Carbonyldiimidazole, 

Disuccinimidylcarbonates and Azlactone chemistries result in the development of 

covalent bonds between aptamers and the monolithic substrate (Acquah et al., 2015).  

To date, there is no research report that focuses on the synthesis and chromatographic 

characterisation of aptamer-modified disk monoliths for enhanced biomolecular 

separation.  This present work reports the development of an aptamer-modified disk 

monolith using a thrombin binding aptamer immobilised on a polymethacrylate monolith 

via Schiff base activation chemistry. Chromatographic investigation of performance 

indicators including column efficiency and dynamic binding capacity under varying 

mobile phase flow rates and target concentrations are presented. The selectivity of the 

aptamer-modified disk monolith towards the target protein molecule amongst non-targets 

protein molecules is investigated and presented.     
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2. EXPERIMENTAL 

2.1 Materials 

The following chemicals/reagents were purchased from Sigma-Aldrich: 

azobisisobutyronitrile, AIBN, (MW 164.21 g/mol, 98%); ethylene glycol dimethacrylate, 

EDMA, (MW 198.22, 98%); Trizma HCl (MW 157.60, 99%); glycidyl methacrylate, 

GMA, (MW 142.15, 97%); cyclohexanol (MW 100.16, 99%); hydrochloric acid, HCl 

(MW 36.5, 37%); ethylenediamine, EDA,  (MW 60.10, 99%); phosphate buffer solutions 

(PBS); methanol (HPLC grade, MW 32.04, 99.93%); ethylenediaminetetraacetic acid 

(MW 292.24, 99%); glutaraldehyde, GA, (MW 100.12, 25%); and human alpha thrombin. 

Lysozyme egg white was purchased from Gold biotechnologies (USA). Human IgG 

antibody was purchased from Equitech-Bio Inc (USA). Thrombin Binding DNA aptamer 

(TBA) with a C-6 spacer arm having the sequence 5’-/5AmMC6/GGT TGG TGT GGT 

TGG-3’ was synthesised and purified by Base pair biotechnologies (Malaysia).  

2.2 Methods 

2.2.1 Synthesis of polymethacrylate disk-monoliths  

Synthesis of short format polymethacrylate disk-monolith was performed by thermal free 

radical polymerisation of the functional monomer (GMA) and cross-linker monomer 

(EDMA) in a cycohexanol microporogenic solvent. The monomer mixture 

(GMA/EDMA) was dissolved in the microporogen (cyclohexanol) at the ratio 24/16/60 

v/v% for GMA, EDMA and cyclohexanol, respectively. 1 % w/v AIBN was added to 

initiate the free radical polymerisation process. The polymerisation mixture was sonicated 

for 10 min to obtain a homogenous mixture, and the mixture was sparged with nitrogen 

gas to expel dissolved oxygen. 0.5 mL of the prepared polymerisation mixture was 

transferred into BIORAD polypropylene columns; 120 mm×15 mm and sealed. The 

polymerisation was performed in an isothermal water bath (Memmert, Germany) at 65 oC 

for 16 h. The synthesised polymethacrylate monolith was washed with methanol using 

BIORAD HPLC system (Next Generation Chromatography Discover 100 

Chromatography system, BIORAD, Melbourne, Australia) until a constant baseline was 

established followed by rinsing with ultrapure water. The washed monolith was stored at 

4 oC for further in situ characterisation.   
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2.2.2 Covalent Grafting of Aptamer 

Epoxy moieties present on the disk monolith were activated via a Schiff-base covalent 

process involving 15 mL of ethylenediamine solution (50 % v/v prepared with ultrapure 

water) treatment for 12 h at 60 oC, washing with ultrapure water to remove any residues, 

and 3 h reaction with 15 mL of 10 % glutaraldehyde solution prepared with ultrapure 

water at room temperature. Glutaraldehyde functionalised disk-monoliths were 

subsequently rinsed with ultrapure water and equilibrated with buffer A (10 mM 

phosphate buffer + 20 mM potassium chloride + 137 mM sodium chloride + 5 mM MgCl2 

at pH 7.4). 20 µM TBA solution was prepared in buffer A heated at 90 oC for 5 min and 

cooled to room temperature. TBA immobilisation was performed at 0.2 mL/min for 20 h 

at room temperature. Loosely bound aptamer molecules were washed with buffer A. 5 

mg/mL NaBH3CN solution, which is a reducing agent, was introduced into the 

polypropylene column for 1 h to cap unreacted activated-epoxy rings to prevent non-

specific binding. Mobile phase buffer B (10 mM Tris HCl + 5mM MgCl2, pH 8.0) was 

used to equilibrate and store the aptamer-modified disk monolith at 4 oC. Effect of 

temperature on the efficiency of immobilisation was also studied by statically grafting 

aptameric ligands at 4 oC and 25 oC, respectively.      

