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Abstract  i 
 

ABSTRACT 

 

Chromatography remains the most commonly employed method for achieving high 

resolution separation of large-sized biomolecules, such as plasmid DNA, typically around 

150-250 nm in diameter. Currently, fractionation of such entities is performed using 

stationary phases designed for protein purification, typically employing pore sizes of about 

40 nm. This results into a severe underexploitation of the porous structure of the adsorbent 

as adsorption of plasmid DNA occurs almost exclusively on the outer surface of the 

adsorbent. In this study, the effect of two processing parameters, the ionic strength of 

agarose solution and quenching temperature, on the structure of the resulting particles was 

investigated. Three characterization methods, Atomic Force and cryo-Scanning Electron 

microscopy, as well as mechanical testing of single particles where used to quantify the 

effect of these parameters on the pore size/size distribution and mechanical properties of 

the adsorbent. In the presence of salt, it was found that agarose fibres tend to aggregate, 

leading to a gel with large pore size and wide pore size distribution. In fact, for the narrow 

range of ionic strength used (0-0.1m), a five-fold increase in pore size of the gel was 

observed. The same type of enlarged agarose structures was observed when slow cooling 

was applied during the gelation of agarose. The increase in pore size of the gel was also 

accompanied by an increase in the compression strength and the elastic modulus of the 

particles, i.e. particles with 200 nm pore size were found to have higher compression 

strength (1.5-fold difference) than those with 40 nm pore size.   
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Chapter 1 1 
 

INTRODUCTION 

  

i. Background 

Chromatography remains the high-resolution method for the separation of 

biopharmaceuticals. In parallel, with the application of gene vectors as vaccines and medical 

therapies for improving human health appearing very promising (Levy et al. 2000), a 

considerable demand for chromatographic adsorbents suitable for the isolation of such 

biomolecules is arising.   

In 2009 (until March) the number of approved / initiated gene therapy clinical trials 

reached 1537 (Fig. 1.1a). Most of these are in Phase I (Fig. 1.1b), while their majority 

concerns the treatment of cancer diseases (Fig. 1.1c) (http://www.wiley.co.uk/genmed/clinical/). At 

present, these clinical trials are predominantly concerned with the use of viruses, but 

plasmid DNA constantly gains ground as gene vector, as it is considered safer and simpler to 

use in said therapies (Fig. 1.1d) (Kepka et al. 2004, Diogo et al. 2005, Tiainen et al. 2007).  

http://www.wiley.co.uk/genmed/clinical/�


Chapter 1 2 
 

 

Figure 1.1. (a) clinical trials approved/initiated in the last 20 years, (b) trial phases, (c) indications, (d) 

vectors (data from http://www.wiley.co.uk/genmed/clinical/). 

 

Release of bioproduct from host usually involves alkaline lysis of E. coli for plasmids 

(Kepka et al. 2004, Diogo et al. 2005) and multiple freeze-thaw cycles for disruption of 

infected cells for viruses (Peixoto et al. 2006). Following clarification, further purification of 

viruses is typically achieved with CsCl or sucrose gradient centrifugation but this method is 

associated with low purity, loss of infectivity, time consumption and scalability issues 

(Peixoto et al. 2006, Chahal et al. 2007). For plasmids, methods such as precipitation with 

polycations or spermidine, cross-flow filtration and aqueous two-phase system have been 

used (Kepka et al. 2004). Besides said methods, chromatography, being a high-resolution 

technique, is commonly employed for the separation of both plasmid DNA and viruses, from 

contaminating proteins, host nucleic acids, pyrogens, etc. (Lyddiatt and O’ Sullivan 1998, 
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Diogo et al. 2005, Peixoto et al. 2006, Tiainen et al. 2007). In fact, it is rather unlikely that 

gene vectors of the quality required for therapeutic purposes can be produced without the 

use of chromatography (Levy et al. 2000).  

Most of these new-generation bioproducts are nanoparticulates between 20-300 nm in 

size (Lyddiatt 2002). Representative examples of such entities include supercoiled plasmid 

DNA (typically around 150-250 nm depending on solvent conditions) (Tiainen et al. 2007) 

and inactivated adenoviral, adeno-associated and retroviral vehicles (typically around 30-120 

nm) (Lyddiatt and O’ Sullivan 1998), whilst there is strong evidence that the size of these 

vectors will increase, as demands for molecular targeting and effectiveness are growing 

(Levy et al. 2000).  

Due to their ‘unusual’ size, chromatographic purification of said entities using 

conventional stationary phases designed and optimized for protein purification, is faced with 

a major limitation, which is in fact one of the most commonly reported problems (shear-

sensitivity, high viscosity feedstocks leading to high pressure drop in packed beds , poor 

selectivity and simultaneous elution of product and impurities, and particle aggregation) 

(Lyddiatt and O’ Sullivan 1998, Theodossiou et al. 2001, Diogo et al. 2005). Most 

commercially available chromatographic media for protein purification have an average pore 

size of generally less than 400 nm (Lyddiatt 2002) and typically around 30-60 nm (Jungbauer 

2005, Tiainen et al. 2007). These dimensions are well suited for macromolecular proteins 

that have typical sizes in the range of 2-10 nm (Thwaites et al. 2001, Theodossiou et al. 2001, 

Jangbauer 2005), but in the case of plasmids and viruses, adsorption occurs almost 

exclusively on the outer surface of the adsorbent. This results in low binding capacities 



Chapter 1 4 
 

(typically 2-3 orders of magnitude less than proteins), low recoveries and generally 

underexploitation of the full potential of a porous structure (Theodossiou et al. 2001, Lydiatt 

2002). Besides poor chromatographic performance, the exclusion of such large-sized 

biomolecules (particularly plasmids) from the interior structure of the adsorbent has been 

observed by confocal microscopy means (Ljunglof et al. 1999, Thwaites et al. 2001). In 

addition to the superficial adsorption and the low unit operation performance associated 

with it, the internal structure of the adsorbent tends to accommodate small size impurities 

that need to be washed-out prior to product elution, thus increase process time, costs and 

compromise the reusability of the adsorbent (Thwaites et al. 2001, Zhang et al. 2001, 

Lyddiatt 2002). 

To circumvent the limitations presented in the purification of nanoparticulates using 

conventional chromatographic setups intended for protein purification, several approaches 

have been suggested. The most obvious solution would be the use of small-sized particles in 

order to increase the external surface area available for adsorption (15 µm anion exchangers 

have given up to 2 mg pDNA/mL capacitites) but this is clearly limited by the associated high 

pressure drop in the packed bed (Diogo et al. 2005, Tiainen et al. 2007). Monolithic beds 

consisting of channels that allow the convective transport of nanoparticulates to binding 

sites (pDNA capacity in the area of 8 mg/mL) offer an alternative, but scale-up and industrial 

application of such stationary phases is restricted mainly by the exothermic nature of the 

polymerization reaction during manufacturing which makes the preparation of high-volume 

monolithic columns with uniform pore size difficult (Przybycien et al. 2004, Tiainen et al. 

2007). Plasmid DNA  adsorption (1-4 mg/mL) though convective flow with large pores is 

offered with superporous agarose (Tiainen et al. 2007) but manufacturing of such 
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adsorbents is rather complicated and expensive, while inclusion of densifiers for application 

in expanded beds complicates production even further (Lyddiatt and O’ Sullivan 1998).  

Expanded bed adsorption, using prototype, small, near solid dense particles, coated with a 

thin (3-5 µm) layer of agarose appears a promising alternative as it circumvents the issue of 

pressure drop (through bed expansion due to suitable density) and adsorption of impurities 

(through inclusion of a solid core) in the internal structure of the adsorbent, while exhibiting 

near identical binding capacity for plasmid DNA (1-3.5 mg/mL) with traditional stationary 

phases used in expanded beds (Lyddiatt and O’ Sullivan 1998, Theodossiou et al. 2001, Zhang 

et al. 2001). However, it terms of operating capacities, even with said prototype stationary 

phases it is difficult to cost-effectively meet the multi-gram quantities needed for gene 

therapy (Thwaites et al. 2001).  

Based on the above, it is clear that the bioprocess industry lacks a stationary phase that 

can be routinely used in the purification of newly emerging large-sized bioproducts. This 

chromatographic support should overcome the capacity and diffusion limitations, presented 

by currently available matrices, (commonly designed, optimized and used in protein 

purification) by employing a sufficiently large porous structure to allow intraparticle 

diffusion of large-sized bioproducts. In parallel, its manufacturing, preferably continuous, 

should be simple and inexpensive.  

Probably the most commonly used chromatographic support is beaded agarose gel (a 

review on agarose-based chromatographic adsorbents, as well as on the structure of the raw 

material itself can be found below, see sections 1.3.1 and 1.4). This is due to its great 

physical and chemical stability, hydrophilic environment and macroporous structure that can 
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facilitate the transport of protein molecules in its interior structure (Gutenwik et al. 2004). 

The pore size of the matrix is a continuous function of the agarose concentration in the gel 

and currently, the latter is the only means by which the structure of the adsorbent is 

controlled. In effect, agarose concentration has been limited to a discontinuous series of 

arbitrary concentrations (e.g. 2, 4, 6 % (w/w)) and pore sizes (30-60 nm) 

(http://www.soonersci.com/catalog/page46.html). This approach to control the structure of 

the gel presents two important issues: First, the number of possible structures that can be 

manufactured is rather limited. Second, when open structures are desired, this is at the 

expense of mechanical strength, although the latter can be partially overcome by chemically 

cross-linking the gel.   

The US patent no. 5,009,759 (Serwer and Griess 1991) states that the pore size of 

agarose gels, designated for electrophoresis, can be controlled by means of ionic strength of 

the agarose solution, to produce gels having variable pore size. To this day, no information 

regarding the extension of this application, to agarose-based chromatographic adsorbents 

for packed or expanded beds, has appeared in the open literature. In addition, there is a 

considerable body of information regarding the effect of cooling rate on the structure of 

agarose (for references see following Chapters), but similarly to ionic strength, no 

information relating to the manufacturing of agarose beads for bioseparations.  

It appears therefore, that beaded agarose structure can be controlled by means other 

than altering the polymer concentration in the gel, and as ionic strength and cooling rate can 

be essentially treated as process variables, this type of structural control can be 

http://www.soonersci.com/catalog/page46.html�
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incorporated in the currently applied manufacturing procedures (w/o emulsification of 

agarose into hot mineral oil) without significant impact on process complexity and/or cost.    

 

ii. Objectives 

The four main objectives of this work were: 

• To quantify the effect of two process parameters (ionic strength of agarose solution, 

quenching temperature) during manufacturing of agarose beads on the porous 

structure (pore size/pore size distribution) of the adsorbent.  

• To quantify the effect of these parameters on the mechanical properties 

(compression strength at given deformations/Young’s and shear moduli/viscoelastic 

properties) of the resulting particles. 

• To identify a fast and reliable characterization method of agarose-based 

chromatographic adsorbents in terms of pore structure and the properties 

depending/resulting from the latter. 

• To assess whether the above parameters can be used for producing a tailored end-

product that can be used for the purification of large-sized biological entities. 
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iii. Layout of the Thesis 

This Thesis consists of six chapters. Chapter 1 is a literature review mainly focusing on 

the development and availability of commercial chromatographic adsorbents, the 

requirements for ideal adsorbents and available methods for manufacturing agarose beads 

and characterizing agarose-based media. Additionally, the reasons for selecting the 

particular characterization techniques used in this work are also discussed. In Chapter 2, the 

materials, equipment and experimental procedures used in this work are described. In 

Chapter 3 the effect of processing parameters, such as ionic strength, quenching 

temperature, surfactant concentration and type, and energy dissipation rate, on the 

macroscopic properties of the adsorbent (particle size/particle size distribution) are 

presented and discussed. Chapter 3 also contains results of the physical (density, interfacial 

tension) and rheological (gelation temperature of agarose, viscosity and flow curves) 

properties of the dispersed (agarose solution) and continuous phase (mineral oil) of the 

emulsion. The effects of ionic strength of agarose solution and quenching temperature of 

the emulsion on the resulting pore size/pore size distribution of the adsorbent, as obtained 

with the aid of AFM and cryo-SEM, are presented and discussed in Chapter 4. In Chapter 5, 

the effects of said processing parameters on the resulting mechanical properties of the 

adsorbent are discussed. Finally, the conclusions of this work as well as recommendations 

for future work are presented in Chapter 6. 
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CHAPTER 1 

- 

LITERATURE SURVEY 

 

1.1. Biotechnology and downstream processing 

Since the 1970s, biotechnology has attracted much attention among other technologies, 

by substantially affecting healthcare, improving wealth and holding promising future 

prospects (Gavrilescu and Chisti 2005). Biotechnology involves the exploitation of 

microorganisms and cell cultures to produce high purity compounds for treating diseases, 

thus generating the need for developing cost effective methods for rapid product 

purification from complex process environments. The innovations in biological sciences, 

started 15 years ago, promoted the development of efficient production processes and new 

separation techniques (Asenjo and Andrews 2008). In today’s highly competitive 

environment, R&D-supported production focuses on good manufacturing practises and 

improved purification processes to gain regulatory approval for a drug before its market 

rivals and benefit from its sales by gaining a significant share of the market. For example, 

biopharmaceutical industries (in USA, Europe and Japan) employ a variety of improved 

purification techniques to meet the stringent demands of drug safety and purity demanded 

by the regulatory authorities (Kalyanpur 2000). As a consequence, in the current ground of 

downstream processing, there is not only a constant need for ‘mining’ the bioseparation 

technology and exploring new alternative bioseparation routes, but also for the use of 

mathematical models to optimise the existing production techniques and experimental 

procedures (Asenjo and Andrews 2008). 
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The bioprocess technology is divided into upstream (fermentation, bioreaction) and 

downstream (product recovery, bioseparation) steps. During fermentation, the bioproduct is 

produced by microbial, animal or plant cells within the fermenter environment. Following 

fermentation, bioseparation takes place, which consists of a sequence of recovery and 

separation steps that aim to maximise the purity of the final product while minimizing 

processing time, yield losses and costs (Ladisch 2001).  

Depending on the type of bioproduct, the recovery characteristics and unit operations 

employed change. Furthermore, as most of these products are sensitive to conditions such 

as temperature and pH, the separation processes differ from normal process used in other 

industries. There are three main categories of products after fermentation: whole cells (eg. 

single cell proteins and baker’s yeast), intracellular macromolecules (protein in inclusion 

bodies from recombinant fermentation) and extracellular macromolecules (antibiotics, 

organic acids, alcohols). In most of these cases the cells must be removed from the broth 

(clarification). Yeast and bacterial cells that are quite rigid are normally separated by 

flocculation, mechanical filtration and centrifugation. On the other hand, mammalian cells 

are much more sensitive and fragile, therefore can be separated by disk-stack centrifugation 

and cross-flow microfiltration. The protein of interest can be in soluble form within the cell 

or often in the form of an insoluble refractive mass (inclusion body). Mechanical cell 

disruption is then used to lyse the recovered cell mass and obtain the desired product. 

Afterwards, the lysate is clarified using appropriate membrane equipment. The soluble 

proteins pass through the membrane and are further purified, while inclusion bodies are 

solubilised by adding an agent (e.g. urea), renaturated, then separated from particulates by 
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ultrafiltration. A similar procedure is used for viral vectors and plasmid DNA (Kalyanpur 

2000, Lightfoot and Moscariello 2004).  

Once the target biomolecule is obtained in a particulate-free process stream, the 

product is obtained at a high level of purity by further purification. An efficient, multistep 

process based on the purification strategy of ‘Capture, Intermediated Purification, and 

Polishing’ (C-IP-P) (Amersham Biosciences 2004) is commonly employed. There are three 

main categories of techniques involved in the Capture and Intermediate Purification: 

membrane based methods (ultrafiltration and nanofiltration), liquid-liquid extraction using 

aqueous two-phase systems, and a variety of chromatographic procedures (discussed below) 

(Kalyanpur 2000, Lightfoot and Moscariello 2004, Przybycien et al. 2004).  

Finally, depending on the product and its intended use, polishing is required to remove 

contaminants such as viruses or endotoxins for safety reasons, where size exclusion 

chromatography and membrane filtration are commonly employed. Adsorptive membranes 

are proving attractive in this step and their use seems to be increasing rapidly (Lightfoot and 

Moscariello 2004).  

The overall yield of purification (Ypurification) for a recovery depends on the number of 

steps n of the fractional yield Yi (Ladisch 2001): 

𝑌𝑌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = (𝑌𝑌𝑝𝑝)𝑝𝑝                                                                                                                   (1.1) 

 

When each step has different yield losses, the overall yield is the product of these 

fractional yields: 

𝑌𝑌𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 = ∏ 𝑌𝑌𝑝𝑝 𝑝𝑝
𝑝𝑝=1                                                                                                              (1.2) 
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Capital and operating costs increase with the required purity of the product and the 

number of steps of the process. The overall cost is even higher due to losses of yield during 

each individual stage, and as a consequence, there is a need to reduce the number of steps 

or to increase the step yields. As bioseparations is a serial process, optimisation of the 

individual purification steps and yields may contribute to higher final yield at lower cost. In 

the biopharmaceutical industry, where more than 50 % of the purification costs lie on the 

chromatographic steps and where the upstream productivity is increased tremendously in a 

continuous manner (in pace with bioprocessing yields improvement), the capacity 

bottleneck is being pushed downstream (Ladisch 2001).  

 

1.2. Process chromatography 

Chromatographic separations play a very important role in the purification of 

therapeutic compounds. These are highly versatile and selective techniques that serve well 

in the downstream processing of bioproducts (Kalyanpur 2000). From the processing steps 

available for bioseparations, chromatography is the one that achieves high resolution of 

biomolecules. None of the other steps, such as filtration (micro-, ultra-, and reverse 

osmosis), centrifugation, flocculation, flotation, precipitation etc. can reach the purity of a 

product that biopharmaceutical products need for compliance with regulations. 

In broad terms, chromatographic separations are based on the principle of passing the 

liquid containing the target biomolecule through a column packed with a porous adsorbent. 

Good adsorbents should effectively capture the bioproduct allowing contaminants to pass 
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through. After completion of the separation the target biomolecule is eluted from the matrix 

and it is available for further processing 

In chromatography, convective flow is responsible for the transport of bioproducts in 

the interparticle void of the porous adsorbent, whereas diffusion (influenced by the relative 

size of solutes and pores as well as particle size) governs transport of molecules within the 

porous structure of the adsorbent. Pressure drop across and flowrate throught the column 

depends on particle size and column length (Lyddiatt 2002). Currently, seven different 

techniques are employed for the adsorption of biomolecules. These exploit some physical, 

chemical or biological characteristic of the target molecule in order to achieve separation 

(Kalyanpur 2000, Jungbauer 2005):  

 

• Ion exchange (surface charge) 

• Size exclusion or gel filtration (molecular size and shape) 

• Normal phase (solubility/hydrophobicity) 

• Reverse phase (solubility/hydrophobicity) 

• Hydrophobic interaction (surface hydrophobicity) 

• Affinity (stereoselective binding activity) 

• Metal chelation (coordination complex formation) 

 

As mentioned above, separation in chromatographic applications is primarily achieved by 

diffusion and subsequent adsorption of biomolecules onto the stationary phase. An 

exception is size exclusion chromatography. In the latter, a mixture of biomolecules is 

applied from the top of the column. Entities larger in size than the exclusion limit of the 
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adsorbent, which defines the maximum size of molecules that can enter the pores of the gel, 

quickly pass through the bed. Smaller molecules diffuse in and out of the porous network 

thus will need more time to elute (Amersham Biosciences 2002). Consequently, the mixture 

is separated in order of decreasing molecular size. Therefore in size exclusion 

chromatography, the process of adsorption onto the stationary phase is not only 

unfavourable, but is considered as an issue in the application of the technique. 