2.2.3 Surface Morphology and Functional Group Characterisation 

Characterisation of monolith surface morphology was performed using a variable pressure 

scanning electron microscope (SEM) (S-3400N Hitachi model, Japan) after oven drying 

of sample for 24 h at 60 oC. The sample was gold sputter coated to enhance its 

conductivity. Fourier transform infrared (FTIR) spectroscopic analysis was conducted for 

the blank monolith, activated monolith and the aptasensor to investigate effective 

functionalisation using Agilent Cary 630 FTIR, USA with diamond attenuated 

reflectance.  

2.2.4 Hydrodynamic Measurement and Binding Capacity Analysis 

Hydrodynamic characterisation of the disk-monolith was carried out by connecting the 

BIORAD polypropylene column (Econo-Pac Chromatography columns) to a flow adaptor 

configuration and attached to the HPLC system. The Next Generation HPLC system 
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consisted of two F10 system pumps that can attain 10 mL/min at 25.2 MPa, F100 sample 

pump for a maximum flow rate of 100 mL/min at 10 MPa, multi-wavelength detector 

module, an inlet valve, mixer, column switching valve, sample inject valve, buffer 

blending valve, pH valve, communication adaptor, ChromLab software, and an integrated 

system touch screen. Back pressure analysis of the monolith, activated monolith and the 

aptamer-modified disk monolith was carried out at different flow rates using ultrapure 

water as the mobile phase at room temperature. Thrombin solution was prepared using 

mobile phase buffer B to analyse the Height Equivalent to the Theoretical Plate (HETP) 

under various flow conditions and the optimum linear velocity of the column. 0.4 mg/mL 

thrombin solution was pumped at different flow rates of 0.15, 0.2, 0.25, 0.3 mL/min to 

analyse the HETP of the aptamer-modified monolith.  

2.2.5 Dynamic Binding Capacity Measurement (DBC10%) 

Human alpha thrombin molecules were dissolved in the mobile phase buffer B at different 

concentrations (0.2, 0.3, 0.4 mg/mL) and flow rates (0.1, 0.2, 0.3 mL/min) to determine 

the dynamic binding capacity at 10% breakthrough. The column was regenerated using 2 

M NaClO4 followed by equilibration with the mobile phase buffer B.  

2.2.6 Aptamer-modified monolith selectivity analysis using a multi-component 

mixture 

The specificity and sensitivity of the aptamer-modified disk monolith towards non-targets 

such as lysozyme egg white (0.4 mg/mL) and Human IgG (0.4 mg/mL), and thrombin 

target (1 mg/mL) were analysed independently using the HPLC system, respectively. 

Similarly, a multi-component mixture consisting of thrombin (1 mg/mL) in the presence 

of lysozyme (0.4 mg/mL) was analysed via the HPLC system. Chromatographic analysis 

was performed at a flow rate of 0.3 mL/min using mobile phase buffer B. The elution 

buffer used to regenerate the column from the protein molecules was 2 M NaClO4. 

Qualitative analysis of the eluted proteins based on their molecular size was conducted 

via an SDS-PAGE analysis with 6% stacking gel and 12% resolving gel.  
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3. RESULTS AND DISCUSSIONS 

3.1 Surface Morphology and Functional Group Analysis 

GMA-co-EDMA monoliths are a solitary piece of continuous polymethacrylate sorbent 

materials polymerised in an unstirred mould to possess interconnected channels and 

globules with epoxy moieties. Post-modification processes involving covalent activation 

of the epoxy moieties enables immobilisation of aptamers to form porous aptasensors. The 

surface morphology revealed in Figure 1 shows the formation of a homogenous 

macroporous aptamer-modified disk monolith.  

 
Figure 1. SEM images of disk aptasensor showing homogenous surface morphology. (A) 

Shows the presence of wall channel, 407 µm, between the disk monolith and the column. 

(B) Shows the absence of wall channel after aptamer immobilisation. (C) Shows 

homogenous disk aptasensor at x 5000 magnification. (D) Shows image at x 10000 

magnification.  
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Figure 2. Fourier Transform Infrared Spectra of polymethacrylate monoliths, activated 

monoliths and aptasensor. Figure shows reduction in epoxy peak intensity during 

activation and aptamer functionalisation of the monolith.  