Following diffusion and adsorption of the target biomolecule onto the porous support, 

the former is removed from the matrix by elution. During elution, the physiochemical or 

biological characteristic of the biomolecule exploited during adsorption, are utilized in a 

reversed manner. For example, ion exchange chromatography takes advantage of the fact 

that the relationship between net surface charge and pH is unique for a specific protein. In a 

given separation, reversible interactions between charged molecules and the stationary 

phase are controlled in order to favour binding or elution of specific molecules and achieve 

separation (Amersham Biosciences 2004). During affinity separations, conditions that favour 

the specific binding of the target molecule to the ligand are applied. In order to obtain the 

product, conditions are changed to favour elution of the bound molecule. Elution can be 

performed specifically, using a competitive ligand, or non-specifically by changing pH, ionic 

strength or polarity (Amersham Biosciences 2004). In hydrophobic interaction 

chromatography, protein binding is promoted by moderately high concentrations of anti-

chaotropic (structure-forming) salts. Elution is achieved by decreasing the salt concentration 

in the elution buffer (Amersham Biosciences 2000). In general, elution can be performed in 

linear gradient (change in buffer composition occurs linearly) or step (change in buffer 

composition occurs step-wise) manner. The former is favoured in analytical and optimization 
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applications where high resolution is of primary importance, while the latter is used for well 

-established, large-scale applications where short separation times and reduced buffer 

consumption are essential (Amersham Biosciences 2004). 

All the above chromatographic techniques offer a balance between resolution, capacity, 

and recovery of bioproduct as well as speed of operation (Fig. 1.2a). Depending on the stage 

of the purification (see above, C-IP-P) said parameters have different gravity. During the 

Capture stage (Fig. 1.2b) isolation, concentration and stabilization of the target biomolecule 

take place. This is concentrated and transferred to an environment that retains its biological 

activity. In order to achieve stabilization and retention of biological activity, contaminants 

such as proteases must be removed. Other impurities such lipids, prions and culture media 

are also removed during Capture. For said reasons, Speed of operation and Capacity (the 

amount of target product that can be loaded to the column) are of primary importance 

during Capture, therefore favoured at the expense of Resolution and Recovery. During 

Intermediate purification (Fig. 1.2c) most of the bulk impurities, such as cellular proteins, 

nucleic acids, detergents and inhibitors, are removed. Since the target bioproduct is in a 

stable environment, Speed is less significant (but not insignificant) during Intermediate 

Purification, while Resolution (depending by the selectivity of the technique and the 

efficiency of the chromatography matrix in producing narrow peaks during elution) and 

Capacity are important. Finally, in the Polishing stage (Fig. 1.2d) most of the impurities have 

been removed except trace impurities and closely related substances, such as aggregates, 

fragmented product, similar cellular proteins as well as leaked affinity ligands. The purpose 

of Polishing is to remove said substances and achieve final purity demanded by regulations. 

In general, Resolution is most difficult to achieve in the final stages of purification when 
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impurities and target protein are likely to have very similar properties. Recovery becomes 

increasingly important as the purification proceeds because of the increased value of the 

purified product. Recovery is influenced throughout purification by destructive processes in 

the sample and by unfavourable or harsh conditions of the column (Amersham Biosciences 

2004). 

 

Figure 1.2. (a) balance between speed of operation, resolution, capacity and recovery of bioproduct 

during (b) capture, (c) intermediate purification and (d) polishing (redrawn from Amersham 

Biosciences 2000). 

 

Besides the different modes described above, chromatographic applications can be 

employed in different types. The most commonly used is the packed bed where clarification 

of the fermentation broth prior to its application is mandatory, as cell debris will deposit in 

the interparticle void thus clogging the column (Lyddiatt 2002). Typically, membrane 

filtration and/or centrifugation are employed for the removal of cells. However, the two 
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techniques exhibit limitations. Microfiltration is associated with low transmembrane fluxes 

and partial rejection of the target molecule. Large scale centrifugation of fermentation 

broths is not as effective as in lab applications, consequently a second pass is required or a 

combination of centrifugation and microfiltration. Therefore, both unit operations are 

associated with long processing times (Amersham Biosciences 1996, Anspach et al. 1999). To 

overcome the mandatory clarification of fermentation broths, expanded bed adsorption 

(EBA) can be employed. In the latter, the increase in the interparticle void allows particulate 

matter present in the feedstock to pass thought the column, thus providing the possibility of 

incorporating clarification and initial purification into one direct capture step (Peixoto et al. 

2005). A stable classified bed is obtained by choosing a stationary phase of appropriate 

density and particle size (Balasundaram and Harrison 2007). Increase of particle density is 

achieved by inclusion of densifiers in the stationary phase. The size of the adsorbent is 

usually larger than those used in packed beds and consequently column performance is low 

(Anspach et al. 1999). In principle all of the aforementioned modes (affinity, ion exchange 

etc.) of packed bed chromatography can be employed in EBA (Lyddiatt 2002).  

Adsorption of bioproducts can also be exploited in batch contactors. Besides the actual 

process of separation, the adsorption-desorption kinetics of biomolecules onto the 

stationary phase can be evaluated in a batch adsorber. The measured model parameters, 

such as adsorption equilibrium parameters and effective intraparticle diffusivity, are used to 

predict the performance of industrial processes such as packed and expanded beds (Lyddiatt 

2002, Li et al. 2003). In terms of unit operations, there are two distinct applications of batch 

adsorption:  
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Stationary phases traditionally used in packed beds, as well as cheaper materials that 

lack geometrical and/or physical characteristics can be used in mechanically agitated batch 

contactors for the separation of biomolecules. Following dispersion of the media into crude 

or clarified broth, adsorbent particles can be recovered by settling, centrifugation or 

filtration (type of operation which is popular with blood plasma fractionation).  Another way 

of separating particles, following adsorption, is termed ‘suspended bed chromatography’.  

Following adsorption the suspended chromatographic media are pumped into a 

chromatography column where the residual steps are performed. The same principles 

(affinity, ion exchange etc.) used for the separation of bioproducts onto stationary phases in 

packed and expanded beds can be used for batch contactors (Lyddiatt 2002, Jungbauer 

2005).  

The second distinct application exploiting batch adsorption of bioproducts is termed 

‘high gradient magnetic fishing’ (HGMF). It combines commonly employed principles for 

separation in packed/expanded beds and batch adsorption with magnetic separation used in 

the chemical and mineral processing industries. In HGMF, tailor-made, submicron non-

porous magnetic supports, coated with appropriate ligands, are mixed with crude feedstocks 

in a batch contactor, followed by magnetic capture of the adsorbents in magnetic field and 

subsequent elution of bioproduct (Hubbuch 2000, Heeboll-Nielsen 2002, Lyddiatt 2002).  
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1.3. Chromatographic media 

1.3.1. Development 

For the past fifty years the properties of chromatographic adsorbents have been 

constantly improved. The first natural material in beaded form suitable for protein 

purification, introduced by Peterson and Sobers in 1956, was cellulose with ion exchange 

functionalities. Only three years later, in 1959, the first cross-linked, dextran-based 

Sephadex G-25 and G-50 beads, developed by Porath and Flodin, were commercially 

available. The first dextran-based ion exchangers were introduced in 1960-62, whereas 1961 

saw the introduction of polyacrylamide by Hjerten (Jungbauer 2005, Curling 2007). He was 

also the first to use beaded agarose as a chromatographic support in 1962 (Janson and 

Jonsson 1998, Curling 2007).  

Currently, agarose beads are available under several commercial names denoting 

different concentrations, compositions and applications. Most of these products are 

designed and optimized for protein purification and their pore size dimensions are typically 

in the range of 30-60 nm (Jungbauer 2005). GE Healthcare has launched Sepharose 2B, 4B, 

6B and CL-2B etc. which is made of pure agarose. The number before the letter B is an 

indication of the agarose concentration in the gel: 4B is 4 % (w/w) agarose etc. The CL 

denotes the cross-linked with epichlorohydrin counterpart of Sepharose. The flow properties 

and particle size of Sepharose and Sepharose CL (40-160 µm) make them suitable for 

analytical applications. Sepharose Fast Flow (GE Healthcare) is an agarose-based adsorbent 

obtained from Sepharose by cross-linking the gel matrix to a much higher degree than 

Sepharose CL. The resulting flow properties of Sepharose Fast Flow after chemical cross-
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linking make it suitable for preparative applications. Sepharose HP (GE Healthcare) is a 

nearly monodispersed agarose matrix of similar rigidity to Sepharose FF but with smaller 

average particle size (34±10 µm). Sepharose Big Beads (6 % (w/w) agarose) (GE Healthcare) 

with ion exchange functionalities is a gel equivalent to Sepharose Fast Flow in terms of 

rigidity. What differentiates Sepharose Big Beads is the large particle size (100-300 µm) 

allowing the application of viscous feedstocks. Superose (GE Healthcare) is a highly cross-

linked monodispersed (10 µm) agarose matrix available in two different agarose 

concentrations, 6 and 12 (6 and 12 % (w/w) respectively) and it is designated for both 

analytical and preparative applications. 

(http://www1.gelifesciences.com/APTRIX/upp01077.nsf/Content/bioprocess). Ultrogel A (Pall) has a 

composite matrix (40-160 µm) consisting of agarose coupled with acrylamide at equal or 

greater concentrations than agarose (http://labfilters.pall.com/catalog/laboratory_35870.asp, 

Janson and Jonsson 1998). BioGel A (Bio-Rad) is an agarose-based matrix available in sizes 

ranging from 55-220 µm in diameter 

(http://www.chromdata.net/ChromMedia.php?id=100&PageID=Ligand, Janson and Jonsson 

1998). Enhancement of density (and particle size) by inclusion of inert densifiers (quartz, 

ceramic, etc.) extends the applicability of packed-bed adsorbents to expanded bed 

operations. For example, Steamline Quartz Base Matrix (GE Healthcare) is such an 

adsorbent. Its quartz core (adsorbent density 1300 kg m-3) and large particle size (100-300 

µm) make it suitable for the initial purification of unclarified feedstocks 

(http://www1.gelifesciences.com/APTRIX/upp01077.nsf/Content/bioprocess). Most of the 

above products are either available as base matrices for subsequent chemical derivatization 

http://www1.gelifesciences.com/APTRIX/upp01077.nsf/Content/bioprocess�
http://labfilters.pall.com/catalog/laboratory_35870.asp�
http://www.chromdata.net/ChromMedia.php?id=100&PageID=Ligand�
http://www1.gelifesciences.com/APTRIX/upp01077.nsf/Content/bioprocess�
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by the end user or are sold with ion exchange, affinity, hydrophobic interaction,  normal and 

reversed phase, etc, functionalities.  

 A relatively new agarose product under development is superporous agarose beads (Fig 

1.3). This type of bead has two sets of pores and a fairly large particle size (300-500 µm). The 

first set consists of typical mesopores found in agarose gels, while the second set consists of 

superpores (typically around 30 µm). This material can be prepared by a double 

emulsification technique including an O/W emulsion followed by a W/O emulsion. In the first 

emulsion the oil (dispersed) phase acts as porogene for the formation of superpores while 

the droplet size of the former determines the size of the superpores (Gustavsson and 

Larsson 1996). A second method for preparing superporous agarose beads involves the 

inclusion of a suitable solid porogene (such as CaCO3) in granule form in the agarose solution 

with subsequent removal of the former with a suitable solving agent (such as HCl) (Zhou et 

al. 2007). 

 Flow through the superpores (or flow pores) is governed by convection rather than 

diffusion while the walls of the pores provide additional surface area increasing the binding 

capacity of the adsorbent. Such extreme geometry is suitable for large sized molecules such 

as plasmids and viruses (Tiainen et al. 2006). Numerous applications of superporous agarose 

beads found in the literature include affinity separation of bovine lactate dehydrogenase and 

rabbit IgG (Gustavsson et al. 1997), hydrophobic interaction separation of lysozyme and 

bovine serum albumin (Gustavsson et al. 1999) and anion exchange separation of plasmid 

DNA (Tiainen et al. 2006). The applicability of superporous agarose has being extended to 

monolithic beds (Gustavsson and Larsson 1999), dense pellicular agarose-glass composite 
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beads for expanded bed adsorption (Zhou et al. 2007) and beaded solid supports for 

microfluidic immunoassay (Yang et al. 2008). 

 

Figure 1.3. (a) superporous agarose bead: (1) flow pores, (2) normal diffusion pores, (b) conventional 

agarose bead (redrawn from Gustavsson and Larsson 1996).  

 

Chromatographic media are not exclusively made of natural polymers (agarose, 

cellulose, dextran, chitosan); synthetic and inorganic materials have also been used. In fact, 

the very first material used as chromatographic support, even prior to natural cellulose, was 

CaCO3, although this material is unsuitable for protein purification. Tiselius (Jungbauer 2005, 

Curling 2007) introduced hydroxyapatite for protein chromatography. The original material 

was in microcrystalline form with poor flow properties but excellent selectivity. A 

modification by sintering the powder into ceramic particles with large pores led to a 

breakthrough in terms of flow properties. Currently it is used for large-scale industrial 

production of recombinant monoclonal antibodies (Jungbauer 2005, Curling 2007). The most 

commonly used inorganic material for protein chromatography is silica (Jungbauer 2005). It 
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was introduced by Stober et al. in 1968 (Walcarius et al. 1998). These spherical particles can 

be obtained by a two-step emulsion polymerization and control of the structure is easily 

achieved by varying the reaction conditions (Unger 1973). Besides its pure application, silica 

has been used to produce composite adsorbents by coating with dextran, agarose, cellulose, 

polystyrol and poly(alkylaspart-amide) (Jungbauer 2005). An example of commercial silica 

product for chromatography is LiChrospher (Merk). It is a monodispersed base matrix in 

beaded form made of pure silica. It is available in two particle sizes (12 and 15 µm) and two 

pore sizes (6 and 10 nm) designated for both analytical and preparative applications. 

LiChrospher is available as base matrix as well as with a range of functionalities.  

(http://www.financialreports.merck.de/servlet/PB/menu/1139910/index.html). Silica beads 

exhibit a high concentration of hydroxyl groups on their surface. The -OH groups can interact 

with proteins especially at high pH. For this reason it is required to react the residual Si-OH 

groups in order to inactivate them (end-capping). This material is known as bonded silica 

(Walcarius et al. 1998). LiChroprep (Merk) is an amorphous matrix made of bonded silica and 

it is available in the ranges of 5-20, 15-25 and 25-40 µm and with different functionalities.  

Another inorganic material exploited as chromatographic support is glass, more commonly 

known as ‘controlled porous glass’. Its first application as a chromatography material was 

proposed by Haller in 1964 (Schnabel and Langer 1991). ProSep A, an amorphous affinity 

matrix is commercially available by Millipore for industrial affinity separations (Jungbauer 

2005). It is available in a particle size range of 74-125 µm with two pore sizes, 50 and 100 

nm. The strong adsorption properties, especially for charged molecules like proteins, initially 

restricted the use of glass. Nowadays, controlled porous glass is available with reduced 

adsorption properties or with bonded reactive groups allowing the applicability of this 

http://www.financialreports.merck.de/servlet/PB/menu/1139910/index.html�
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material to size exclusion and adsorption chromatography. Pores size can be controlled in 

the range of 10 to 400 nm while pore volume can be up to 70 %. These two properties are 

controlled by heat treatment and leaching of porogenes respectively.  These particles are 

amorphous after production but can be refined to glass beads by subsequent heat treatment 

in an inclined rotating tube furnace (Schnabel and Langer 1991). Synthetic polymers have 

also been used as chromatographic adsorbents. The most important materials of this class 

are: vinyl polymers, polyacrylamide polymers and polyvinylstyrene. Commercial products 

manufactured from synthetic polymers, suitable for protein chromatography include the 

following: Trisacryl (polyacrylamide derivative), Toyopearl (hydrophilic cross-linked 

polymer), CIM (polymethacrylate) (Jungbauer 2005). Typical particle size ranges for synthetic 

adsorbents are 10-530 µm while pore sizes are in the range of 10-60 nm (Adachi et al. 2002, 

Adachi and Isobe 2004). A significant advantage obtained with the use of synthetic polymers 

is their resistance to extreme chemical conditions such as high or low pH (Jungbauer 2005).  

Besides porous particulate adsorbents, a relatively new class of chromatographic media 

are the monoliths. Such stationary phases can be prepared in various shapes using 

polymerization chemistry and can be derivatized with traditional chromatography ligands 

(Przybycien et al. 2004). The material is usually cast into a chromatography column as a 

continuous block interlaced with channels (Jungbauer 2005). Another format of monoliths is 

conjoint liquid chromatography where numerous small scale disks of different chemistries 

are placed in the same housing providing multiple separation mechanisms in one unit 

separation (Przybycien et al. 2004). Typical materials for manufacturing monolithic media 

are silica and synthetic polymers such as polyacrylamide (Josic and Clifton 2007). In general 

the major advantage of monolithic supports, regardless of the application, is the fast mass 
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transfer that is achieved between mobile and stationary phase (Buchmeiser 2007). This is 

because transport of solutes in the medium is achieved by convection rather than diffusion. 

Further advantages over conventional particulate chromatographic media are the ability to 

be manufactured in with a wide variety of pore sizes (up to 5000 nm (Jungbauer 2005)) and 

the low back-pressure even at high flow rates. Because of their wide variety of pore sizes 

monoliths can be used for the purification of large sized biological entities such as viruses, 

cells, proteins complexes etc. (Josic and Clifton 2007). Scale-up and industrial application of 

monolithic stationary phases has been restricted mainly by the exothermic nature of the 

polymerization reaction during manufacturing which makes the preparation of high-volume 

monolithic columns with uniform pore size difficult (Przybycien et al. 2004). 

 

1.3.2. General characteristic and requirements for an ideal adsorbent 

Chromatographic adsorbents are essentially the centrepiece of chromatographic 

applications since their role is to capture the biomolecule of interest while unbound material 

is washed out prior to elution. Generally, the nature of the mobile phase (e.g. clarified 

fermentation broth) determines the nature of the stationary phase (chromatographic 

adsorbent), while the chemical nature and size of the proteins determine the surface 

characteristics and physical properties respectively, of the adsorbent matrix (Jungbauer 

2005).  There are several requirements for an ideal adsorbent and in some cases 

compromises need to be made (e.g. unhindered diffusion vs. surface area available for 

adsorption).  From the available materials for manufacturing chromatographic adsorbents, 
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agar (and agarose, the fraction of agar with the lowest possible charge) is the natural 

product that meets most of the requirements for an ideal adsorbent (Porath et al. 1971).  