Fourier Transform Infrared (FTIR) Spectra analysis was used to identify available 

functional groups in the polymer system before and after activation. Aptamer molecules 

were successfully immobilised on the disk monolith by pump recirculation at 0.2 mL/min 

for 20 h. The FTIR spectra of blank polymethacrylate monoliths, activated monoliths and 

the aptamer-modified disk monolith in Figure 2 shows peak changes at approximately 

759, 1557, 1734 cm-1 wave numbers and a broad band stretch from 3348 – 3751 cm-1. 

Peak intensity at ~759 cm-1 shows the presence of epoxy functional groups. The spectra 

shows a significant reduction in epoxy peak intensity from the blank monolith to the 

aptamer-modified disk monolith, supporting the conversion of epoxy moieties into active 

sites for aptamer coupling. Molecular rearrangements within the epoxy rings enables 

reaction with ethylenediamine and glutaraldehyde creating active sites for aptamer 

immobilisation and capping with NaBH3CN. In essence, NaBH3CN reduces non-stable 

imine groups (-C=N-) created during the schiff base chemical reactions to more stable 

amine groups (-C-NH-) to prevent non-specific binding. Peak at ~ 1557 cm-1 on the 

aptamer-modified disk monolith spectra shows the presence of nucleotides in the 
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aptasensor, supporting the successful introduction of aptamer molecules into the monolith 

matrix. This peak is not present in the raw and activated monoliths. The peak at ~1734 

cm-1 is due to the presence of C=O bonds in the monolith. The intensity of the C=O peak 

reduced after activation and aptamer immobilisation, and this is potentially due to amine 

reductive reactions. The broad band observed for all three spectra indicates the presence 

of acrylate-based functionalities in the monoliths.  

The effect of temperature on aptamer immobilisation onto the disk monolith was 

investigated under varied incubation temperature conditions of 4 oC and 25 oC. Generally, 

the extent of aptamer immobilisation was significantly influenced by temperature as 

follows: (i) before washing, 87.3 % ± 0.6 and 87.5 % ± 1.5; (ii) after washing of unbound 

aptamer ligands, 44.4 % ± 1.2 and 65.4 % ± 2.0, respectively. Aptamers are known to be 

thermodynamically stable below their melting point (< Tm), and under low temperature 

conditions their secondary structures are inherently folded (Baldrich et al., 2004; Tan et 

al., 2017). The random folding of aptamers under extremely low temperature conditions 

in the absence of the cognate target and unoptimised micro-conditions could affect 

molecular interactions and immobilisation efficiency. In addition, from Arrhenius 

equation (1), for the same volume of monolith and aptamer concentration, increasing 

temperature demonstrates improved kinetics of aptamer molecular transport from the 

aqueous onto the monolith phase during static grafting. Figure 3 shows increasing 

immobilisation efficiency with temperature increase from 4 oC to 25 oC.  

𝑘 = 𝐴exp (−
𝐸𝑎

𝑅𝑇
)     (1) 

k is the rate constant for ligand functionalisation (mol/s); A is the pre-exponential factor 

between the aptamer and monolith (mol/s); R is the gas constant (8.314 J/mol/K), 𝐸𝑎 is 

the apparent activation energy and T is the temperature of functionalisation, K. 
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Figure 3. Effect of temperature on aptamer immobilisation efficiency at 4 oC and 25 oC 

for statically grafted disk monoliths. Data shows increasing immobilisation efficiency 

with temperature increase.  

3.2 Effect of Flow Rate on Pressure Drop 

In order to investigate the hydrodynamic characteristics of the synthesised disk monolith, 

the column was exposed to varying mobile phase flow rates using ultrapure water at 

different stages of the immobilisation process. Wall-channelling was observed for the 

synthesised monolith sample, leading to the requirement of higher flow rates due to the 

presence of side flows, as shown in Figure 4 (A). Figure 4 (B) shows that Schiff-base 

activation chemistry and aptamer immobilisation significantly reduces the side wall-

channelling between the monolith and the polypropylene column. This was as a result of 

the introduction of cross-linkers through covalent amine reductive reaction between 

glutaraldehyde, ethylenediamine and epoxy rings of the polymethacrylate monolith. A 

subsequent increase in the back pressure of the aptamer-modified disk monolith relative 

to the activated monolith demonstrates further reduction in volume of the interconnected 

pores of the monolithic support. This was due to the presence of immobilised aptamers 

with C6-spacer arms. Nevertheless, the small mass to volume ratio of aptamers implies 

that a higher density of ligand coverage can be achieved without significant reduction in 

pore volume. The ligand density obtained for the aptamer-modified disk monolith was 
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480 pmol/uL; more than two folds greater than previously reported ligand densities for 

polymethacrylate monoliths (Zhao et al., 2008; Zhao et al., 2008; Han et al., 2012). The 

use of a microporogen as the solvent for polymer synthesis introduced high density surface 

morphology for ligand immobilisation. It was previously demonstrated by Ongkudon and 

Danquah (2010) and Acquah et al. (2016) that the addition of macroporogens such as 1-

dodecanol increases the pore size of the monolith, thus decreasing the surface area 

available for ligand immobilisation. A linear pressure drop – flow rate correlation was 

obtained for both activated and immobilised aptamer disk-monolith systems, indicating 

agreement with Darcy–Weisbach equation shown in equation (2). The ratio of the 

permeability of the activated disk-monolith, 1.88±0.1 x 10-14 m2 (RSD = 5.6%), to that of 

the aptamer-modified disk monolith, 1.67 ± 0.05 x 10-14 m2 (RSD =3.2%) shows a 

marginal reduction of 1.12. This range of permeability is in keeping with data reported by 

Du et al. (2015) and Brothier and Pichon (2014) as 2.54 x 10-14 m2 and 6.15 ± 0.67 x 10-

14 m2 for a polymethacrylate and a hybrid organic-silica monolith, respectively. The 

improvement in aptamer-modified disk monolith permeability ratio is attributed to the 

geometry and surface morphology of the monolith as well as the chemistry used for 

aptamer immobilisation.   

∆𝑃

𝐿
=

128

𝜋

𝜇𝑄

𝑑𝑖
4      (2) 

𝐾 =
4µ𝐿

𝜋(𝑑𝑖
2)∆𝑃

𝑄      (3) 

∆P is the pressure drop (Pa); L is the length of the disk monolith (m); µ is the dynamic 

viscosity (Pa.S); Q is the flow rate (m3s-1); di is the internal diameter; and K is the 

permeability (m2). 
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Figure 4. Effect of flow rate on pressure drop for (A) disk monolith, (B) activated disk 

monolith and disk-aptasensor. 

3.3 Column Efficiency  

The presence of interconnected pores forming a network of channels in polymethacrylate 

monoliths makes them efficient adsorbent matrices for convective biomolecular binding. 

In addition, the surface area and geometry of polymethacrylate monoliths can be 

engineered by incorporating specific surface modification and immobilisation chemistries 

and polymerisation conditions. The diffusivity of thrombin has previously been 

demonstrated to be in the order of 10-8 cm2/s (Smith and Sefton, 1988). Due to this high 

diffusivity, adsorbent sensors based on convective transport phenomenon and low KD 

affinity ligands yield short analysis time, flow-independent resolution, and flow-

independent dynamic binding capacity (Mihelič et al., 2000; Yamamoto and Kita, 2005). 

The efficiency of a separation column is a function of the estimated number of theoretical 

plates (N) and the height equivalent to the theoretical plate as given by equations (4) and 

(5).  

𝑁 = 5.545 (
𝑡𝑟

𝑤ℎ
)

2

     (4) 

 𝐻𝐸𝑇𝑃 = (
𝐿

𝑁
)        (5) 
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N is the number of theoretical plates, tr is the retention time, wh is the peak width at half 

height and L is the length of the monolith. Table 1 and Figure 5 show the effect of linear 

velocity on the number of theoretical plates with an optimum linear velocity of 126 

cm/min (≈ 0.25 mL/min) at room temperature of 25 ± 2 oC.  

Table 1. Effect of linear velocity on the number of theoretical plates. 

 Linear Velocity (cm/min) Number of theoretical plates (N) 

78 105.3 

102 115.8 

126 128.2 

150 109.2 

Under the optimum conditions, the chromatograph of the aptamer-modified disk monolith 

showed narrow chromatographic peaks with reduced band broadening, implying that at 

flow rates < 0.25 mL/min, the movement of thrombin molecules was low and resulted in 

reduced thrombin transfer rate. Consequently, a high mass transfer resistance was 

established, resulting in band broadening. Flow rates > 0.25 mL/min resulted in low 

retention times, compromising effective molecular affinity interactions between the 

immobilised aptamer and the thrombin molecules. In addition, high flow rates stretches 

the thrombin molecules causing them to occupy relatively large unit volumes, thus 

reducing the column efficiency (Bicho et al., 2016).   