Spherical shape: Optima beds for chromatographic applications are obtained with hard, 

spherical particles (Porath et al. 1971) The need for this expensive geometric refinement 

derives from the better flow characteristics (lower pressure drop, minimization or absence 

of ‘dead’ zones) that spheres offer compared to e.g. amorphous particles of the same 

apparent size. An exception is preparative applications employing large amorphous particles 

(e.g. ProSep A for industrial affinity separations). Due to the large particle size the pressure 

drop due to the deviation from spherical shape is negligible (Jungbauer 2005). 

Large surface area: In adsorption chromatography the intraparticle surface area 

determines the surface area available for adsorption of biomolecules and hence the dynamic 

binding capacity of the adsorbent after ligand immobilization. Large intraparticle surface 

area can be obtained in an adsorbent with small pores. On the other hand, very small pore 

size suggests diffusion hindrance, especially when the ratio between pore size and molecules 

is less than 10 (Jungbauer 2005). In other situations where large biological entities (viruses, 

plasmids, protein complexes etc.) are to be separated, large pore size is essential for their 

adsorption, therefore reduction in the surface area per gram of adsorbent is unavoidable. 

Hence a compromise must be made between large surface area and pore size (or in other 

words between area for adsorption and diffusion).  

Hydrophilicity and availability of functional groups: Chromatographic adsorbents must 

be hydrophilic in order to allow reversible adsorption (desorption) of bound bioproducts. 

The property of hydrophilicity is readily obtained with the use of natural polymers such as 
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agarose, dextran and cellulose that have a plethora of -OH while enough groups are 

available for the introduction of ligands to specifically modify them according to the 

intended use (Porath et al. 1971, Poole 2003, Jungbauer 2005). 

Chemical stability: Any chemical modification of the adsorbent and ligand 

immobilization should result in a chemically stable matrix during operation and cleaning 

(Porath et al. 1971, Jungbauer 2005). Unsubstituted Sepharose products (Sepharose 4B, 

Sepharose CL-4B, Sepharose 4B Fast Flow) as well as substituted (Q, DEAD, CM, SP, Phenyl 

and Octyl Sepharose 6 Fast Flow) have been tested under static conditions (incubation) with 

respect to the release of organic compounds (Andersson et al. 1998). In the unsubstituted 

media it was found that chemical cross-linking with epichlorohydrin of the particular 

chromatographic media increases the chemical stability of the matrix, especially under 

extreme acidic or basic conditions. With respect to substituted media and ligand leaching it 

was found that supports with coupled ligands can either reduce or increase the chemical 

stability of the matrix, depending on conditions. The increase in chemical stability of the 

matrix with increasing degree of cross-linking is not independent of the nature of the cross-

linker. For example it has been shown (Porath et al. 1975) that chemical cross-linking with 

divinyl sulphone results in a chemically unstable matrix.  

Low unspecific adsorption: Unspecific adsorption can reduce the binding capacity of the 

matrix for the target protein (Amersham Biosciences 2004). In general, unspecific adsorption 

reduces with hydrophilicity.  Agarose and cellulose are the two natural materials with the 

lowest unspecific adsorption. The introduction of cross liking agents in order to improve the 
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mechanical properties of the natural polymers result into a more hydrophobic medium and 

the therefore increase in unspecific adsorption is unavoidable (Jungbauer 2005). 

Mechanical stability: Besides specific surface characteristics, chromatographic 

adsorbents should also possess mechanical strength. The latter determine the deformation 

of particles caused by the weight of the bed and pressure drop during operation. Therefore 

the understanding of the mechanical properties of chromatographic adsorbents is essential 

to the successful design and operation of chromatographic applications (Muller et al. 2005). 

The main drawback of natural polymers is their soft structure (Jungbauer 2005). Rigid 

particles can be obtained by chemical intra- and inter- molecular cross-linking (Porath et al. 

1975) using agents such epichlorohydrin or divinyl sulphone. Although chemical cross-linking 

dramatically increases the mechanical stability of matrices, it is sometimes at the expense of 

other properties, such as chemical stability and hydrophilicity (see above: Chemical stability, 

Low unspecific adsorption). 

  Reusability and low cost: Some adsorbents can be used up to 2000 purification cycles 

(Muller et al. 2005). It is therefore of critical importance that adsorbents can mechanically 

and chemically withstand such extended use. In addition, adsorbents (and buffers) can be 

very costly (e.g.  £ 30550 / 10 L of protein G-activated agarose particles (GE Healthcare 

2009)) and hence, reconsideration of operational strategies in process chromatography is 

essential (Lyddiatt, 2002).  
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1.3.3. Structure-diffusion relationships 

The chromatographic efficiency of a packed bed defines its ability to produce narrow 

symmetrical peaks during elution of bioproducts (Amersham Biosciences 2002). One of the 

parameters commonly used to describe this efficiency is the plate number N. The plate 

number as well as the corresponding height of an equivalent theoretical plate (HETP) is a 

common measure for ideal mass transfer within packed beds (Schmidt-Traub 2005). 

The quantity N is proportional to the column length Lc, so that, with other factors being 

constant, an increase in column length results in an increased plate number and better 

separation. These quantities relate by (Snyder and Kirkland 1979):   

        𝑁𝑁 =
𝐿𝐿𝑝𝑝

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻                                                                                                                                   (1.3) 

                                                                                            

HETP measures the efficiency of a given column (operated under a specific set of 

operating conditions) per unit length of column. Small HETP values suggest more efficient 

columns and large N values. A central goal in chromatographic applications is the attainment 

of small HETP values for maximum N and highest column efficiencies (Snyder and Kirkland 

1979). 

The HETP quantity is related to the contribution of various band-broadening processes 

during separation by (Snyder and Kirkland 1979, Gustavsson and Larsson 1996):  

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐴𝐴𝑝𝑝0.33 + 𝐵𝐵
𝑝𝑝

+ 𝐶𝐶𝑝𝑝 + 𝐻𝐻𝑝𝑝                                                                                           (1.4)                                                                          

where u: the linear velocity of the mobile phase 
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           A: constant relating to eddy diffusion and mobile phase mass transfer 

           B: constant relating to longitudinal diffusion 

           C: constant relating to stagnant mobile phase diffusion 

           E: adsorption kinetics   

            

The term C u, relating to diffusion of macromolecules into the porous network of the 

gel, is dominant in most chromatographic separations, i.e. when the separation is diffusion-

controlled. In such cases, Eq. (1.4) reduces to (Gustavsson and Larsson 1996): 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 = 𝐶𝐶𝑝𝑝                                                                                                                             (1.5)                                         

C u can be expanded to: 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 =  𝐶𝐶
′(𝑑𝑑𝑝𝑝 )2𝑝𝑝
𝐷𝐷

                                                                                                                     (1.6) 

where C’: constant 

           dp: particle size 

           D: macromolecule diffusion coefficient 

It can be seen from Eq. (1.5)-(1.6) that chromatographic efficiency depends on particle 

size and the C’ constant relating to stagnant mobile phase diffusion. The value of C depends 

on the nature and structural characteristics of the adsorbent. An optimized adsorbent in 

terms of pore accessibility and diffusion path-length will result in smaller C values thus 
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reducing the height of equivalent theoretical plate (HETP) and increase chromatographic 

efficiency (Schmidt-Traub 2005).  

 

1.4. Agarose 

Agar is a natural polysaccharide obtained from red sea weeds (Zhou et al. 2007). This 

material has two main constituents: agarose and agaropectin, a composition similar to 

starch, which is composed of amylose and amylopectin. Agarose (Fig. 1.5) is a linear 

polysaccharide consisting of 1, 3-linked β-D-galactopyranose and 1,4-linked 3, 6-anhydro-α-

L-galactopyranose, while agaropectin is a more complicated polysaccharide containing 

sulphuric and uronic acid residues (Araki 1956). Because of its electrically neutral character, 

agarose is superior to agar as an agent for electrophoresis and packed bed chromatography 

(Hjerten 1971). X-ray diffraction studies indicate that agarose has a double helix structure 

with 0.95 nm axial periodicity. Each chain in the double helix forms a left-handed threefold-

helix of 1.9 nm pitch and is translated axially relative to its partner by exactly half this 

distance (Amsterdam et al. 1975). The gelation of agarose (Fig. 1.4) involves a shift from a 

random coil in solution to a double helix in the initial stages of gelation, and then to bundles 

of double helices in the final stage (Quali 2001). A more detailed discussion on the gelation 

of agarose can be found in sections 3.2.3 and 4.1.2. 
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Figure 1.4. Gelation of agarose: (1) random coil conformation, (2) double helix formation, (3) 

aggregation of helices into porous network (blue and red arrows indicate decrease and increase in 

solution temperature respectively). 

 

 

Figure 1.5. Primary structure of agarose: The agarobiose (i.e. two sugars) unit represents the 

repeating ‘monomer’ in the agarose polymer. There are approximately 400 such repeating 

agarose units per polymer chain. The symbol ‘AP’ indicates the point of correction to the rest 

1 2 3
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of the agarose polymer. The importance of the substituents on the 4 potentially free hydroxyl 

groups on each agarobiose unit: If R = H, then the hydroxyl group is ‘free’ to be derivatized 

(i.e. crosslinked or activated to attach ligands as in affinity chromatography). If any R = CH3, 

then the coupling capacity of the agarose is reduced. If any R = SO3 or pyruvate, then the 

coupling capacity is further reduced for either crosslinking or coupling activation (for affinity 

chromatography) (http://www.abtbeads.com).  

 

1.5. Characterization techniques 

The macroscopic properties (such as mechanical strength and permeability) of porous 

chromatographic adsorbents are directly influenced by the internal structure, with the pore 

size distribution playing a major role in bioseparation, beyond simply the mean pore size 

(Yao and Lenhoff 2004). In size exclusion chromatography the separation is based upon the 

relative sizes of pores and biopolymer coils whereas in liquid adsorption chromatography 

the size of pores determines the available surface area for biomolecule adsorption 

(Trathnigg et al. 2006). From the above it is rather clear that absolute control (where 

possible) and the ability to fully characterize the internal porous structure of adsorbents is 

essential to chromatographic applications.  The importance of structural characterization is 

even greater for novel adsorbent systems.  

There is a number of methods regarding the structural characterization of porous media. 

Some of the most common methods (e.g. mercury intrusion porosimetry, nitrogen sorption 

measurements) derive from classical adsorption science. Because these techniques require 

dewatering of the sample they cannot be used on hydrogels since upon drying the soft 

structure of the latter will collapse and information about pore size or internal surface area 

http://www.abtbeads.com/�
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is lost. These methods are well suited for rigid materials such as silica, glass and 

polymethacrylate beads where upon dewatering their structure is preserved (Stenekes 2000, 

Jungbauer 2005). Therefore, considering the delicate nature of hydrogels and agarose in 

particular, it is essential that the characterization method, besides being fast and 

reproducible, has a minimal effect upon the structure of the gel. Below, a review of 

techniques for characterization of agarose beads and/or slabs is presented, as well as 

methods used in this project and the reasons behind selecting the latter.  

Inverse Size Exclusion Chromatography: A method for characterizing the porous 

structure of chromatographic adsorbents can be realized by the inverse application of size 

exclusion chromatography (SEC). Briefly, in SEC, biomolecules are separated according to 

their size. A mixture of biomolecules is applied from the top of the column. Entities larger 

than the exclusion limit of the adsorbent will not enter the pores of the gel and will quickly 

pass through the bed. Smaller molecules will diffuse in and out of the porous network thus 

will need more time to elute (Amersham Biosciences 2002). Consequently the mixture will 

separate in order of decreasing molecular size. By applying a mixture of molecular probes 

with defined size the pore size and pore size distribution of the adsorbent can be 

determined. ISEC analysis of the structure of the adsorbent requires a priori selection of a 

physical model that describes the molecular probe properties as well as the structural 

characteristics of the adsorbent (Yao and Lenhoff 2004). Therefore a drawback of the 

method is that the results obtained will depend on the selected probe and pore model 

(Hagel et al. 1996). ISEC has been applied for the structural characterization on a number of 

adsorbents such as composite polyacrylamide-agarose, dextran, polyacrylamide (Grimaud et 

al. 1978), silica, alumina (DePhillips and Lenhoff 2000), polystyrene, and controlled pore 



Chapter 1 35 
 

glass (Knox and Ritchie 1987). Molecular probes used in ISEC include dextrans (Hagel et al. 

1996), pullulan, ficol, proteins and DNA (Yao and Lenhoff 2004).  

Gel Electrophoresis: This technique separates proteins according to their charge. When 

applied in a free solution (free electrophoresis), proteins will move at different speeds due 

to differences in charge densities and thus separate. In practice the separation usually takes 

place in a gel medium. The gel can act as an inert support for the electrophoresis buffer or 

actively participate in the separation thought its interaction with the proteins. In the latter, 

the protein-gel interaction is the actual separation factor, whereas the electrical field 

promotes the migration of proteins though the gel. Commonly used gels for electrophoresis 

include polyacrylamide and agarose (Laas 1998). Structure and transport of solutes in 

agarose gels have been widely studied with respect to this technique (Fatin-Rouge et al. 

2004). Similarly to ISEC, by applying a mixture of predefined macromolecules, information 

on the structure of the gel can be obtained. Probes (molecular and particulate) used of 

studying the structure of agarose gels by electrophoretic means include proteins, dextrans, 

DNA molecular weight ladders (Pluen et al. 1999) and polymer beads in the size range 10-

140nm (Pluen et al. 1999, Fatin-Rouge et al. 2004).  

Microscopy: A significant number of attempts to characterize the structure of agarose 

gels and beads by microscopy means are available in the literature. Examples include: 

Transmission electron microscopy (TEM) of agarose beads (Amsterdam et al. 1975, Attwood 

1988) and freeze-fractured (Waki et al. 1982) gel slabs (Griess et al. 1993), atomic force 

microscopy (AFM) of agarose gel surfaces (Pernodet et al. 1997, Maaloum et al. 1998) and 

scanning electron microscopy (SEM) of freeze-dried (Medin et al. 1995) slabs and critical 
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point-dried (Zhou et al. 2007) pellicular agarose-glass composite beads. Other 

microscopically characterized (SEM) adsorbents include dextran, polyacrylamide and 

polyacrylamide-agarose composite beads (Grimaud et al. 1978). A common drawback of 

microscopy is sample preparation. This is especially true when considering the sensitive 

nature of hydrogels. It is therefore essential to choose the least invasive sample preparation 

method in order to avoid distorting the gel network. Unfortunately it appears that the more 

invasive the sample preparation is, the better the quality of the images, irrelevantly as to 

whether information extracted from them is realistic. This unfavoured invasion-quality 

relationship is especially pronounced in Electron Microscopy (SEM, TEM etc.). For example, 

sample staining, buffer exchange and sample embedment in epoxy resin (Amsterdam et al. 

1975, Attwood 1988, Griess et al. 1993) results into average quality images, freeze fracturing 

without freeze-drying improves the quality of images (Waki et al. 1982) but not to a 

significant degree, whereas freeze-fracturing followed by freeze-drying and gold staining 

produces images of excellent quality (Medin et al. 1995). 

Templated Electrodeposition: A technique for characterizing thin agarose slabs (sheets) 

can be derived from templated electrodeposition of silver deposits (Hasse and Scholz 1996). 

The method has been used to control the size of silver crystals by applying agarose layers of 

defined concentration onto platinum electrodes with subsequent immersion into suitable 

solution and application of a reduction potential for a short period of time. Silver crystals are 

then grown in the pores of the gel. Agarose can be then removed by immersion of the 

electrode into boiling water. The grown silver crystals can be collected and examined under 

a suitable microscope (e.g. SEM or AFM) for the determination of their size distribution. The 

latter will correspond to the pore size distribution of the gel. This relatively simple and fast 
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method for characterizing the structure of agarose gels offers a significant advantage over 

other rapid characterization methods, such as microscopy, as it only provides information on 

pores that are accessible for molecular diffusion. Although this method cannot be used for 

the structural characterization of beaded agarose, an alternative can be realized through it: 

Agarose beads can be soaked into a UV-curable, heat-resistant epoxy resin. After separation 

of the beads from the bulk of the resin and subsequent UV-treatment, the gel beads can be 

dissolved/removed with boiling water. What is left behind is an imprint of the porous 

network of the gel. Following examination with a suitable microscope the size distribution of 

pores available for diffusion can be determined. This method may only be limited by the 

molecular size of the epoxy resin.  

Nuclear Magnetic Resonance: NMR can provide non-destructive measurements on the 

structure of hydrogels without the need for gel drying. The technique is based on the 

interaction between water molecules and the solid surface of the pores of the gel. The 

relaxation rate of water molecules near the solid surface (termed surface water) is enhanced 

and the spin-lattice relaxation time1

                                                             
1 Spin-lattice relaxation time characterizes the rate at which the longitudinal Mz component of the 
magnetization vector recovers. It is thus the time it takes for the signal to recover 63% [1-(1/e)] of its initial 
value before being flipped into the magnetic transverse plane (McRobbie 2003) 

 is shorter than that of bulk water (bulk water refers to 

the water molecules other that the ones coming in contact with the surface of the pores in 

the gel) Water in the large pores tends to relax slower than water in small pores because of 

the different relative amounts surface and bulk water. Thus the measured relaxation profile 

provides information on the pore size distribution of the gel or more precisely the volume to 

surface area distribution. The technique has being applied on agar, agarose and 

polyacrylamide gels slabs (Chui et al. 1995).     
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Other absorbance measurements: Small Angle Scattering (SAS) is a collective name 

given to the techniques of Small Angle Neutron Scattering (SANS), Light Scattering (SALS or 

LS) and X-ray scattering (SAXS). In each of these techniques radiation is elastically scattered 

by the sample of interest and the resulting scattering pattern is analysed to provide 

information about the size, shape and orientation of the microstructure of the sample 

(http://www.isis.rl.ac.uk/largescale/loq/documents/sans.htm). SANS has been used to study 

the evolution of agarose gelation (sol-gel transition) (Qualli 2001) and agar-gelatin 

complexes gelation (Singh et al. 2007). Besides agarose, SANS has been used to study the 

structures of activated carbon (Hoinkis and Ziehl 2003) and mesoporous silica (Connolly et 

al. 2004). SALS (Manno et al. 1999) and SAXS (Djabourov et al. 1989) have also been used to 

study the gelation of agarose. Finally, gelation of agarose has also been studied by light 

absorbance at the wavelength range of 700-800 nm (Narayanan et al. 2006).  

Thermoporometry: Similarly to NRM, thermoporometry exploits the interactions 

between surface water, bulk water (defined above) and the surface of the pores. Surface 

water has different thermodynamic properties than bulk water, e.g. surface water 

crystallizes at temperatures considerably lower than 0° C (Higuchi and Iijima 1985). 