 

Figure 5. Van Deemter plot showing the effect of flow rate on height equivalent to the 

theoretical plate. Data shows an optimum ratio of 0.25 mL/min.  
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3.4 Dynamic Binding Capacity 

The dynamic binding capacity of a polymeric aptasensor is affected by a number of factors 

such as the morphology of the matrix and aptamer ligand density. Engineering the 

synthesis conditions to increase the pore size results in increasing convective mobile phase 

transport. This also compromises the surface area availability for ligand binding and 

biomolecular adsorption (Danquah and Forde, 2007). The binding capacities for various 

aptamer-modified monolithic formats are presented in Table 2. The present work focuses 

on investigating the dynamic binding capacity of the aptamer-modified disk monolith in 

order to evaluate its chromatographic performance under varying flow rates and thrombin 

concentration. The dynamic binding capacity at 10% breakthrough was determined using 

equation (6): 

𝐷𝐵𝐶10% =
𝐶𝑜(𝑉10%−𝑉𝑜)

𝑉𝑚
       (6) 

where Co is the concentration of thrombin solution, (mg/mL); V10% is the volume of 

thrombin solution at 10% breakthrough (mL); Vo is the void volume of the monolith (mL); 

and Vm is the volume of the monolith. 

Table 2. Comparison of binding capacity of various macroporous aptasensors 

Aptamer Type of Monolith DBC (mg/mL) Reference 

Anti-lysosyme Rod column (GMA-co-

EDMA) 

68.22 (Du et al., 2015) 

Anti-ochratoxin 

A 

Capillary column (Silica) 9.08 x 10-3 (Brothier and 

Pichon, 2014) 

Anti-thrombin Capillary column (Silica) 1.15 (Deng et al., 

2012) 

Thrombin 

binding 

Disk (GMA-co-EDMA) 7.2±0.6 Present study 

From Figure 6A and 6B, flow rate variation showed minimal differences in dynamic 

binding capacity with an average of 7.2 ± 0.6 (RSD = 7.9%) mg/mL of thrombin. 

Contrary, there were significant differences in the effect of thrombin concentration on the 

dynamic binding capacity of the aptamer-modified disk monolith with an average value 

of 6.5 ± 1.3 (RSD = 20.8%) mg/mL of thrombin. A similar effect of target concentration 

on dynamic binding capacity was previously reported for different monolithic applications 
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(Sousa et al., 2007; Bicho et al., 2016). The increasing dynamic binding capacity trend in 

thrombin concentration could be attributed to high thrombin density per unit volume of 

mobile carrier exposed to the matrix, resulting in higher binding titres within the binding 

duration at 10% breakthrough (Sousa et al., 2007; Bicho et al., 2016).  

 

Figure 6a. Effect of flow rate on the dynamic binding capacity of the disk-aptasensor. 

Data shows minimal flow rate effect (RSD = 7.9%) on dynamic binding capacity.  

 
Figure 6b. Effect of thrombin concentration on dynamic binding capacity of the disk-

aptasensor. Data shows optimum dynamic binding capacity of 7.78 mg/mL at a flow rate 

of 0.3 mL/min.  
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3.5 Target protein binding and selectivity analysis of the disk-aptasensor 

To demonstrate the selectivity and binding performance of the aptamer-modified disk 

monolith towards the target thrombin protein, a protein mixture of lysosyme (0.4 mg/mL) 

and thrombin (1.0 mg/mL) was prepared and interacted with the aptasensor adsorbent 

under chromatographic conditions. The chromatographic profiles of the individual 

proteins in addition to human IgG were also analysed in order to determine the retention 

time, the binding and elution characteristics of each protein. 2 M NaClO4 was used as the 

elution buffer and the chromatographs were generated at a wavelength of 280 nm. Figure 

7 shows the chromatographs of the individual proteins. Lysosyme and human IgG 

molecules were recovered at retention times of 6.73 mins and 7.86 mins, respectively, 

during the running of each feed with mobile phase buffer B before elution with minimal 

interaction with the thrombin specific aptamer-modified disk monolith. The difference in 

retention times for the two protein molecules could be attributed to their different charge 

to mass ratio in the disk aptasensor. Thrombin molecules were retained and remained 

bound to the aptamer-modified disk monolith until elution with 2 M NaClO4.  

 
Figure 7. Target protein binding and selectivity analysis of the disk aptasensor. The 

aptasensor was tested with lysosyme (0.4 mg/mL), human IgG antibody (0.4 mg/mL) and 
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thrombin (1.0 mg/mL). The data shows effective aptasensor interaction with thrombin and 

minimal interaction with lysosyme (0.4 mg/mL) and human IgG antibody (0.4 mg/mL).  

A mixture of lysozyme and thrombin molecules was prepared to investigate the selectivity 

of the aptamer-modified disk monolith towards the target thrombin molecule. Different 

gradient elution buffers were applied to investigate the separation efficiency of thrombin 

from similar non-target protein molecules. The chromatograph is shown in Figure 8. Each 

chromatographic analysis with different gradient elution levels resulted in the emergence 

of a first peak before the elution curve. This peak represents lysozyme molecules flowing 

through the aptamer-modified disk monolith with minimal affinity interaction. Thrombin 

molecules were recovered after gradient elution at 4%, 6% and 8% of the elution buffer, 

showing selective binding to the aptamer-modified disk monolith. The chromatograph 

showed three peaks under the elution curve. The first and second thrombin peaks represent 

thrombin molecules with different degrees of affinity interactions with the aptamer-

modified disk monolith, potentially due to the unique molecular and structural 

characteristics of single protein molecules and their dimers formed through self-assembly 

mechanisms. The third peak could represent high molecular weight complexates of 

thrombin with low migration rate. Gradient elution at 6% elution buffer showed well 

resolved peaks and bandwidth for efficient separation of the non-target protein. Data from 

SDS-PAGE analysis further supported the peak assignments from the chromatograph. The 

image shows the original thrombin having a molecular weight of ~66 kDa in lanes 2 – 4, 

whiles lane 1 and lane 5 represented the ladder and control, respectively.   
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Figure 8. Thrombin separation chromatographs with varying radient elution (4%, 6%, 8% 

of 2 M NaClO4). Feed sample is a protein mixture of thrombin (1.0 mg/mL) and non-

target lysosyme (0.4 mg/mL). Chromatographic anlysis was performed at a flow rate of 

0.3 mL/min. 

4. CONCLUSIONS 

In this work, polymethacrylate disk monoliths were synthesised, characterised and 

functionalised with thrombin binding aptamers for selective binding and isolation of 

thrombin. Experimental data showed that the disk monolith possessed good permeability 

of 1.67 ± 0.05 x 10-14 m2 (RSD =3.2%) with only a marginal drop in permeability (by 1.12 

folds) after activation. An increase in the degree of aptamer immobilisation was observed 

with temperature increase from 4 oC to 25 oC. Column efficiency analysis revealed an 
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optimum linear velocity of 126 cm/min (≈ 0.25 mL/min) at 25±2 oC with a theoretical 

plate number 128.2 and HETP of 0.022 mm. Variation in the mobile phase flow rate had 

minimal impact on dynamic binding capacity. However, significant differences in the 

dynamic binding capacity were observed with variations in thrombin concentration. The 

aptamer-modified disk monolith demonstrated good selectivity and isolation of thrombin 

and from non-target proteins in this preliminary work. Further biophysical and 

chromatographic evaluations are required to completely characterise the aptamer-

modified monolith and transfer performance to other aptamer-target systems for high 

throughput biomolecular screening.  
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The main objective of this research work was to develop a robust and specific aptasensor 

using thrombin as the model target, thrombin binding aptamer as the ligand and disk 

monolith as the stationary support, providing a suitable micro-environment for affinity 

binding and convective transport of target molecules to occur. The main objective 

comprised of four specific objectives which were formulated from the underpinning 

research questions for this project. 

The first research question sought to study the thermo-molecular relationship between in-

process conditions governing the free radical polymer synthesis process and the 

physicochemical characteristics of the monolith as a basis of tuning the pore and surface 

characteristics of the monolith in Chapter Three. Results from the thermochemical 

parametric study of the monolith synthesis process showed that temperature in the form 

of in situ thermal build-up is the primary factor affecting the pore formation process and 

the surface morphology. The monolithic pore size is inversely proportional to the degree 

of exothermic heat released within the mould. Increasing the concentration of cross-linker 

monomer (EDMA) correlates with increasing polymerisation peak temperature with a 

reduction in polymer pore size. Similarly, an increase in the concentration of initiator 

(BPO) resulted in an increase in temperature build-up within the mould. In addition, 

different set point temperatures for polymerisation resulted in different thermal path 

during polymerization. Consequently, the overall internal thermal path for the reactive 

mixture is a function of the amount of cross-linker and initiator present as well as the set 

point polymerisation temperature. Kinetic modelling of polymethacrylate monolith 

synthesis was carried out by means of Avrami’s isothermal analysis, and the results were 

consistent with experimental data. These findings in unravelling the first research question 

have been established in this research work to be useful in monitoring the thermal build-

up, engineering the pore size and surface characteristics of polymethacrylate monoliths 

for tailored application to various targets including biomolecules, cells, proteins, ions and 

viruses.  