Thermoporometry is based on the principle of freezing (or melting) point depression of 

water, which is due to the strong curvature of the solid-liquid interface present within the 

pores (Cuperus et al. 1992). By subjecting the sample of interest to differential scanning 

calorimetry measurements the cooling traces of water crystallisation, can be transformed to 

porosity distribution (Faroongsarng and Peck 2003). Furthermore by selecting solvents with 

different polarities and thus different interactions with the gel, one can obtain more 

information on the structure of gel network (Nedelec et al. 2006). The method has been 

http://www.isis.rl.ac.uk/largescale/loq/documents/sans.htm�
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applied on ultrafiltration membranes (Cuperus et al. 1992), polyvinyl alcohol membranes 

(Higuchi and Iijima 1985), croscarmellose starch sodium and sodium starch glycolate 

(Faroongsarng and Peck 2003), silica gels (Nedelec et al. 2006) and resorcinol-formaldehyde 

hydrogels (Yamamoto et al. 2005). Although recognized as a powerful tool for the study of 

hydrogels (Nedelec et al. 2006), Thermoporometry cannot be applied on beaded material 

since distinction between cooling traces of water around particles and cooling traces of 

water within particles (pores)  is difficult (Stenekes et al. 2000). 

   In attempting to characterize the structure of existing or novel agarose formulations 

one has to consider that the results obtained will depend on the characterization method, in 

other words, different methods will produce different results. Additionally, different 

techniques will produce results of different importance and applicability. For example, in 

ISEC and (inverse) electrophoresis, where both methods rely on molecular diffusion, the 

information obtained on the porous structure of the support will depend upon the molecular 

probe used and the pore model assumed (Hagel et al. 1996). Consequently, different sets of 

probes and pore models will produce different results. Although these methods do not 

provide any information on pore geometry and pore connectivity, both important 

parameters in solute transport (Yao and Lenhoff 2004), they do provide information on 

pores only accessible to diffusion. This is of practical importance since it is directly relevant 

to the chromatographic applications. In the same context, information on the properties of 

the porous network extracted from images acquired with a suitable microscope will give a 

far more accurate and objective characterization, assuming minimal distortion from sample 

preparation. This is because dimensions of pores and fibres as well as distribution of pores 

will be directly measured, rather that derived (e.g ISEC). The latter may be useful for linking 



Chapter 1 40 
 

the properties of the gel network with gelation kinetics, but will be of somewhat less 

practical importance in terms of the application of the adsorbent, since no distinction 

between pores available for diffusion and ‘sealed’ regions can be made using microscopy 

images. Nevertheless the importance of microscopy as a characterization is paramount since 

it is by far the least time consuming, reproducible, and in some cases can provide structural 

information on different parts of the adsorbent (e.g. surface, interior). The latter is especially 

significant as the accurately determined resulting properties can be directly linked to 

processing conditions during manufacturing and instances of under- or over-processing can 

be identified and eliminated. 

For the above reasons two types microscopy (AFM and cryo-SEM) were initially used to 

characterize the structure of the agarose formulations tested in this work. AFM was chosen 

since sample preparation is very simple and samples can be viewed in aqueous conditions, 

similar to these of chromatographic applications. Because AFM provided information only on 

the pore size and pore size distribution of the particle surface (thin-sectioning of agarose 

beads using microtome resulted in artefacts on the gel structure, results not presented) 

cryo-SEM was utilized in order to obtain information on the internal structure of the 

adsorbent. The third technique used was Micromanipulation. This technique can be used for 

the determination of mechanical properties (e.g. elastic and shear moduli, compression 

strength at given deformations, rupture force, viscoelastic properties) of individual particles 

thus allowing manufacturing conditions to be linked with resulting mechanical properties of 

particles. Furthermore the measurement of the mechanical properties of individual particles 

allows the determination of mechanical loads that particles can be exposed to during 

functionalization and operation. Micromanipulation also offers an indirect method for 



Chapter 1 41 
 

calculating the average pore size of the adsorbent by using equations derived from rubber 

elasticity theory (Stenekes et al. 2000).     

Atomic Force Microscopy: AFM (Fig. 1.6) was invented by Binnig et al. in 1985 (Binnig 

et al. 1986). It was developed in order to overcome the fundamental drawback of Scanning 

Transmission Microscopy (STM). The latter can only produce images of conducting or 

semiconducting surfaces. AFM on the other hand, can produce images of almost any type of 

surface, including polymers, ceramics, composites, glass, and biological samples. 

(http://www.nanoscience.com/education/AFM.html, Colton et al. 1997). AFM operates by 

measuring the attractive or repulsive forces between a tip and the sample (Binnig et al. 

1986). It is a light-lever technique in which a micro-fabricated cantilever interacts with the 

surface of interest, with the deflection of the cantilever monitored by a laser beam reflected 

from the cantilever onto a position-sensitive photodiode (Bowen 2005).  

 

 

http://www.nanoscience.com/education/AFM.html�
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Figure 1.6. Schematic diagram of AFM: (1) laser beam, (2) cantilever, (3) sample, (4) piezoelectric 

translator, (5) feedback loop, (6) cantilever tip, (7) mirror, (8) photodiode, (9) controller, (10) user 

interface (redrawn from Bowen 2005).  

 

AFM generally uses two types of tip. The normal tip (Fig. 1.7a) is a 3 µm tall pyramid 

with about 30 nm end radius. The electron-beam-deposited (EBD) tip or supertip (Fig. 1.7b) 

improves on the former with an electron-beam-induced deposit of carbonaceous material 

made by pointing a normal tip straight into the electron beam of a scanning electron 

microscope (Baselt 1993). 
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Figure 1.7. Two common types of AFM tip: (a) normal tip (3 µm tall), (b) super-tip (Baselt, 1993). 

 AFM also operates in two modes: tapping and contact mode. In the latter, the 

cantilever tip is in direct contact with the surface and as the tip moves across the surface the 

change in cantilever deflection is monitored via the change in the position of the laser beam 

on the photodiode. A feedback control system is used to maintain the contact between the 

cantilever and the sample. In tapping mode the cantilever vibrates close to its resonance 

frequency at a short distance above the sample. If the tip and surface move relative to each 

other in a vertical direction, the tip can interact with the sample surface thus allowing 

adhesive and repulsive interaction forces between the tip and sample to be determined 

(Baselt 1993, Bowen 2005). 

Scanning Electron Microscopy: The SEM (Fig.1.8) produces a highly magnified image 

by using electrons instead of light to form an image.  A beam of electrons is produced at the 

top of the microscope by an electron gun.  The electron beam follows a vertical path through 

the microscope, which is held within a vacuum.  The beam travels through electromagnetic 

fields and lenses, which focus the beam down toward the sample.  Once the beam hits the 

sample, electrons and X-rays are ejected from the sample. Detectors collect these X-rays, 

a b 
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backscattered electrons, and secondary electrons and convert them into a signal that is sent 

to a screen similar to a television screen.  This produces the final image. 

(www.purdue.edu/REM/rs/sem.htm) A high energy (typically 10-50 keV) electron beam is 

scanned across the surface of the sample. Backscattered electrons can also give information 

on the surface topography and on the average atomic number of the area under the 

electron beam. (http://www.jeolusa.com/sem/docs/sem_guide/tbcontd.html)   

 

Figure 1.8. Schematic diagram of SEM: (1) electron gun, (2) electron beam, (3) anode, (4) magnetic 

lens, (5) scanning coils, (6) backscattered electron detector, (7) stage, (8) sample, (9) secondary 

electron detector, (10) to TV scanner (redrawn from www.purdue.edu/REM/rs/sem.htm). 
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Micromanipulation: The mechanical stability of chromatographic columns is traditionally 

determined with the construction of pressure drop-flow rate curves. Extensive work on 

conventional compression of chromatographic beds has been reported (Stickel et al. 2001). 

This macroscopic approach for the determination of the mechanical stability of 

chromatographic adsorbents presents two issues: first, no information on the state (extent 

of deformation, recovery time, permanent deformation, crashing etc.) of individual particles 

can be obtained (Muller et al. 2005). Second, functionalization of chromatographic 

adsorbents is usually a high intensity, multistep process (vacuum washing, turbulent mixing, 

centrifugation etc.) (Mu et al. 2005) that exposes particles to mechanical loads and 

hydrodynamic pressures much higher than in chromatographic columns. It is therefore 

important to know what range of mechanical load individual particles can withstand without 

causing irreversible damage to their structure. Such information cannot be obtained from a 

pressure drop-flowrate curve.  

The theoretical concept of measuring mechanical properties of individual particulate 

matter using micromanipulation was first introduced in 1987 (University College London) 

while the first practical rig was constructed at the University of Birmingham in 1990. The first 

set of experiments using the technique involved biological materials and the measurement 

of tensile forces as well as the strength of single fungal hyphae subjected to uniaxial 

extension. The outcome of these experiments was ultimately linked to the hydrodynamic 

forces imposed to fungal cells during fermentation and their mechanical damage as well as 

the loss of viability and productivity caused by the latter (Blewet 2000). The progression of 

the technique was realised with the compression of single mammalian cells (Zhang et al. 

1991), yeast cells (Srinorakutara 1997, Mashmoushy et al. 1998) and tomato cells (Wang et 
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al. 2003), as well as non-biological materials such as dextran beads (Stenekes et al., 2000), 

polymeric chromatographic adsorbents (Muller et al. 2005), agarose beads (Mu et al. 2005) 

and gelatin-rich micro-particles (Ding et al. 2007). Recently the application of the technique 

was taken one step further with the construction of a composite ESEM-nanomanipulation rig 

where the mechanical properties of single nanoparticles (800 nm in size) where measured 

(Liu et al. 2007). 

Based on a simple concept, the micromanipulation technique relies on compressing 

single particles with a refined glass rod while a force transducer determines the compression 

force by measuring the deflection of a cantilever as voltage difference (Shiu 2000). From the 

raw data obtained (voltage-time tracer), force-deformation and force-time graphs can be 

extracted, thus allowing the determination of said properties of particulate materials at a 

wide range of deformations. A detailed description of the micromanipulation rig can be 

found in section 2.5. 

 

1.6. Methods and equipment for manufacturing agarose based chromatographic media 

A small number of methods is available for the manufacturing of agarose particles. 

These include emulsification in a stirred vessel or high shear mixer (Jahanshahi et al. 2003, 

Mu et al. 2005, Yan et al. 2009), membrane emulsification (Zhou et al. 2007, Zhou et al. 

2008, Zhou et al. 2009, Yan et al. 2009) and spray-gelation (Egorov et al. 1970). Irrespectively 

of method of choice, production of agarose beads usually involves the dispersion of an 

aqueous phase (agarose-containing phase) at elevated temperature into an organic phase 

followed by cooling below the gelation temperature of agarose to form solid particles.  
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The control of the following parameters is very important in the commercial 

manufacturing of agarose beads: particle size/size distribution, internal structure of the 

particles, throughput and yield. Additionally ease of scale-up is an important factor in 

minimizing manufacturing cost. In general, particle size/size distribution is primarily a 

function of energy input in the system. The structure of agarose (pore size, pore size 

distribution), is controlled by the physical and chemical composition of the gel and by the 

quenching temperature of the emulsion. The latter has been largely ignored in a number of 

publications concerning the manufacturing of agarose beads and the characterization of the 

resulting properties of the adsorbent. Throughput is an inherent property of the processing 

element as well as a function of the scale of the operation, while yield is essentially 

determined by the resulting particle size/size distribution.  

The following review of the features of processing methods mentioned above, attempts 

to identify the ideal equipment of large-scale manufacturing of agarose particles intended 

for chromatographic applications.  

Stirred vessels and high shear mixers (Fig1.9): The choice of stirred vessels or high shear 

mixers is often due to scale-up from laboratory product development (Karbstein and 

Schubert 1995). As mentioned above, conventional emulsification by rotational shearing 

involves the dispersion of agarose into an oil phase at elevated temperature (usually around 

80°-90° C) with subsequent cooling well below the gelling point of agarose. This process can 

be carried out in batch (stirred vessel or high shear mixer) or continuous (high shear mixer) 

mode. Batch systems are better suited for manufacturing relatively small quantities of 

various particle types (high flexibility) whereas continuous rigs are better suited for the 
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production of large volumes of single types of particles (less flexibility, higher productivity 

(Mu et al. 2005)). Continuously operating rigs have very narrow residence time distributions 

along with short mean residence times (Karbstein and Schubert 1995) resulting in high 

throughputs. Factors affecting the resulting particle size/size distribution in stirred vessels 

and high shear mixers are the input energy density, concentration and type of emulsifier, the 

physical properties of the dispersed and continuous phases (interfacial tension, viscosity) 

and drop coalescence. Cooling of the emulsion in the continuous setup is achieved by 

injection of cold oil at the outlet of the rotor-stator assembly. In batch systems, solid bead 

formation can be achieved by decreasing the temperature in the vessel containing the 

emulsion as well as by discharging the latter in a separate vessel containing a large volume 

of the continuous phase at low temperature (quenching). Quenching of the emulsion offers 

high degree of flexibility in terms of cooling rates achieved. Therefore a wide range of 

intraparticle structures can be produced by selecting the appropriate quenching 

temperature.  

An inherent flaw of emulsification by rotational means is that a lot of the input energy is 

dissipated as heat when compared to e.g. membrane emulsification (Joscelyne and Tragardh 

2000). This is especially true for stirred vessels that, despite the general opinion, are not 

necessarily the cheapest emulsifying machines (Karbstein and Schubert 1995). An issue 

commonly encountered with stirred vessels and high shear mixers is the broad size 

distribution of particles (Zhou et al. 2008). Typically, after emulsification sieving is employed 

for obtaining particles with a narrow size distribution but this leads to reduced yields and 

high manufacturing costs (Zhou et al. 2007). 
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Figure 1.9. (a) stirred vessel: (1) vessel, (2) impeller, (b) continuous high shear mixer rig, (1) rotor 

stator assembly, (2) dispersed phase tube, (3) continuous phase tube, (4) emulsion output tube, (5) 

heat exchangers for heating the two phases, (6) heat exchanger for cooling the emulsion, arrows 

show the direction of flows. 

 

Membrane emulsification (Fig. 1.10): A number of recent publications concern the 

manufacturing of agarose beads using membrane emulsification technology (Zhou et al. 

2007, Zhou et al. 2008, Zhou et al. 2009). In general membrane emulsification involves the 

dispersion of one phase into another by pressing the former through the pores of a 

membrane. A cross-flow stream of the continuous phase collects the newly formed particles 

in a bulk phase. The detachment of the droplets from the membrane surface results in an 

emulsion with a very narrow droplet size distribution (Lambrich and Schubert 1999). In the 

case of agarose emulsification particles can be collected and subsequently cooled to induce 

gelation of beads at conditions similar to that of a stirred vessel (Yan et al. 2009). Production 
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of emulsions with membranes requires that the dispersed phase does not wet the 

membrane. For this reason hydrophobic membranes should be used to prepare W/O 

emulsions and hydrophilic membrane for O/W emulsions (Joscelyne and Tragardh 2000). 

The narrow size distribution of particles obtained from membrane emulsification is 

particularly attractive to chromatographic applications as column performance and 

resolution improves with bead monodispersity (Amersham 2002, Sun et al. 2005). 

Additionally, narrow particle size distributions are economically favoured with respect to 

adsorbent manufacturing costs as there is no need for sieving of the particles (Zhou et al. 

2009) and, hence, no material is wasted. In membrane emulsification, average particle size 

primarily depends on the average pore size of the membrane and it has been reported that a 

linear relationship exists between the two (Zhou et al. 2007). Other factors affecting particle 

size are membrane porosity, transmembrane pressure, concentration and type of surfactant, 

physical properties of the two phases, dispersed phase flux, velocity of the continuous phase 

and drop coalescence (Joscelyne and Tragardh 2000). A drawback of membrane 

emulsification is the low dispersed phase flux which is mainly restricted by the small pore 

size of the membrane and the viscosity of the dispersed phase (Zhou et al. 2008).  A way to 

significantly increase trasmembrane flux is by premixing the emulsion (coarse emulsion), 

using conventional methods, before passing through the membrane (Vladisavljevic et al. 

2004).  

Although preparing economically favoured monodispersed agarose beads using 

membrane emulsification technology seems an attractive alternative to conventional 

emulsification techniques (stirred vessels, high shear mixers), a critical factor regarding the 

resulting structure of the adsorbent appears to have been overlooked: A general condition 
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for the preparation of monodispersed emulsions using membrane emulsification is that the 

interfacial tension between phases should be relatively high (Zhou et al. 2007). Specifically 

for the case of agarose, this suggests that the emulsification temperature should be kept low 

otherwise the lowering of interfacial tension due to the increase in temperature results in a 

polydisperse emulsion. Indeed in the number of recent publications (Zhou et al. 2007, Zhou 

et al. 2008, Zhou et al. 2009) process temperature was maintained between 55°-60° C while 

a range of agarose concentrations were used (4 %-14 % (w/w)). This temperature is very 

close to the gelation temperature of agarose (measured in this work 46°-52° C for 3 %-6 % 

(w/w), see section 3.2.3). The latter observation suggests that the structure of agarose 

during droplet formation has transitioned and in fact is very close to gel state. This increases 

the possibility of large inhomogenities in the internal structure of the particles. Furthermore, 

there is no information on the structure of particles obtained by membrane emulsification at 

such low temperature. In the same context, high temperature emulsification using 

conventional methods appears to be advantageous in obtaining beaded agarose of higher 

product quality than membrane emulsification.        
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Figure 1.10. (a) semicontinuous membrane emulsification rig: (1) membrane module, (2) disperse 

phase, (3) pressurized nitrogen, (4) continuous phase, (5) collection tank, (6) pump, (7) heat 

exchanger, (b) membrane module: (1) dispersed phase, (2) membrane, (3) drop coalescence, (4) 

drops, arrows show the direction of continuous phase flow (redrawn from Joscelyne and Tragardh 

2000).    

 

Spray-gelation (Fig. 1.11): A method for producing agarose beads by spraying a hot 

agarose solution through a nozzle with subsequent cooling (quenching) of the beads in 

water-ether was proposed by Philipson and Bengtsson in 1964 and modified by Egorov et al. 

(Egorov et al.1970). The device consists of a hermetically closed vessel containing the 
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agarose solution at elevated temperature. The lower outlet of the tank is connected to a 

sprayer with removable brass discs that have a conical orifice. Compressed nitrogen is fed in 

the tank with the melted agarose which is then squeezed through the sprayer. The atomized 

agarose enters a vessel containing a large volume of cold water-ether mixture continuously 

stirred to induce the gelation of agarose beads. Particle size is controlled by the diameter of 

the orifice, and the applied pressure, while optimum agarose solution concentrations are 

between 2-7 % (w/w). Although scalability of the process does not appear to be an issue 

(Egorov et al. 1970), the method has not attracted much attention in the industrial 

manufacturing of agarose beads.  

 

Figure 1.11. Spray gelation for producing agarose beads: (1) hermetically closed vessel containing 

agarose solution at elevated temperature, (2) spray nozzle with removable discs, (3) compressed 

nitrogen inlet, (4) beaded agarose, (5) cooling vessel, (6) water- ether mixture, (7) stirrer.  
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CHAPTER 2 

- 

EXPERIMENTAL SETUP AND MATERIALS & METHODS 

 

2.1. Manufacturing of agarose beads 

 

2.1.1 Experimental rig 

Emulsification was carried out with a Silverson high-shear mixer (L4 series, Silverson, UK) 

(Fig. 2.1 (2)) Process temperature was controlled with a water-bath (model OLS 200, Grant 

Instruments, UK) (Fig. 2.1 (1)) connected to the heating jacket (Fig. 2.1 (13)) of a stainless 

steel vessel (I.D: 0.1 m, H: 0.15 m, V ≈ 1 L) (Fig. 2.1 (5)). The particular vessel does not 

incorporate baffles, the head is fitted eccentrically (Fig. 2.1 (18)). The stator used (D: 0.026 

m, H: 0.017 m, voidage ε: 22.5 %, gap size: 0.175 mm) was the standard emulsor screen 

(Silverson manual) (Fig. 2.1 (18)). Cooling of the emulsion was achieved by discharging the 

hot emulsion, using compressed air (Fig. 2.1 (16)), into a separate glass vessel (I.D: 0.145 m, 

H: 0.28 m) (Fig. 2.1 (3)) containing 3.8 L of cold mineral oil at the desired quenching 

temperature. Mixing in the quenching vessel was achieved using an overhead mixer 

employing a six-blade 45° pitched blade impeller (D: 0.085 m, H: 0.025 m) (Fig. 2.1 (12)) 

fitted eccentrically. The quenching temperature was controlled with a second water-bath 

(Fig. 2.1 (4)) connected to the cooling jacket of the glass vessel (Fig. 2.1 (14)). Temperature 

was measured in both vessels using two separate J-type thermocouples (Radleys, UK) (Fig. 

2.1 (15), (17) connected to the same digital display (in-house made) (Fig. 2.1 (10)). 
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Figure 2.1. Experimental rig for manufacturing agarose beads: (1) hot water-bath, (2) high-shear 

mixer, (3) quenching vessel, (4) cold water-bath, (5) emulsification vessel, (6) quenching stirrer, (7) 

emulsion discharging tube, (8) discharging valve, (9) quenching vessel outlet, (10) temperature LED 

display, (11) rotor speed LED display, (12) quenching impeller, (13) heating jacket inlet (red) - outlet 

(blue), (14) cooling jacket inlet (blue) - outlet (red), (15) mixer inlet and thermocouple, (16) 

compressed air tube and inlet, (17) thermocouple, (18) rotor-stator assembly.  
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2.1.2 Materials 

High-melting agarose D5 (Mr = 120 KDa, gelation temperature 46°-52° C, depending on 

concentration, composition and setting conditions, ρ(dry) = 1.64 g mL-1 ) (supplied by 

Millipore, UK) was used as raw material for the manufacturing of the adsorbent. White 

mineral oil Marcol N82 (ν(90° C) = 3.5 mm2s-1, ρ(90° C) = 812.3 kg m-3) (ESSO, UK) was used as the 

continuous phase. Sodium chloride (Sigma Aldrich, UK) was used as a co-solute for 

controlling the pore size of the adsorbent. Oil-soluble surfactants Span 80 (sorbitan 

monoleate, HLB 4.3, ρ(20° C) = 986 kg m-3, Mr = 446.62 g mol-1) and Span 85 (sorbitan trioleate, 

HLB 1.8, ρ(20°C) = 956 kg m-3, Mr = 975.51 g mol-1) (Sigma Aldrich, UK) were used for 

controlling particle size.   

 

2.1.3. Agarose solution preparation 

Agarose powder at a concentration of 4 % (w/w) was dissolved in saline solutions of 

distilled water containing a certain amount of NaCl in a glass beaker.  Distilled water was 

also added to account for water loss during subsequent heating.  The mixture was then 

placed in a microwave oven for a total of 3 mins. To ensure complete dissolution of the 

agarose, the mixture was stirred by hand every 0.5 mins and for about 10 s. After obtaining a 

transparent solution the beaker was sealed and placed in a submersion water bath at 90° C 

where it was held for at least 30 mins to allow air bubbles to escape.  Due to water 

evaporation a thick crust of dried agarose was formed on the surface of the solution. For this 

reason it was necessary to load the pre-heated syringe for the bottom of the beaker were 

the bulk concentration of the agarose solution remained constant. This was done by 
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penetrating the crust of dried agarose with the syringe and immersing it into the beaker until 

it touched the bottom. Considering the viscous nature of agarose solutions, later observation 

of agarose beads with the SEM confirmed the mixing procedure followed resulted in 

homogenous mixture as the internal structure of the particles appeared fairly uniform.   

 

2.1.4. Emulsification 

A volume of 800 mL (80 % (v/v), continuous phase) of mineral oil was loaded to the 

emulsification vessel. Oil soluble surfactant of desired type and concentration was added to 

the vessel from the top port using a syringe. The mixture was allowed to equilibrate to 90° C 

while stirring at 1000 rpm for about 30 mins. Then, 4 L of mineral oil were placed in a plastic 

bottle and stored in deep freezer (-70°C) for approximately 45 mins thus cooling the oil to -

10°C. After cooling the bulk volume of oil, 3.8 L were loaded to the quenching vessel and 

allowed to equilibrate for 30 mins to the desired quenching temperature while stirring at 

300 rpm. As soon as the two vessels were equilibrated to the desired temperatures and air 

bubbles had escaped from the agarose solution, the high shear mixer rotor was fixed at the 

desired speed. Then, using a preheated syringe, 200 mL (20 % (v/v), dispersed phase) of the 

agarose solution were injected in the high shear mixer from the top port. After 5 mins of 

shearing the emulsion was discharged in the cooling vessel using compressed air (0.5 bars). 

To ensure complete gelation of the agarose particles, the mixture was allowed to equilibrate 

to the final cooling temperature (20° C) for at least 15 mins while stirring at 300 rpm. This 

relatively low speed was chosen in order to avoid altering the resulting particle size 

distribution coming out of the high shear mixer.  
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 The above concentrations and conditions were kept constant during the following 

experiments. To study the effect of ionic strength on pore size / size distribution and particle 

size / size distribution, NaCl was dissolved in the agarose solution at the following 

concentrations: 0, 0.01, 0.025, 0.05 and 0.1 molal. In this set of experiments the emulsion 

contained 0.1 % (v/v) Span 85, was emulsified at 30.7 W kg-1 (3500 rpm) and was quenched 

at 0° C.   

To study the effect of quenching temperature on pore size / size distribution and particle 

size / size distribution the emulsion was quenched at three different temperatures: 0°, 10° 

and 20° C, and three concentrations of salt were used at each quenching temperature (0, 

0.01, 0.05 m NaCl), 0.1 % (v/v) Span 80 was added as a surface active agent. In all three 

experiments, formulations were emulsified at 30.7 W kg-1 (3500 rpm).  

To study the effect of surfactant concentration the resulting particle size / size 

distribution Span 85 was added to the continuous phase prior to emulsification at the 

following concentrations: 0, 0.1, 0.5, 1.0 and 1.35 % (v/v). The salt-free dispersion was 

emulsified at 2.87 W kg-1 (2000 rpm) and quenched at 0° C.  

The effect of surfactant type on particle size was studied by preparing two separate 

emulsions. In the first, Span 80 at a concentration of 0.1 % (v/v) was added to the 

continuous phase. In the second emulsion, Span 85 was added at the same concentration 

(0.1 % (v/v)). No salt was used in this experiment while the dispersions were emulsified at 

30.7 W kg-1 (3500 rpm) and quenched at 0° C.  
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Finally, to study the effect of rotor speed on the resulting particle size / size distribution 

two salt-free agarose solutions, each containing 0.1 % (v/v) Span 85, were emulsified at 2.87 

(2000 rpm) and 30.7 W Kg-1 (3500 rpm) respectively , and quenched at 0° C. 

 

2.1.5. Centrifugation 

Following solid bead formation, the oil-particle mixture was transferred from the cooling 

vessel to the centrifuge (model Jouan C4 22, Thermo Fisher Scientific, UK). Centrifugation at 

3000 rpm (1830 g) for 10 mins successfully separated the particles from the bulk volume of 

the oil as the liquid removed from the centrifuge bottles was transparent. A 25 % (v/v) 

aqueous ethanol solution was used to wash out the particles from the centrifuge bottles. 

 

2.1.6. Washing 

Prior to any characterization measurements particles where washed using the following 

procedure: A small volume of particles ( ̴30 ml) was placed in a sintered glass funnel 

connected to a vacuum pump. Particles where then washed with 3 volumes of 25 % (v/v) 

aqueous ethanol, 3 volumes of 50 % (v/v) ethanol, 3 volumes of 75 % (v/v) ethanol, 30 

volumes of ethanol, 3 volumes of 75 % (v/v) ethanol, 3 volumes of 50 % (v/v) ethanol and 

finally 3 volumes of 25 % (v/v) ethanol. The successive washing with increasing following 

decreasing concentration of ethanol aqueous solutions prevents particles from possible 

structural damage caused by the rapid dehydration when washing directly with pure ethanol 
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(Amsterdam et al. 1975). After washing, particles were kept in 25 % (v/v) aqueous ethanol 

solution to prevent bacterial contamination.    

2.2. Particle sizing 

Particle size distributions, mean diameters (D(0,1), D(0,5), D(0,9) and D(3,2)), and yield 

(obtained from undersize curve) were determined with the Mastersizer 2000 (Malvern, UK). 

Refractive index values of 1.58 and 1.33 (Malvern manual) were used for agarose particles 

and distilled water respectively. The 25 % (v/v) aqueous ethanol solution was exchanged 

with distilled water prior to sizing. A 10 % (v/v) dispersion of particles was slowly added to 

the dispersion unit using a pipette until laser obscuration reached 10 % of its total value. A 

stirrer speed of 2000 rpm was used in the measuring cell (loop) to ensure complete 

dispersion of particles. Three measurements were performed per sample and the results 

presented in Chapter 3 are the average of said measurements.  

 

2.3. Physical properties of agarose solution and mineral oil 

 

2.3.1. Viscosity measurements 

The rheological properties of all agarose formulations used in this project were 

determined using the AR 1000 rheometer (TA Instruments, UK). A cone-and-plate (cone 

specs: D: 40 mm, α: 4°) configuration was used for all the measurements (Fig. 2.2 (2), (3)). 

The stage of the rheometer was allowed to equilibrate to the desired temperature (90° C). 

Then, a certain quantity of agarose solution ( ̴ 10 ml) was loaded using a pre-heated syringe 
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onto the centre of the hot plate. The cone was lowered to ‘geometry height’, determined by 

software for the particular setup, while pushing excess material on the side of the plate. The 

excess solution was removed using a spatula until a meniscus was formed (Fig. 2.2 (1)). A 

solvent trap was then placed on top of the cone to prevent solvent evaporation during 

measurements (Fig. 2.2 (4)). 

The gelation temperature of agarose was determined by the crossover of the elastic (G’) 

over the viscous modulus (G’’) while cooling the gel from 90° to 35° C at 3°C min-1. The 

gelation temperature was determined for 3, 4, 5 and 6 % (w/w) agarose solutions. Flow 

curves (viscosity vs. shear rate) were determined for increasing polymer concentration in the 

solution (3, 4, 5 and 6 % (w/w) agarose), increasing ionic strength in the solution (4 % (w/w) 

agarose (D5 type) with 0, 0.01, 0.025, 0.05, 0.1 m NaCl) and mineral oil at two temperatures 

(20° and 90° C). Measurements were performed with increasing shear in the range of 0.01-

100 s-1. 

 

 

1 2

4

5
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Figure 2.2. Sample loading on rheometer plate: (1) agarose solution, (2) cone, (3) hot plate, (4) 

solvent trap, (5) water.  

2.3.2. Interfacial tension measurements 

The interfacial tension of agarose and oil was measured using the pendant drop method 

(Arashiro and Demarquette 1999). The needle of a syringe containing the denser of the two 

phases (agarose solution) is vertically submerged into a beaker containing the less dense 

phase (mineral oil).  A drop of agarose is generated by slowly pushing the plunger of the 

syringe. As soon as the weight of the drop, minus the buoyancy, is equal to the holding force 

the drop falls. The volume of the falling drop can be measured either by an image obtained 

with a suitable microscope (assuming the drop is spherical) (Fig. 2.3) or from the scaling of 

the syringe. Both ways were used in this work. Interfacial tension was then calculated from 

the following equation:  

𝜎𝜎 =
𝑔𝑔(𝜌𝜌1 − 𝜌𝜌2)𝑉𝑉

2𝜋𝜋𝜋𝜋𝑓𝑓𝐻𝐻𝐻𝐻
                                                                                                                                (2.1) 

where: σ: interfacial tension (Nm-1) 

       g: gravitational acceleration (ms-2) 

       ρ1, ρ2: the density of the heavy and light phase respectively (kgm-3) 

       V: volume of the drop (m3) 

        r: capillary (syringe) radius (m) 

        fHB: correction factor 
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Figure 2.3. Pendant drop method for calculating interfacial tension. 

 

Agarose solution and mineral oil were allowed to equilibrate to the desired temperature 

(90° C) prior to any measurements. Temperature control was not available during 

measurements but the duration of each measurement was no more than 2 mins therefore it 

can be assumed that no significant temperature changes occurred during this interval. 

Interfacial tension was determined for the following systems and concentrations: 4 % (w/w) 

agarose / oil, 4 % (w/w) agarose / oil / 0.1 % (v/v) Span 80 and 4 % (w/w) agarose /oil / 0.1 % 

(v/v) Span 80 / 0.05 m NaCl.   

 

 

 

 

2rfHB

dDrop
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2.3.3. Density measurements 

The density of agarose at 3, 4, 5 and 6 % (w/w) and mineral oil at 90° C as well as mineral 

oil at 20° C was measured with a 25 mL density bottle. The density bottle was weighted 

before and after loading. The weight difference was recorded as the mass of the 25 mL 

sample and density was obtained by dividing the mass of the sample by its volume (25 mL). 

Measurements were repeated in triplicate to ensure accuracy. For density measurements at 

90° C the gravity bottle was submerged in a water-bath during loading.  

 

2.4. Microscopy 

 

2.4.1. AFM sample preparation 

AFM images were acquired using a MultiMode AFM (Veeco, UK) housed on a vibration 

isolation table.  Nanoscope v5.12 software (Veeco, UK) was used throughout for both real-

time analysis and post-capture image processing. A drop of particle aqueous suspension (70 

% (v/v)) from each sample was immobilized on a glass slide using double-side tape. The slide 

was rinsed with distilled water to remove excess amount of particles and large aggregates.  

Excess water was removed using paper tissue. All images were acquired while operating in 

Tapping Mode under ambient conditions, using rectangular 180 μm length pyramidal-tipped 

Si cantilevers (Veeco, UK) with nominal spring constants of 40 N m-1 and resonant 

frequencies in the range 250-350 kHz. The AFM piezoelectric tube scanner had a maximum 
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lateral range of 14 μm x 14 μm and a maximum vertical range of 1.9 μm when operating in 

Tapping Mode. All images were acquired at scan rates between 0.5-1.5 Hz, each image being 

composed of 512 x 512 pixels. Each sample was examined for up to 20 mins to ensure drying 

of the gel network did not occur. Later visual examination of the film confirmed that 

particles were still wet. 

 

2.4.2. Cryo-SEM sample preparation 

All samples were examined with a Philips XL 30 FEG ESEM microscope operating in SEM 

mode. A drop of particle aqueous suspension (70 % (v/v)) from each sample was placed on a 

brass stage mounted on a steel rod.  The rod was immersed in nitrogen slush (-140° C) and 

then quickly transferred to the SEM preparation chamber. Samples were fractured using a 

metal rod accessing the preparation chamber. After freeze-fracturing the sample was 

sublimated (etched) at -90° C and 4 X 10-5 mbar of vacuum for 8 mins. After etching the 

temperature was lowered back to -140° C. Finally a platinum coating (1 min exposure, 

thickness 5 nm) was applied on the surface of the sample in order to prevent damage by the 

electron beam. After sample preparation the rod was transferred from the preparation 

chamber to the interconnected examination chamber. An electron beam of 8 keV was used 

at 4 X 10-5 mbar of vacuum and -140° C, for the examination of agarose particles. 
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2.4.3. Microscopy data interpretation 

 

 

Figure 2.4. Example of pore size measurements using in-house image analysis software. 

 

AFM images exhibit the topological characteristics of the sample through height 

differences (Fig. 2.4). The height bar (Z-range) on the top right side of each image indicates 

the height differences of the surface of the sample as scanned by the tip of the AMF. 

Therefore, light yellow colour indicates peaks on the surface, while dark brown colour 

indicates valleys on the particle surface, i.e. entrance of pores. The Z-range is also an 

indication of sample surface roughness.  The raw data extracted from the AFM and cryo-SEM 

images were interpreted in the following way: average pore size (arithmetic mean) and pore 
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size distributions were obtained using in-house image analysis software. Assuming circular 

pore geometry, superimposed circles were created on the image analyzed (yellow circles in 

Fig. 2.4) with a simple ‘point and click’ method of the software.  The radii of these circles 

were recorded as number of pixels and the resulting pore size (diameter) and pore size 

distribution were derived using Excel spreadsheet. Ten images were acquired per sample 

while 200-500 pore size measurements were obtained in total for each sample. Although 

this method is a two-dimensional approach to a three-dimensional ‘problem’, it is consistent 

for determining the average distance between two neighbouring cross-links, i.e. the 

correlation length of the gel, or pore size, between samples.   

 

2.5. Micromanipulation 

 

2.5.1. Experimental rig and compression method 

The micromanipulation rig used for the determination of the mechanical properties of 

agarose beads is shown in Fig. 2.5. A glass probe (length 15 mm) with a 150 µm in diameter 

flattened tip (Fig. 2.5 (1)) was placed on the 2 mm in diameter output tube (length 20 mm) 

of the force transducer (model 406A, Aurora Scientific, Canada) (Fig. 2.5 (2)). The glass probe 

was adjusted by hand to a parallel position with respect to the output tube. It was then fixed 

in place using super-glue. Parallel alignment of the glass probe was confirmed by drawing a 

square on the TV screen (Fig. 2.5 (11)) and by moving the probe downwards while ensuring 

the two vertical sides of the probe remained aligned within the square. Flattening of the 

glass probe was also confirmed in the same way.  
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Figure 2.5. Schematic diagram of Micromanipulation rig: (1) glass probe, (2) force transducer, (3) 

glass cell, (4) micromanipulator stage, (5) micromanipulator frame, (6) microscope, (7) camera, (8) 

manual plane adjusters, (9) stepper motor, (10) light source, (11) TV screen, (12) video, (13) 

transducer box, (14) data acquisition card, (15) user interface (PC), (16) stepper motor control box. 

 

Using a pipette, a drop of a dilute bead suspension was transferred in a glass cell (20 X 10 

X 10 mm) (Fig. 2.5 (3)), resting on the micromanipulator stage (Fig. 2.5 (4)). The stage 

enabled the glass cell to move, through manual adjustment (Fig. 2.5 (8)), in two dimensions 

on the horizontal plane, thus allowing the positioning of individual agarose beads 

underneath the probe tip. The precise positioning of the probe directly above each particle 

was assisted by the horizontally mounted microscope (X 20 magnification) (Fig. 2.5 (6)). By 

adjusting the angle of the light source (Fig. 2.5 (10)) it was possible to produce a reflection of 
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the probe tip on the bottom of the glass cell, thus allowing the positioning of each particle in 

the centre of the ellipsoidal reflection (Fig. 2.6).  