The second research question for this project sought to discover the thermo-molecular 

relationship between in process and post-polymerisation conditions on the chemical 

integrity and thermal stability of polymethacrylate monoliths in Chapter Four. The thermal 
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stability of the polymethacrylate monolith was investigated by varying in situ and ex situ 

synthesis conditions. Porogen to monomer ratio and polymerisation temperature were the 

most influential parameters affecting the thermal stability of the monolith. The thermal 

stability increased with decreasing polymerisation temperature and increasing the porogen 

(P) to monomer (M) ratio. Increasing the total porogen (P) to monomer (M) ratio increased 

the thermal stability of the monolith by >62% and >50% for P40/M60-P60/M40 and 

P60/M40-P80/M20, respectively. Variations in the concentrations of cross-linker 

(EDMA) and functional monomer (GMA) were rigorously investigated. The impact on 

apparent activation energy was determined using Ozawa-Flynn-Wall (OFW) and 

Kissinger–Akahira–Sunose (KAS) isoconversional models. The relationship between 

apparent activation energy and the extent of conversion showed a complex multistep 

reaction model for polymethacrylate monoliths. Thus, the thermal stability of 

polymethacrylate monoliths is a function of temperature. Kinetic parameters showed that 

an increase in EDMA and GMA concentrations above 20% significantly enhanced the 

thermal stability of the monolith under elevated non-isothermal conditions. Owing to the 

current lack of data on the thermal stability and the synergistic relationship between in-

process and ex situ conditions on monoliths, findings established from the second research 

question in this research will be critical in optimising the synthesis of polymethacrylate 

monoliths as robust synthetic platforms for prolonged biotechnological applications. The 

characteristic temperature ranges, kinetic data and activation energy correlations obtained 

depicts the effective temperature ranges within which polymethacrylate aptasensors can 

be operated without losing their molecular and structural integrity. New insights into 

chemical compositions which can achieve an almost homogenous morphology, tailored 

pore sizes, low temperature build-up and high thermal stability has been shown. The 

aforementioned parameters are essential in the development of a robust aptasensor with 

tailored pore sizes, high ligand density, and predetermined thermal stability effect. 

Although aptamers have been heralded as unique ligands with superior binding 

characteristics over antibodies, there remain limited biophysical characterisation tools 

investigating their binding affinity and charge distribution under different 

physicochemical conditions. The effectiveness of aptamer-target interactions is affected 

by physicochemical conditions such as ionic strength, pH, concentration of ligand, and 



298 
 

temperature. The third research question comprehensively investigated the impact of 

aptamer hydrodynamic charge and size distribution on binding stability using zeta 

potential analysis via dynamic light scattering, and the development of a polymeric disk 

aptasensor. This was done in two sections as detailed in Chapter Five. The first section 

comprehensively studied how the micro-environment affected the charge distribution, 

hydrodynamic size and stability of aptamers and their binding complexes using zeta 

potential analysis via dynamic light scattering. Experimental data based on a thrombin 

binding aptamer (TBA) showed aptamer electronegativity at pH > 5 with improved 

dispersion and stability above pH 9. It was demonstrated that pH affects the binding 

affinity of the aptamer through protonation and deprotonation mechanisms. Thrombin-

TBA complex was determined to be electronegative, and maintained electronegativity 

over the pH range. The presence of metal ions influenced the formation of TBA secondary 

structures and the resulting thrombin-TBA complexation. K+ induced the formation of G-

quadruplex in TBA under a charge distribution stability similar to thrombin-induced G-

quadruplex. The presence of K+ also reduced the electronegativity of TBA, and at low 

concentrations K+ stabilizes the formation of TBA G-quadruplex structure. Thrombin-

TBA complex is considered most dispersed and stable at 10 mM K+ concentration. The 

presence of Mg2+ reduced the electronegativity of TBA significantly and favoured binding 

to thrombin. TBA and thrombin-TBA complex are considered stable in the presence of 

Mg2+ at concentrations > 1.5 M. TBA was found to be most stable at temperature ~20 °C 

with a reduction in electronegativity as temperature increased. Zeta (𝜁) potential analysis 

via dynamic light scattering is an established useful technique in characterising interfacial 

distribution and electrokinetic behaviour of charged species in aqueous media. Zeta 

potential was therefore demonstrated to be a useful biophysical tool in the characterisation 

of aptamers and their targets. As such, findings established in section one of Chapter Five 

serve as one of the premium studies in advancing theoretical understanding of the binding 

behaviour of aptamers in solution in relation to surface charge distribution, hydrodynamic 

mobility, binding characteristics and biomolecular complex formation using dynamic 

light scattering prior to immobilisation.   