 

Figure 2.6. Single particle compression at 30 % deformation: (a) probe-particle horizontal alignment, 

(b) probe-particle vertical alignment, (c) beginning of compression, (d) full compression, (e) 

decompression. Note: probe tip diameter 150 µm. 

 

As the density of particles is close to that of water, it was necessary to allow particles to 

settle for at least 10 mins prior to measurement. Particles were compressed for the 

determination of their mechanical properties in the following way:  

From the video image, the size of a single particle was measured using a ruler 

superimposed on the screen. The glass probe was then lowered until it came in contact with 

the bottom of the glass cell. It was then raised to a known distance well above the diameter 

of the particle thus allowing the bead to be placed underneath the probe tip.  The required 
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deformation (10 and 30 %) as well as the distance needed by the probe to travel in order to 

achieve this deformation, were calculated. The calibrated distance was then inserted in the 

micromanipulator software (in-house development) and particles were compressed by 

starting the stepper motor (Prior-Martock Ltd, UK) (Fig. 2.5 (9)) which drove the transducer 

at a pre-determined speed. The force transducer measured the force imposed on the probe 

tip which was recorded with a data acquisition card (model PC30F, Amplicon Liveline, UK) 

(Fig. 2.5 (14)) connected to a user interface (PC) (Fig. 2.5 (15)). Speed (20 µm s-1) of the glass 

probe and data acquisition frequency (100 Hertz) was controlled by the micromanipulator 

software. At least ten particles were compressed from each sample in order to obtain 

statistically representative results.  

 

2.5.2. Probe manufacturing: 

A 350 µm in diameter glass rod was made by heating two pieces of glass until red hot and 

pulling them fast apart. From this rod, a length of about 30 mm was removed and mounted 

on the device (model PB -7, Narashige, Japan) shown in Fig. 2.7. The particular device 

consists of a top fixed end, a small heating coil and bottom mobile end, in vertical alignment. 

The glass rod is inserted from the top end and fixed (Fig. 2.7a).  The coil heats up the rod 

(Fig. 2.7b) and seconds later the bottom mobile end free-falls, thus thinning the middle 

section of the rod to about 30 µm (Fig. 2.7c). At this point, by breaking this rod, two 15 mm 

glass probes with un-flattened ends were produced, ranging from 30 to 50 µm in diameter. 

Finally, the glass rod was mounted on a grinding apparatus (model EG-40, Narashige, Japan) 



Chapter 2  71 
 

(Fig. 2.8) where it was flattened for about 120 mins producing a glass probe with a tip of 150 

µm in diameter (Fig. 2.9). 

START
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Figure 2.7. Device for glass probe thinning: (a) probe positioning, (b) coil heat-up, (c) bottom end free-

fall and probe thinning. 
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Figure 2.8. Grinding apparatus: (1) rotating disc, (2) fine sand-paper, (3) capillary tube holder, (4) blu-

tack, (5) glass probe. 
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Figure 2.9. Glass probe, scale bar: 150 µm. 

 

2.5.3. Screen and stepper motor calibration 

A 100 µm graticule was placed on the micromanipulator stage while microscope 

magnification was fixed to X 20.  As soon as the graticule ruler appeared on the TV screen 

the full length of the graticule lines was measured with the superimposed ruler, thus giving a 

calibration of 100 µm ≡ 62 mm. Stepper motor (software)-screen calibration was performed 

by instructing the micromanipulation probe to travel a distance of 100 µm while the 

superimposed ruler was fixed on the screen in a vertical position, thus giving a calibration of 

100 µm ≡ 55 mm. Both calibrated values were used for determining the distance travelled by 

the probe in order to reach the required deformation (10 and 30 %) for each particle 

compressed. Stepper motor speed (Table 2.1) was determined by raising the probe to a 

distance of 300 µm and by measuring the time needed to cover this distance. 
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Table 2.1. Stepper motor (probe speed) calibration. 

Measurement Distance Time Speed 

(-) (µm) (sec) (µm/s) 
1 300.00 13.65 19.49 
2 300.00 13.10 20.31 
3 300.00 13.00 20.47 
4 300.00 13.10 20.31 
5 300.00 12.80 20.79 

Actual distance: 266.10   
Average: 266.10 13.13 20.27 

 

 

2.5.4. Force transducer calibration 

The 0.5 g transducer (maximum weight given by supplier) was calibrated in the following 

way (Table 2.2): five pieces of blu-tack of increasing size were separated and their weight 

was recorded. The transducer was then placed on a surface facing up-side down with the 

probe in a vertical position.  Each pre-weighted piece of blu-tack was placed on top of the 

glass probe and the corresponding voltage tracer was recorded. Finally, the base-line voltage 

of the transducer (no weight) was also recorded. The above procedure yielded a six-point 

force vs. voltage graph that allowed the accurate calculation of the transducer sensitivity. 

Table 2.2. Force transducer calibration. 

Weight Force Voltage Normalized 
voltage 

Force 

(g) (mN) (V) (V) (mN) 
- - -0.46 - - 

0.0497 0.49 -1.33 0.87 0.49 
0.1216 1.19 -2.56 2.10 1.19 
0.2082 2.04 -4.11 3.65 2.04 
0.3069 3.01 -6.24 5.78 3.01 
0.4184 4.10 -9.10 8.63 4.10 
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Figure 2.10. Results and linear regression of transducer sensitivity. 

 

From the graph above: 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑚𝑚 =  
𝑦𝑦2 − 𝑦𝑦1

𝑥𝑥2 − 𝑥𝑥1
= 0.465 

𝑚𝑚𝑚𝑚
𝑉𝑉                                                                                                   (2.2) 

0.465�
𝑚𝑚𝑚𝑚
𝑉𝑉 � × 𝑔𝑔 �

𝑚𝑚
𝑠𝑠2� = 0.0475

𝑔𝑔
𝑉𝑉                                                                                                 (2.3) 

 

where: g = gravitational acceleration (9.81 m s-2) 

The calculated transducer sensitivity was in rather good agreement with the manufacturer’s 

suggested value of   0.05 g V-1. Slight changes in the sensitivity of the transducer are 

expected due to ageing and usage of the device. 
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2.5.5. Force transducer compliance 

The force transducer operates by measuring cantilever beam deflection and then 

converts it to an electrical signal (Fig. 2.11). This deflection is known as compliance. 

Displacement, i.e. the distance travelled by the probe during compression, is calculated by 

multiplying the speed of the probe by the time taken for compression. This calculation 

though does not represent true displacement since it accounts for compliance as well. 

Therefore calculation of true displacement requires the determination of compliance and 

the subtraction of this value from the original value of displacement.   

 

Figure 2.11. Transducer compliance during compression. Downward arrow: transducer movement 

direction, upward arrow: compliance of cantilever beam. 

 

Compliance can be determined by pressing the glass probe against the bottom of the 

glass cell and recording the voltage-time trace of the probe (Table 2.3), (Fig. 2.12).  
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Table 2.3. Compliance calculation results.  

Measurement speed slope * µm/V Trans. sensitivity Compliance 

 
(µm/s) 

   
(mN/V) µm/mN 

1 20.27 -375.6 -37.56 -0.54 0.465 -1.1606 
2 20.27 -542.7 -54.27 -0.374 0.465 -0.8032 
3 20.27 -451.3 -45.13 -0.449 0.465 -0.9659 

Average:      -0.9766 
* normalized by amplifier intensity (X 10) 
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Figure 2.12. Compliance calculation: (a) voltage-time tracer, (b) linear regression of vertical line of (a) 

(voltage-time tracer). 

 

From the linear regression graph in Fig. 2.12:  

U (μm s-1) X Δt = D (μm)                                                                                                           (2.4) 

D (μm) ÷ ΔV = (μm V-1)                                                                                                            (2.5) 

(μm V-1) ÷ S (mN V-1) = C (μm mN-1)                                                                                           (2.6) 

where U: probe speed (μm s-1) 

      D: distance travelled by the probe (µm) 



Chapter 2  77 
 

      S: transducer sensitivity (mN V-1) 

      C: compliance (μm mN-1) 

      Δt ÷ ΔV: slope (s V-1) 

 

Therefore: 

20.27 (μm s-1) X 45.13 (s V-1) = 0.449 (μm V-1)                                                                      (2.7) 

0.449 (μm V-1) ÷ 0.466 (mN V-1) = 0.9642 (μm mN-1)                                                            (2.8) 

The above procedure was repeated three times and the final value of compliance 

obtained (C = 0.9766 (µm mV-1)) was in good agreement with the transducer’s manufacturer 

suggested value (C = 1 (µm mV-1)).  

 

2.5.6 Raw micromanipulation data interpretation 

The pseudostress-displacement graphs were obtained from the raw micromanipulation 

data (voltage vs. time tracer) with the conversion of voltage (V) in to force (mN) by 

multiplying by the calibrated transducer sensitivity (mN V-1). Total displacement of the probe 

was determined by multiplying the raw time data (sec) with the calibrated probe speed (µm 

s-1) while subtracting the calculated compliance. Lastly, pseudo-stress (MPa) was determined 

by dividing the calculated force (N) data with the cross-sectional area (m2) each particle thus 

eliminating the factor of particle size from the data obtained. Dimensionless deformation 

was determined by dividing the displacement of the probe (µm) from the moment it came in 

contact with the particle until the end of compression, with the particle diameter (µm). The 
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resulting curve for each sample is the total pseudostress of all particles divided by the 

number of particles compressed. 
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CHAPTER 3 

- 

MANUFACTURING AND MACROSCOPIC CHARACTERIZATION OF 
AGAROSE BEADS 

 

3.1. Manufacturing and macroscopic characterization 

The effect of surfactant concentration and type and energy dissipation rate on particle 

size / size distribution as well as process yield was investigated. Additionally, as ionic 

strength of the agarose solution and quenching temperature of the emulsion were used to 

control the pore structure of the adsorbent, the effect of these two process parameters on 

particle size was also investigated. Particle size / size distribution and process yield were 

determined with the Mastersizer 2000 (Malvern, UK) using refractive index values and 

conditions described in section 2.2. The physical properties of the dispersed and continuous 

phase, such as flow curves, gelation temperature of agarose at different polymer 

concentrations, density and interfacial tension of agarose solution and oil were also 

determined, as described in Chapter 2. 

In the manufacturing of chromatographic adsorbents, ‘process yield’ depends upon size 

specification and application, i.e. batches can be prepared for analytical or preparative 

applications. In analytical applications, small particle size and narrow size distributions will 

result in high resolution but high pressure drop and long processing times, whereas in 

preparative applications large particle size is desired for large throughput (Jungbauer 2005). 

Generally, the most popular intervals are: 20-50 µm, 20-90 µm, 50-150 µm and 250-350 µm, 

with the 50-150 µm interval being extensively used in preparative applications of affinity, ion 
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exchange and size exclusion chromatography (www.bioscience-beads.com, 

www1.gelifesciences.com). Since particles manufactured in this work are designated for 

industrial preparative applications, ‘process yield’ is considered the volume fraction of 

particles in the 50-150 µm interval. However, it should be noted that the purpose of the 

following experiments was not to identify the ideal process conditions (energy dissipation 

rate, surfactant concentration and type, ionic strength and quenching temperature) that 

result in the highest process yield, but rather to establish the effect of these parameters on 

the macroscopic properties of the resulting particles. For this reason, in the results 

presented below, process yield values do not always represent batches with the most 

desirable particle properties (average particle size / size distribution). For example, in the 

case of samples with Span 80 and Span 85, the latter is characterized by a size distribution 

with a standard deviation smaller than the former (40 µm for 0.1 % (v/v)) Span 85 over 100 

µm for 0.1 % (v/v) Span 80) but also, based on the above ‘process yield’ definition, resulted 

in smaller process yield (42 % for 0.1 % (v/v) Span 85 over 46 % for 0.1 % (v/v) Span 80). 

Therefore the resulting yield values are not discussed but only indicated at the end of 

Chapter 3 (see Table 3.3).  

Furthermore it should be noted that the results below are based on experiments run in a 

Silverson high shear mixer operated in batch mode. A similar apparatus can be used in a 

continuous setup (see section 1.6). Although the hydrodynamic conditions developed by the 

two setups are meant to be very similar, the issue of scaling-up, as well as moving from 

batch to continuous production, still remains.     

 

http://www.bioscience-beads.com/�
http://www1.gelifesciences.com/�
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3.1.1. Effect of surfactant concentration and type on particle size / size distribution 

One of the initial objectives of this work was the manufacturing of agarose-based 

chromatographic adsorbents without the use of any surfactants. This is especially desirable 

for large scale production as the continuous phase (mineral oil), which is otherwise 

discharged as waste, can be reused (Millipore 2006). Preliminary experiments (results not 

presented) indicated that manufacturing without the use of surfactants using mechanical 

agitation is not feasible since the size distribution of the resulting particles was very wide 

(10-3000 µm), resulting in less than 5 % process yield, even at the highest energy dissipation 

rate (367 W kg-1, 8000 rpm). Additionally, different emulsification screens as well as different 

ports of agarose injections into the oil were tested, but due to the instability of the system 

results were irreproducible and hence no conclusions could be drawn from those 

experiments.   

To study the effect of surfactant concentration on the macroscopic properties of the 

adsorbent, oil-soluble non-ionic Span 85 (sorbitan trioleate, HLB value 1.8, molecular weight 

975.51 g mol-1) (Fig. 3.1a, c) was used at four different concentrations (0.1, 0.5, 1.0, 1.35 % 

(v/v)) (Fig. 3.2a). For examining the effect of hydrophobic tail group, oil-soluble non-ionic 

Span 80 (sorbitan monoleate, HLB value 4.3, molecular weight 446.62 g mol-1) (Fig. 3.1b, d) 

was used at a concentration of 0.1 % (v/v) (Fig. 3.2b). Selecting oil-soluble surfactants 

ensures that a minimum amount of impurities will be present in the aqueous phase, thus a 

product of higher purity is obtained. Non-ionic surfactants have the advantage of electrical 

neutrality. Therefore they are less sensitive to the presence of electrolytes in the dispersed 

phase compared to ionic surfactants (Padron 2005, Giribabu and Ghosh 2007). Furthermore, 
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these surfactants are currently used by major manufacturers in the production of agarose-

based chromatographic adsorbents (Millipore 2006) and therefore are FDA-approved.  

 

 

 

Figure 3.1. (a) Span 85, (b) Span 80, (c) stereo-chemical structure of Span 85 and (d) Span 80, note: 

The dimensions and images of molecules where acquired using ChemDraw.  

 

Particles in the following experiments were manufactured as described in section 2.1.4. In 

brief, an arbitrary energy dissipation rate (2.87 W kg-1, 2000 rpm) was used in order to 

determine the effect of surfactant concentration of particle size / size distribution. The 

emulsions were quenched at 0° C. No salt was added in the agarose solution. At 0.1 % (v/v) 
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Span 85 (Fig. 3.2a) average particle size was reduced to 236 µm with a standard deviation of 

225 µm and at 0.5 % (v/v) Span 85 particle size was reduced to 74 µm with a standard 

deviation of 116 µm. The corresponding values at 1.0 % (v/v) and 1.35 % (v/v) were 50 µm, 

55 µm, and 50 µm standard deviation for both. D(0,1) at 0.1 % (v/v) was 37 µm while for the 

rest of concentrations (0.5, 1.0 and 1.35 % (v/v)) it remained constant between 22-23 µm. 

D(0,9) followed a decrease similar to that of D(0,5) while the decrease of D(3,2) was not as 

sensitive (Fig. 3.2c).  As 2.87 W kg-1 (2000 rpm) is a relatively low value for a high shear mixer 

an energy dissipation rate experiment (results discussed later in this chapter) was carried out 

in order to take advantage of the high energy dissipation rate of the Silverson mixer while at 

the same time reducing the amount of surfactant added to the system. At 30.7 W kg-1 (3500 

rpm) and 0.1 % (v/v) Span 85 average particle size /size distribution and process yield were 

very similar to 2.87 W kg-1 (2000 rpm) and 1.0 % (v/v) Span 85 conditions (Fig. 3.5a and Fig. 

3.2a). The effect of surfactant hydrophobic tail group was then tested at 30.7 W kg-1 (3500 

rpm) and 0.1 % (v/v) surfactant (Fig. 3.2b). The emulsion was quenched at the same 

temperature as before (0° C) and no salt was added to the agarose solution. 0.1 % (v/v) Span 

85 reduced the particle size to 48 µm with 75 µm standard deviation while the respective 

values for the same concentration of Span 80 were 87 µm and 100 µm, characterized by 

pseudo-bimodal size distribution.  
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Figure 3.2. Particle size distribution (a) for increasing concentration of Span 85 at 2.87 W kg-1 (2000 

rpm), (b) for different types of surfactant Span 85 and Span 80, at 30.7 W Kg-1 (3500 rpm), (c) mean 

diameters for increasing concentration of Span 85. 

 

Results from increasing surfactant concentration in the continuous phase clearly show 

that the use of surfactants greatly contributes to the control of particle size / size 

distribution as well as dramatically increases process yield (see Table 3.3 for yield values). 

The lowest surfactant concentration used (0.1 % (v/v)) resulted in a rather broad pseudo-

bimodal size distribution of particles (standard deviation 225 µm) characterized by a large 

peak in the range of 100-1000 µm and a smaller peak in the range of 10-100 µm. At 
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moderate surfactant concentration (0.5 % (v/v)) the standard deviation of the distribution 

reduced (115 µm), while the two peaks of the distribution tend to equate in size. At high 

surfactant concentrations (1.0 and 1.35 % (v/v)) the size distribution of particles significantly 

reduced (standard deviation 50 µm for both concentrations) while it is characterized by a 

mono-modal shape in the region of 10-100 µm. For a given energy dissipation rate and rotor 

speed the transition of the particle size distributions in Fig. 3.2a is directly related to the 

adsorption of surfactant molecules in the liquid-liquid interface of the dispersion.   

The two fundamental processes occurring during emulsification are drop rupture and 

drop coalescence (Lobo and Svereika 2003, Vankova et al. 2007). These two processes occur 

concurrently and their relative rates determine the final drop size (Lobo and Svereika 2003, 

Vankova et al. 2007, Jafari et al. 2008) as well as the shape of the size distribution. 

Surfactants, once adsorbed on the liquid-liquid interface, affect both of these processes by 

(a) reducing the interfacial tension and interfacial energy, thereby promoting rupture, and 

(b) reducing coalescence via interactions between the adsorbed layers on two colliding 

drops (Opawale and Burgess 1998, Lobo and Svereika 2003). For ionic surfactants, the 

repulsive force is of double layer type, whereas for non-ionic surfactants, the repulsion is of 

entropic origin (i.e., steric repulsion) (Giribabu and Ghosh 2007).  

There have been a number of attempts to try to understand drop break-up in the 

presence of surfactants. Lucassen-Reynders and Kuijpers (Lucessen-Reynders and Kuijpers 

1992) concluded that at moderate surfactant concentrations interfacial viscoelasticity is 

important. The authors also accounted for the diffusional effects on the interfacial tension, 

in terms of the characteristic adsorption parameters of the surfactant. Leal et al., (Stone et 
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al. 1990, Milliken et al. 1993, Milliken et al. 1994) developed drop break-up models in the 

presence of soluble and insoluble surfactants concluding that the shape of deformed drops 

depends on the type of surfactant used. Agterof et al. (Agterof et al. 1994) developed visual 

techniques to monitor rupture of single drops in the presence of surfactants under different 

flow fields. They concluded that the mode of rupture is determined by the shear rate and 

the surfactant concentration.  

Recoalescence in the presence of surfactants has been studied to a lesser extent than 

drop breakage (Lobo et al. 2002). Taisne et al. (Taisne et al. 1996) developed a technique to 

measure recoalescence in O / W dispersions in a high-pressure homogenizer by preparing 

two different emulsions, one of which was brominated in order to alter its refractive index. 

The emulsions were then mixed and passed through the homogenizer. The extent of 

coalescence was measured by determining the refractive index of the resulting drops. 

Authors concluded that the extent of coalescence depends on the coverage of droplets by 

the surfactant molecules. A similar attempt to determine the extent that coalescence affects 

final drop size of O / W dispersions in rotor-stator systems and high pressure homogenizers 

was done by using a florescent probe (Lobo and Svereika 2003). Authors concluded that in 

stirred tanks coalescence can be arrested by the use of surfactants below saturation level, 

whereas increasing the volume of the dispersed phase at this surfactant level (or higher) 

does not affect drop size since coalescence rate is essentially zero. 

In general, not all droplet collisions result in recoalescence. The continuous phase film 

between droplets should first drain, as drops approach each other (Mohan and Narsimhan 

1997). Between new droplet formation and its subsequent encounter with surrounding 
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droplets, surfactants adsorb onto the newly created interface and prevent recoalescence. If 

the timescale of surfactant absorption is longer than the timescale of collision, the fresh 

interface will not be completely covered and leads to re-coalescence (Karbstein and 

Schubert 1995, Jafari et al. 2008) Based on the above as well as on the emulsification 

experiments without any surfactants (mentioned earlier) it is clear that recoalescence of 

droplets sets a fundamental limitation on the efficiency of the emulsification; it is pointless 

to apply high fragmentation power unless sufficient surfactant is present to counteract 

coalescence (Taisne et al. 1996). 

During emulsification there is a maximum area that can be covered by the surfactant 

molecules. As emulsification proceeds, the surface area of the dispersed phase increases 

substantially. Below a certain particle size or a surfactant concentration there is not enough 

surfactant to fully cover the newly created interface of the dispersed phase and therefore 

droplets tend to coalesce (Jafari et al. 2008). The minimum particle size during emulsification 

is then determined by surfactant concentration and type (McClements 2005): 

𝑑𝑑𝑚𝑚𝑚𝑚𝑚𝑚 =  
6Γsat𝜑𝜑
𝐶𝐶𝑠𝑠

                                                                                                                                    (3.1) 

where dmin: minimum drop size 

      Γsat: surface excess concentration of surfactant at saturation 

      φ: dispersed phase volume 

       Cs: initial surfactant concentration in the emulsion 
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It has been shown experimentally (Narshimhan and Goel 2001, Lobo and Svereika 2003, 

Tcholakova et al. 2004) that two surfactant concentration regimes exist. In the surfactant-

rich regime particle size is independent of surfactant concentration and depends on 

interfacial tension (which is surfactant-characteristic (Jafari et al., 2008)) and the energy 

dissipation rate (recoalescence probability of droplets is essentially zero (Vankova et al. 

2007)). In the surfactant-poor regime particle size depends on the initial surfactant 

concentration Cs (Eq. 3.1). 

Results presented in Fig. 3.2a suggest that at low and moderate surfactant concentrations 

(0.1 % and 0.5 % (v/v)) the liquid-liquid system is in the surfactant-poor regime since particle 

size / size distributions strongly depend on the initial concentration of Span 85. At these 

concentrations the shape transitions of the particle size distribution essentially reflects the 

binary mode of action of surfactants. At 0.1 % (v/v) Span 85, the large peak in the range of 

100-1000 µm results from large unbroken particles due to high interfacial tension and from 

smaller particles that have collided, both due to the insufficient coverage by the surfactant 

molecules. The presence of a smaller peak in the range of 10-100 µm indicates that only a 

small portion of the distribution was produced and maintained at this size range therefore 

has had full coverage by the surfactant molecules. At 0.5 % (v/v) the two peaks tend to 

equate in size indicating greater coverage of agarose droplets by the surfactant and 

therefore smaller particle size. At high surfactant concentrations (1.0 and 1.35 % (v/v)) the 

two peaks have merged and the single peak in the range of 10-100 µm indicates further 

coverage of the entire population of particles with further reduction in particle size. For 

these concentrations, the liquid-liquid system appears to be in the surfactant-rich regime as 

particle size / size distributions do not appear to depend on the initial concentration of Span 



Chapter 3  89 
 

85. In fact, the values of D(0,5) and D(0,9) for 1.35 % (v/v) Span 85 are of the order of 10 % 

and 15 % respectively higher compared to those for 1.0 % (v/v) Span 85. These 

concentrations are well above the critical micelle concentration of Span 85 which has been 

reported to be in the range of 0.1-0.2 % (v/v) (Ogawa et al. 1972, Opawale and Burgess 

1998) although this range may be extended depending on temperature. At concentrations 

above c.m.c and saturation of the interface further deposition of surfactant may involve the 

adsorption of monomers and / or micelles as well as intermolecular interactions, molecular 

rearrangement and multilayer adsorption (Opawale and Burgess 1998) which has been 

found to result in increase of particle size (Jahanshahi 2003) and instability of emulsions 

(Gafonova and Yarranton 2001). 

In order to determine the extent to which the surfactant concentrations provided surface 

coverage of droplets sufficient to prevent coalescence the surface coverage θ can be 

calculated from (Tcholakova et al. 2004): 

𝜃𝜃 =  
𝛤𝛤
𝛤𝛤𝑠𝑠𝑠𝑠𝑠𝑠

                                                                                                                                                (3.2) 

where θ: surface coverage 

      Γ: surface excess concentration of surfactant 

      Γsat: surface excess concentration of surfactant at saturation 

 

For non-ionic surfactants, the Gibbs adsorption equation can be used to estimate (Γ) 

(Peltonen et al. 2001, Giribabu and Ghosh 2007): 
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𝛤𝛤 =  −
1
𝑅𝑅𝑅𝑅

𝑑𝑑 𝜎𝜎
𝑑𝑑 𝑙𝑙𝑚𝑚 𝑐𝑐                                                                                                                                  (3.3) 

where σ: interfacial tension 

      c: surfactant concentration in the bulk 

      R: gas constant 

      T: temperature 

(Γsat) can be obtained by fitting σ vs. c curve. 

Once the value of (Γsat) is obtained the minimum area occupied per molecule (Amin) can 

be calculated by:  

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚 =  
1

𝛤𝛤𝑠𝑠𝑠𝑠𝑠𝑠  𝛮𝛮                                                                                                                                      (3.4) 

where N: Avogadro’s number 

Since interfacial tension in this work has only been measured for one concentration of 

surfactant as well as for the surfactant-free system, values for (Γ) and (Γsat) cannot be 

obtained. Instead, a crude estimate of surfactant molecules potentially available for surface 

coverage of the emulsion droplets can be realized by comparing the specific surface area of 

the dispersion with the specific surface area of the surfactant (assuming monolayer 

arrangement). The specific surface area of the surfactant molecules per unit volume of 

dispersion, forming a mono-layer, at each concentration can be calculated if the dimensions 

of surfactant molecule are known (Fig. 3.1a-b, Table 3.1a). Since the oil-soluble surfactants 

used in this work are incorporated in a W / O emulsion, the specific surface area of the 
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hydrophilic head group should correspond to the specific surface area of the emulsion 

droplets at saturation and hence the dimensions of the hydrophilic head group should be 

used in surface area calculations. However, in the case of Span 85 (Fig 3.1a) the steric 

hindrance arising from the three double bonds in the fatty acid chains results in lower 

packing densities than that of Span 80, which only has one fatty acid chain (Ma et al. 2005). 

Therefore, for the calculation of the total specific surface area corresponding to the Span 85 

concentrations used, the diameter of the hydrophobic tail group has been used. From the 

diameter of the hydrophobic head group the cross sectional area of the molecule can be 

estimated. The specific surface area of the emulsion droplets can be calculated if the Sauter 

mean diameter of the droplets is known. The Sauter mean diameter (obtained with the 

Masterisizer) is related to the specific surface area of the dispersed phase by (Gafonova and 

Yarranton 2001, Padron 2005): 

                 

𝑑𝑑32 =
6𝜑𝜑
𝐴𝐴𝑠𝑠

                                                                                                                                (3.5) 

where d32: Sauter mean diameter 

       φ: volume fraction of dispersed phase  

       As: specific surface area of dispersed phase 
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Table 3.1a. Surfactant molecular dimensions. 

Surfactant Mr Density Head 
diameter 

Tail 
diameter 

Area 

(type) (g mol-1) (g mL-1) (m) (m) (m2) 
Span 85 975.51 0.956 8.00E-10 2.50E-09 4.91E-18 
Span 80 446.62 0.986 3.00E-10 3.00E-10 7.07E-20 

Note: Avogadro's no. 6.022E+23     
 

 

Table 3.1b. Surfactant specific surface area. 

Surfactant Volume Mass Mass Number 
of 

molecules 

Total area per 
concentration 

Specific 
surface 
area of 

surfactant 
(concentration and 

type) (mL) (g) (mol) - (m2) (m2 / m3) 
0.1 % (v/v) Span 85 0.8 0.76 7.84E-04 5E+20 2.32E+03 2.32E+06 
0.5 % (v/v) Span 85 4.0 3.82 3.92E-03 2E+21 1.16E+04 1.16E+07 

1.0 % (v/v) Span 85 8.0 7.65 7.84E-03 5E+21 2.32E+04 2.32E+07 

1.35 % (v/v) Span 85 10.8 10.32 1.06E-02 6E+21 3.13E+04 3.13E+07 

0.1 % (v/v) Span 80  0.8 0.79 1.77E-03 1E+21 7.52E+01 7.52E+04 

 

 

Table 3.1c. Dispersed phase specific surface area. 

Sample D(3,2) Volume 
fraction of 
dispersed 

phase 

Specific 
surface area 
of dispersed 

phase 

-  (m)  (-) As (m
2 / m3) 

2000 rpm 0.1 % (v/v) Span 85  1.03E-04 0.2 1.165E+04 

2000 rpm 0.5 %( v/v) Span 85 4.90E-05 0.2 2.449E+04 

2000 rpm 1.0 % (v/v) Span 85 4.00E-05 0.2 3.000E+04 

2000 rpm 1.35 % (v/v) Span 85 4.40E-05 0.2 2.727E+04 

3500 rpm 0.1 % (v/v) Span 85 3.70E-05 0.2 3.243E+04 

3500 rpm 0.1 % (v/v) Span 80 5.20E-05 0.2 2.308E+04 
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Tables 3.1a-c show the results of the specific surface area calculations of surfactant and 

emulsion droplets, as well as the dimensions of the two surfactant molecules used. As can 

be seen in Table 3.1b, the specific surface area of 0.1 % (v/v) Span 85 is of the order of 106 

(m2 / m3) whereas for the rest of concentrations of Span 85 the specific surface area is of the 

order of 107 (m2 / m3). The corresponding droplet specific surface areas of all the resulting 

emulsions using Span 85 are of the order of 104 (m2 / m3). These differences indicate that 

each surfactant concentration could potentially provide around 2-3 orders of magnitude 

more surface coverage (assuming monolayer adsorption) than the actual surface area of the 

corresponding resulting emulsions. On the other hand, results presented in Fig. 3.2a clearly 

show that the resulting particle size strongly depends on the initial surfactant concentration, 

suggesting that the surface of the agarose droplets was not saturated by surfactant 

molecules until the 1.0 % (v/v) Span 85 concentration where a cessation in particle size 

reduction was observed (C.m.c of a surfactant solution can be determined from the 

concentration of surfactant at which the value of interfacial tension ‘levels-out’ (Opawale 

and Burgess 1998). Since c.m.c is observed at or above interface saturation with cessation of 

the reduction in interfacial tension the same can be argued for emulsification and particle 

size. A cessation in the reduction of particles size with increasing concentration of surfactant 

indicates constant interfacial tension therefore interface saturation and c.m.c). The 

difference between the specific surface area of surfactant molecules potentially available for 

droplet coverage and the specific surface area of the resulting droplets suggests that most of 

the surfactant introduced in the system was not utilized for surface coverage of the 

emulsion droplets. This can be explained by considering the change in solubility of 

surfactants with temperature in combination with the relative high temperature of the 
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process (90° C).  As temperature increases the solubility of the oil-soluble non-ionic 

surfactant reduces  due to the breakdown of non-polar interactions between the 

hydrophobic part of the surfactant and the hydrocarbon chains of the oil (Overbeek et al. 

1984, van Os 1997), undergoing an apparent increase in its HLB value (Shinoda and Kunieda 

1986) and favouring micelle conformation and aggregation (Zana and Kaler 2007). This 

continues until a certain temperature is reached where the surfactant separates from the 

solvent, creating a finely dispersed phase which turns the solution cloudy (van Os 1997, 

Padron 2005). This temperature is known as the cloud point. The latter can be determined 

by slowly heating a solution of surfactant and recording the temperature at which the 

solution turns cloudy. After heating, the solution is slowly cooled and the temperature 

where the solution becomes clear is recorded. The average of the two temperatures is the 

cloud point of the particular surfactant (Sulthana et al. 1996).  

Hence, based on the specific surface area calculations presented in Tables 3.1a-c, 

although relatively high concentrations of surfactant (≥ c.m.c) have been introduced into the 

continuous phase, only a small portion of the former has been utilized (monomer 

adsorption) for surface coverage of the resulting droplets while the rest of the surfactant is 

in the form of micelles, or otherwise ‘oiled-out’, due to the high temperature of 

emulsification. Therefore, micelles are present in the system before surface saturation, 

instead of the opposite. Theoretically, for a given energy dissipation rate, the same particle 

size / size distribution could be achieved using a smaller quantity of surfactant at a lower 

emulsification temperature, well below the cloud point of the surfactant, but practically this 

is clearly restricted by the gelling temperature of the agarose solution. 
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As previously mentioned, one of the initial objectives of this work was the production of 

agarose-based chromatographic adsorbents without using surfactants with the ultimate 

scope of recycling the continuous phase which is otherwise discharged as waste. Preliminary 

experiments suggested that this is practically impossible since the resulting particle size 

distribution was very wide leading to less than 5 % process yield.  

The oil-phase is discharged because after emulsification an unknown amount of 

surfactant has been removed from the system along with the gelled agarose phase. 

Therefore emulsification using the same oil cannot be done since the resulting particle size / 

size distribution will progressively become larger with every recycling of the oil due to the 

cumulative reduction in surfactant concentration. 

One way of overcoming this can be realized by determining the equilibrium concentration 

of the surfactant in the oil phase after emulsification and subsequently adding the ‘missing’ 

amount of surfactant in the continuous phase.  This can be achieved by exploiting a specific 

physical property of the surfactant and the continuous phase, such as boiling point. Besides 

the surface coverage θ, the surfactant mass surface coverage can be determined, which is 

the total mass of the surfactant adsorbed in the interface divided by the total area of the 

dispersed phase (Gafonova and Yarranton 2001).  

𝛤𝛤𝑠𝑠  =  
𝑚𝑚𝑠𝑠,𝑚𝑚

𝐴𝐴𝑑𝑑
 =  

𝑚𝑚𝑠𝑠,𝑚𝑚𝑑𝑑32

6𝑉𝑉𝑑𝑑
                                                                                                                        (3.6) 

where Γs: surfactant mass surface coverage  

     ms,i: mass of surfactant adsorbed in the interface 



Chapter 3  96 
 

Since the surfactant used in this work is soluble in the continuous phase, ms,i can be 

determined from the change of surfactant concentration in the continuous phase upon 

emulsification.  

𝑚𝑚𝑠𝑠,𝑚𝑚  =  𝑚𝑚𝑠𝑠,𝑠𝑠 �1−
𝐶𝐶𝐴𝐴
𝑒𝑒𝑒𝑒

𝐶𝐶𝐴𝐴0
�                                                                                                                      (3.7) 

where ms,t: total mass of surfactant in the emulsion 

      CA
0: initial concentration of surfactant in continuous phase prior emulsification 

      CA
eq: equilibrium concentration of surfactant in the continuous phase after 

emulsification 

 

Substituting Eq. (3.6) into Eq. (3.7) gives an expression for surfactant mass surface 

coverage in terms of measurable quantities.  

𝛤𝛤𝑠𝑠  =  
𝑚𝑚𝑠𝑠,𝑚𝑚𝑑𝑑32

6𝑉𝑉𝑑𝑑
�1−

𝐶𝐶𝐴𝐴
𝑒𝑒𝑒𝑒

𝐶𝐶𝐴𝐴0
�                                                                                                                   (3.8) 

The above method of calculating surface coverage, via the estimation of the surfactant 

equilibrium concentration in the continuous phase after emulsification, was used by 

Gafonova and Yarranton (Gafonova and Yarranton 2001) with asphaltenes as surfactant and 

a mixture of toluene / heptane as the continuous phase. The authors estimated the 

equilibrium concentration of asphaltenes by evaporating a known volume of the continuous 

phase in a rotary evaporator and by weighing the residual asphaltenes reporting more than 

95 % accuracy in their measurements. Considering the boiling points of Span 85 and mineral 
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oil (around 100° C and 210-640° C respectively) the same method could be exploited for the 

industrial manufacturing of agarose beads without having to discharge the continuous phase 

after every batch.  

The equilibrium concentration of surfactant in the continuous phase can also be obtained 

from the relationship between concentration and equilibrium surface tension. Using an 

adsorption isotherm as a surface tension / concentration calibration curve, the 

concentration of a given surfactant solution can be evaluated by measuring its equilibrium 

surface tension (Padron 2005). 

Clearly, although the above methods can prove to be fairly accurate in determining the 

surfactant equilibrium concentration in the continuous phase, the issue of cumulative error 

sill remains. Therefore repeated measurements may be needed over the span of certain 

number of batches.   