The second section of the third research question was carried out by biophysically 

characterising the effect of schiff-base covalent immobilisation of aptamers on the disk 
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monolith and the effect of the micro-environment on the disk monolith aptasensor. The 

disk aptasensor was developed to have high surface area for aptamer immobilisation and 

convective transport features for continuous binding application. The aptamer molecules 

were modified with amino moiety and C-6 spacer arms to enhance the immobilisation 

process and reduce the occurrence of steric effect. A high ligand density of 480 pmol/uL 

was obtained, almost 2 fold higher than previously reported liagnd densities for 

polymethacrylate aptasensors. This phenomena was due to the use of microporogens in 

the synthesis of disk monoliths and, aldehyde cross-linkers and C-6 spacer arms during 

the post-polymerisation modification process. Thermal degradation analysis showed that 

initial polymer degradation temperature is influenced by Schiff-base activation chemistry, 

with an increase in endothermic heat required during the activation process. The optimum 

binding pH and ionic concentration under isocratic conditions was obtained at pH 8 and 5 

mM Mg2+, respectively, for effective bioscreening of thrombin biomolecules. The 

findings obtained during the biophysical characterisation of the proposed disk aptasensor 

demonstrated that there is formation of a covalent anchor between the aptamer-monolith 

system without disrupting the chemical and molecular stability of the monolith. It has also 

been demonstrated that polymethacrylate disk-aptasensors can be easily engineered to 

have high ligand density using microporogens and predetermined compositions. These 

findings therefore unravels the second section of the third research question in Chapter 

Five and contributes new knowledge to the current understanding in the development of 

robust aptasensors for effective bioscreening with resistivity to different micro-

environmental conditions.  

The fourth research question attempted to carry out extensive chromatographic studies on 

the proposed disk-aptasensor under different isocratic and physicochemical conditions for 

effective bioscreening in Chapter Six. The experimental results showed that the disk 

aptasensors possessed good permeability within the range 1.67 ± 0.05 x 10-14 m2 (RSD 

=3.2%) with a marginal drop in permeability by 1.12 fold relative to the activated disk 

monolith. There was a significant improvement in aptamer immobilisation efficiency with 

temperature increase from 4 oC to 25 oC. Analysis of column efficiency revealed an 

optimum linear velocity of 126 cm/min (≈ 0.25 mL/min) at room temperatures of 25 ± 2 

oC. The theoretical number of plates for the optimum linear velocity was 128.2 with an 
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HETP of 0.022 mm. Binding studies demonstrated that flow rate variation had minimal 

impact on dynamic binding capacity of the aptasensor. However, thrombin concentration 

affected the dynamic binding capacity. The polymeric disk-aptasensor demonstrated good 

selectivity towards thrombin in a chromatographic analysis with effective gradient elution 

at 6% for regeneration of the aptasensor after 14 mins of applying the elution buffer. 

Lysosyme and IgG biomolecules which were used as non-targets were recovered at 6.73 

mins and 7.86 mins, respectively, during the running of each feed. Conspicuously, 

findings from the chromatographic analysis in accordance with the fourth research 

question demonstrates the chromatographic efficiency and a satisfactory performance of 

the disk-aptasensor with convective flow, rapid results, biocompatibility, good 

permeability, high target selectivity and separation, and flow unaffected dynamic binding 

capacity.   

In summary, all four research objectives set in Chapter One and formulated from the 

research questions of this dissertation have been fulfilled. The findings of this research 

contribute significantly in advancing current scientific knowledge and understanding in 

the development and characterisation of polymeric disk monolith aptasensors for 

bioscreening applications. It is proposed that future work considers the following aspects: 

 Development of theoretical models essential in the biophysical characterisation of 

the morphology and binding capacity of monoliths having the same in situ and ex 

situ conditions during the formation of aptamer-based polymeric biosensors for 

affinity bioscreening. The existence of such models will be essential for the 

formation of standard non-destructive characterisation processes for monoliths 

after their synthesis for affinity applications involving immobilised aptamers.  

 Investigate the thermodynamic potential and correlation between aptamers and 

their cognate targets via zeta potential analysis and well-established models such 

as Kayes, and Ottewill-Watanabe theories under different physicochemical 

conditions. Such further studies will contribute to the formulation of robust 

theoretical understandings to reinforce the use of aptamers as biosensors, drug 

delivery vehicles and screening of biomarkers.  
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 Application of rigorous biophysical and chromatographic characterisation tools to 

extend the applications of this research to other targets. This can be done through 

investigating the orientation and molecular integrity of different immobilised 

aptamers via atomic force microscopy, circular dichroism and further liquid 

chromatography. This will be essential in further understanding and formulating 

generic theoretical insights into their structure and binding performance. 

Additionally, it is recommended that chemistries that allow the tagging of target 

biomolecules with fluorescein isothiocyanate can be studied for an enhancement 

in the rapidity of results. 
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