Results of varying the surfactant hydrophobic tail group show that Span 85 is more 

efficient in producing small particles with a narrow single-modal size distribution than Span 

80, when used at the same volumetric concentration (Fig. 3.2b). Since the hydrophilic head 

group of both molecules is very similar (Ma et al. 2005) (the production of Span 80 and 85 

involves the esterification of 1.4-sorbitan, with one and three oleic acids respectively (Tadros 

2005)), the difference in results clearly originates from the different structure of the 

hydrophobic tail group. It has being shown experimentally (Opawale and Burgess 1998) that 

Span 80 reduces the interfacial tension of oil/water interfaces to a larger magnitude than 

Span 85, at room temperature. This was explained by the fact that Span 85 has three fatty 

acid groups and a higher solubility in oil (lower HLB value) that essentially hinders interfacial 
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adsorption and molecular interaction. For the same reason, Span 80 was found to have high 

interfacial viscoelasticity compared to Span 85 that had exhibited very low interfacial 

elasticity. Consequently, Span 80 tended to form stronger interfacial films that resulted in 

long term stability of W / O emulsions. However, as previously mentioned, with an increase 

in temperature, the solubility of non-ionic oil-soluble surfactants reduces due to the 

interruption of the non polar interactions of the fatty acid chains with the hydrocarbon coils 

of the oil phase. This reduction in solubility favours micelle aggregation in the bulk before 

the interface of the emulsion is saturated. Considering again the structural differences of the 

two molecules, for the same temperature increase, a larger portion of Span 80 will adopt 

micelle conformation and subsequently phase separate compared to Span 85. This is 

because the amount of energy in the form of heat required for the breakdown of the non-

polar interactions of one fatty acid chain will be less compared to the amount required for 

the three fatty acid chains of the Span 85. This behaviour is also reflected in the HLB value of 

the two surfactants. The more hydrophilic Span 80 (HLB value 4.3) will become even more 

hydrophilic for the same increase in temperature when compared to Span 85 (HLB value 

1.8). Additionally from the specific surface area calculations in Tables 3.1b-c it can be seen 

that for the same volumetric concentration of the two surfactants, the specific surface area 

obtained from 0.1 % (v/v) Span 80 is of the same order as the specific surface of the resulting 

droplets (104 m2 / m3), whereas the respective specific surface area of Span 85 is 2 orders of 

magnitude larger than the resulting specific surface area of the agarose droplets, owing to 

the larger cross-sectional area of the sorbitan trioleate molecule. This indicates that in an 

ideal situation were molecules where arranged side by side to form a two-dimensional 

lattice, the total area of the lattice formed by Span 85 would be 2 orders of magnitude larger 
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than one formed by Span 80. In practice, where it was previously shown (see above: Effect of 

surfactant concentration) that 0.1 % (v/v) surfactant is well below surface saturation, this 

means that the surfactant layer formed on the agarose droplets by Span 80 will be less 

dense than of that of Span 85 (larger Amin for Span 80 in Eq. 3.4) (Ma et al. 2005), thus 

providing an smaller barrier to coalescence of droplets.  The latter, in combination with the 

larger extend of micellization of the Span 80 due to the high temperature of emulsification, 

indicates that the surface coverage at 90° C will be more effective for Span 85 (smaller Amin 

for Span 85 in Eq. 3.4), therefore explain the ability to produce smaller particles, 

characterized by single-modal size distribution, than Span 80.  

 

3.1.2. Effect of ionic strength of dispersed phase on particle size / size distribution 

As the ionic strength of the agarose solution was used for controlling the pore size/ size 

distribution of the adsorbent, its effect on particle size/ size distribution was investigated in 

order to establish its impact on the macroscopic properties of the agarose beads. Salt was 

added at various concentrations (0, 0.01, 0.025, 0.05, 0.1 m NaCl) in the agarose solution 

preparation stage. The solution was then emulsified at 30.7 W Kg-1 (3500 rpm) with 0.1 % 

(v/v) Span 85 added to the oil phase. The emulsion was quenched at 0° C. Increasing the 

ionic strength of the agarose solution does not appear to have a significant effect on the 

resulting median diameters of the particles except on D(0,9) which in turn affects the 

standard deviation of the resulting distributions. D(0,1) remain constant between 19-21 µm, 

D(0,5) between 42-48 µm, and D(0,9) and D(3,2) between 83-106 µm and 37-39 µm 



Chapter 3  100 
 

respectively. Standard deviation of the particle size distribution was 40 µm for 0 m, 50 µm 

for 0.01 m, 45 µm for 0.025 m, 75 µm for 0.05 m and 40 µm for 0.1 m (Fig. 3.3a-b). 
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Figure 3.3. Effect of ionic strength of agarose solution on (a) particle size distribution and (b) median 

diameter. 

 

Results from increasing the ionic strength of the agarose solution do not exhibit any 

specific trend, in particular all median diameters appear to remain constant with small 

deviation except D(0,9) which seems to fluctuate between 83-106 µm, again without 

following any particular trend.   

It is well known that the addition of an electrolyte to the aqueous phase of surfactant-

free W / O emulsions promotes instability and recoalescence through diminishing the 

electrostatic repulsion between droplets (Taisne et al. 1997). Additionally it has been shown 

experimentally (Taisne et al. 1997, Lobo and Svereika 2003) that this effect is suppressed by 

the presence of anionic surfactants at moderate or high concentrations due to the 

electrostatic repulsions arising from the adsorbed surfactant layer. It has also been shown 

(Opawale and Burgess 1998) that high salt concentrations (0.1-1 M) affect the stability of W 
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/ O emulsion containing low concentrations of non-ionic Span 80. This was explained by 

considering the preferential hydration of Na+ and Cl- ions over the surfactant molecules 

leading to the ‘salting-out’ of the hydrophilic head group of the surfactant from the water 

phase. Generally, the addition of an electrolyte in the aqueous phase of W / O emulsions, 

containing oil-soluble, non-ionic surfactants, works in the same direction as increasing the 

emulsification temperature (Overbeek et al. 1984). 

With moderate concentration (0.1 % (v/v)) of surfactant been used, the ionic strength (0-

0.1 m) was not high enough to affect the interfacial properties of the former, although no 

explanation can be given for the fluctuation of D(0,9). Consequently, although some degree 

of salting out of the hydrophilic head may be occurring, the concentration of surfactant on 

the interface remains sufficient to prevent recoalescence of drops. However it is possible 

that if higher ionic strengths were to be used (0.1-1 m) in the agarose solution in 

combination with very low surfactant concentrations (0.001-0.01 % (v/v)) and high energy 

dissipation rates (367 W kg-1, 8000 rpm), this effect may become very obvious on the 

resulting particle size / size distributions, therefore adjustment of process conditions 

(surfactant concentration and rotational speed) may be needed to reproduce particle size / 

size distribution. 
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3.1.3. Effect of quenching temperature of the emulsion on particle size / size distribution 

Since quenching temperature of the emulsion was also used to control the pore size /size 

distribution of the agarose gel, its effect on the resulting particle size / size distribution was 

examined. Agarose was emulsified at 30.7 W kg-1 (3500 rpm) using 0.1 % (v/v) Span 80 and 

no salt. Emulsions were then quenched by discharging the hot emulsion into a large volume 

of cold mineral oil at 0, 10 and 20° C.  

Decreasing the quenching temperature of the emulsion appears to have practically no 

effect on the mean diameters (Fig. 3.4b) of the samples as well as on the particle size 

distributions (Fig. 3.4a). Average particle size (D(0,5)) was between 85-90 µm, D(0,1) was 

between 22-23 µm, D(0,9) between 191-192 µm and D(3,2) between 52-54 µm for all three 

quenching temperatures. Similarly unaffected, the standard deviation of the particle size 

distributions was 100 µm at all quenching temperatures. 
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Figure 3.4. Effect of quenching temperature on (a) particle size distribution (b) mean diameters. 
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By increasing the quenching temperature of the emulsion (slower cooling), the time 

needed for the agarose droplets to reach gelation temperature is also increased. One could 

argue that increasing the particular time interval increases recoalescence probability of the 

liquid agarose droplets, especially in the absence or low concentrations of surface active 

agents. Since surfactants are present in the system, the complete absence of any effect of 

the quenching temperature on the resulting properties of the adsorbent can be attributed to 

the prevention of recoalescence by the surfactant molecules.  

 

3.1.4. Effect of impeller speed and energy dissipation rate on particle size / size 

distribution 

The effect of impeller speed and energy dissipation rate on particle size / size distribution 

was investigated at two different speeds (Fig. 3.5a-b). Particles were emulsified at 2.87 W Kg 

-1 (2000 rpm) and 30.7 W kg-1 (3500 rpm) with 0.1 % (v/v) Span 85 and without salt (0 m 

NaCl). Rest of processing conditions was as before. At 2.87 W kg -1 (2000 rpm), D(0,1) was 37 

µm, D(0,5) 236 µm D(0,9) 476 µm and D(3,2) 103 µm. The respective values for 30.7 W kg-1 

(3500 rpm) were 21, 45, 86 and 37 µm. The standard deviation of the particle size 

distributions was 225 µm for 2.87 W kg -1 (2000 rpm) and 40 µm for 30.7 W kg-1 (3500 rpm). 
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Figure 3.5. Effect of impeller speed on (a) particle size distribution and (b) median diameter. 

Results presented in Fig. 3.5a clearly show that increasing impeller speed and energy 

dissipation rate has a pronounced effect on particle size / size distribution of the emulsion. 

During emulsification droplets are disrupted when the capillary pressure (pc) is exceeded 

locally by the deforming stress (σ) (σ > pc) and the deformation time (tbr) exceeds a critical 

breakage time (tbr, cr) (tbr > tbr, cr) (Walstra 1993, Karbstein and Schubert 1995).  

In laminar flow the predominant deforming stress is the shear stress (τ). The ratio 

between shear stress and capillary pressure is given by the Weber number (We) and it 

essentially expresses the ratio of deforming to restoring forces of the droplet (Peters 1992): 

𝑊𝑊𝑒𝑒𝑙𝑙 =  
𝜇𝜇𝑐𝑐  �̇�𝛾 𝑑𝑑𝑚𝑚𝑠𝑠𝑚𝑚

𝜎𝜎                                                                                                                                (3.9) 

where µc: the viscosity of the continuous phase 

      γ: shear rate 

       dmax: maximum droplet diameter  

       σ: interfacial tension 
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Drops are deformed in laminar flow when the Weber number exceeds a critical value, 

(Wecr), which is a function of the viscosity ratio (λ) of the dispersed and continuous phase 

(Janssen et al. 1994). For simple shear flow the critical Weber number is minimal for 0.1 < λ < 

1 and increases rapidly for λ > 5. For this reason it is difficult to produce emulsions of high 

viscosity ratio in emulsification devices with simple shear flow in the dispersing zone 

(Karbstein and Schubert 1995).  

In turbulent flow, two different regimes exist. In the inertial sub-range, drops are larger in 

size than the smallest turbulent eddies, whereas in the turbulent viscous regime drop size is 

smaller than the size of the smallest eddies. In the inertial sub-range, the maximum 

diameter of the stable drops is determined by the balance between the fluctuations of 

hydrodynamic pressure of the continuous phase, and the drop capillary pressure, which 

resists drop deformation. In the viscous sub-range, the maximum diameter of the stable 

drops is determined by the balance between the viscous stresses of the continuous phase 

acting on the drop surface and the capillary pressure of the drop (Vankova et al. 2007).  

For turbulent flows the Weber number becomes (Karbstein and Schubert 1995):  

𝑊𝑊𝑒𝑒𝑠𝑠 =  
𝐶𝐶 𝜌𝜌𝑐𝑐

1
3�  𝑑𝑑2

3�  𝜀𝜀2
3�

4𝜎𝜎
𝑑𝑑�

                                                                                                                  (3.10) 

where C: constant 

      ρc: density of continuous phase 

      d: droplet diameter 

       ε: energy dissipation rate (energy input per unit mass) 
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 Power draw (Padron 2001, Meyrs et al. 2001, Doucet et al. 2005) and drop break-up 

(Calabrese et al.  2000, Padron 2005) in high-shear mixers has being studied to certain 

extent.  Padron (Padron 2001) introduced several definitions of Reynolds number when 

constructing power curves. The first one is the commonly used definition for stirred tanks: 

𝑅𝑅𝑒𝑒 =  
𝜌𝜌𝑐𝑐  𝑁𝑁 𝐷𝐷2

𝜇𝜇𝑐𝑐
                                                                                                                                   (3.11) 

where ρc: density of the continuous phase 

     N: rotational speed 

      D: impeller diameter 

      µc: viscosity of the continuous phase 

The second definition introduces the rotor-stator gap width and the tip speed because 

the energy dissipation in the gap could be related to the planar shear (Doucet et al. 2005): 

𝑅𝑅𝑒𝑒 =  
𝜌𝜌𝑐𝑐  𝑉𝑉𝑠𝑠𝑚𝑚𝑡𝑡 𝛿𝛿𝑔𝑔𝑠𝑠𝑡𝑡

𝜇𝜇𝑐𝑐
                                                                                                                             (3.12) 

where Vtip: tip speed 

      δgap: rotor stator gap width 

A third definition was proposed, which uses for the characteristic length the hydraulic 

radius of the stator defined as the area of the slot over its wetted perimeter: 

 

𝑅𝑅𝑒𝑒 =  
4 𝜌𝜌𝑐𝑐𝑉𝑉𝑠𝑠𝑚𝑚𝑡𝑡  𝑅𝑅ℎ

𝜇𝜇𝑐𝑐
                                                                                                                             (3.13) 
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where Rh: characteristic length of hydraulic radius 

 

Padron (Padron 2001) and Calabrese et al. (Calabrese et al. 2000) concluded that the 

main source of energy dissipation is not the viscous shear developed in the rotor-stator gap 

but rather the break-up of drops occurs due to the inertial sub-range eddies of the turbulent 

jets or the viscous stresses in the viscous sub-range, therefore suggesting that Reynolds 

number should be used in its classical form (Eq. 3.11). The same observation about the 

turbulent jets was reported by Pacek et al. (Pacek et al. 2008) where, with the aid of CFD, 

flow patterns produced in the rotor-stator assembly where visualized. Using the former, the 

same group investigated the effect of the stator geometry concluding that narrower holes 

on the stator can be correlated with narrower resulting particle size distributions (Utomo et 

al. 2009). 

 

Table 3.2. Reynolds number, Power number and energy dissipation rate at two impeller speeds. 

speed N Re Po εt 

(rpm) (rps) 
  

(Wkg-1) 
2000 33.3 5450 0.9 2.87 
3500 58.3 9500 1.8 30.7 

Note: Power numbers are from Padron (Padron 2001) 

 

 

In this set of experiments, flow was in the transitional regime (Table 3.2) and the 

information on drop break-up in this regime is very limited (Mu et al. 2005), especially in the 

presence of surfactants. Therefore the prediction and correlation of drop sizes is somewhat 

difficult in this case.  
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The shape of the curves in Fig. 3.5a indicates the relative rates of drop breakage and drop 

coalescence. In section 3.1.1 where the effect of surfactant concentration on particle size / 

size distribution was examined, the shape of the curves in Fig. 3.2a indicated that with 

increasing concentration of surfactant the breakage rate of droplets increases while 

coalescence rate reduces, with both processes being related to the adsorption of surfactant 

molecules in the liquid-liquid interface. In this experiment, where the surfactant 

concentration was the same in both samples, particles size reduces with increasing rotor 

speed and energy dissipation rate. This indicates that at 30.7 W kg-1 (3500 rpm) the rate of 

drop breakage is clearly increased due to the increased energy dissipation rate, compared to 

2.87 W kg-1 (2000 rpm), while coalescence in the system is either the same or negligible due 

to the increase in the surface area of the emulsion with impeller speed (In Table 3.1c the 

specific surface area of the sample emulsified at 30.7 W kg-1 (3500 rpm) sample is 

approximately 2.8 times the specific surface area of the 2.87 W kg-1 (2000 rpm) sample). 
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Table 3.3. Summary results from emulsification experiments. 

Speed Surfactant Ionic 
strength 

T  D(0,1) D(0,5) D(0,9) D(3,2) D(3,2) 
/ 

D(0,9) 

S.D. Yield 

(rpm)  (% (v/v)) (type)  (m) (°C) (µm) (µm) (µm) (µm)  (µm)   (%) 
2000 0.1 S 85 - 0.0 37 236 476 103 0.22 225 15 
2000 0.5 S 85 - 0.0 22 74 209 74 0.35 115 40 
2000 1.0 S 85 - 0.0 22 50 101 49 0.49 50 50 
2000 1.35 S 85 - 0.0 23 55 116 43 0.37 50 50 
3500 0.1 S 85 - 0.0 21 45 86 37 0.43 40 42 
3500 0.1 S 85 0.01 0.0 21 47 99 37 0.37 50 43 
3500 0.1 S 85 0.025 0.0 21 44 89 38 0.43 45 41 
3500 0.1 S 85 0.05 0.0 19 48 106 39 0.37 75 45 
3500 0.1 S 85 0.1 0.0 20 42 83 37 0.45 40 36 
3500 0.1 S 80 - 0.0 22 87 191 52 0.27 100 46 
3500 0.1 S 80 - 10.0 23 85 192 52 0.27 100 45 
3500 0.1 S 80 - 20.0 23 90 191 54 0.28 100 47 

 

 

3.2. Physical properties of agarose solution and mineral oil 

The physical, rheological and interfacial properties of agarose solution and mineral oil 

were determined as described in Chapter 2.  

3.2.1. Density of agarose solution and mineral oil 

Table 3.4. Density measurements of agarose solution and mineral oil. 

Material T  Conc.  Bottle  + mass Mass Density  Density  

 
(°C) (% w/w)  (g)  (g) (g mL-1) (kg m-3) 

Mineral oil 20.0 - 43.3 21.4 0.9 856.8 

 90.0-95.0 - 42.1 20.3 0.8 812.3 
Agarose solution 90.0-95.0 3.0 46.9 25.0 1.0 1001.2 

  4.0 46.9 25.1 1.0 1003.9 

  5.0 47.0 25.2 1.0 1008.1 

  6.0 47.1 25.3 1.0 1011.7 
Bottle weight (g) 21.8      

Bottle volume (mL) 25.0           
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3.2.2. Interfacial tension of agarose solution and mineral oil 

The interfacial tension was determined for the following systems using the pendant drop 

method as described in section 2.3.2: agarose / oil, agarose oil / surfactant and agarose / oil 

/ surfactant / salt. Experiments were performed in duplicate. Table 3.5 shows the results of 

the interfacial tension of said systems. 

Table 3.5. Interfacial tension measurements.  

System Surfactant 
concentration 

Ionic strength Interfacial 
tension 

- (% (v/v)) (m) (N/m) 
w / o - - 6.3E-02 

w / o / s 0.1 - 7.0E-04 
w /o / s / s 0.1 0.05 7.8E-04 
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3.2.3. Rheological properties of agarose solution mineral oil 

 

3.2.3.1. Gelation temperature of 3, 4, 5 and 6 % (w/w) agarose solutions 
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Figure 3.6. Gelation temperature of (a) 3% (w/w), (b) 4% (w/w), (c) 5% (w/w) and (d) 6% (w/w). 
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Table 3.6. Gelation temperature of agarose solutions of increasing polymer concentration. 

Concentration Gelation 
temperature 

(% (w/w)) (0C) 
3 46.0 
4 50.0 
5 48.5 
6 52.0 

Note: agarose type: D3 

Increasing the amount of agarose appears to raise the gelation temperature of the 

solution. The gelation temperature was measured by determining the point (Fig. 3.6a-d) at 

which the contribution of the elastic modulus overcame that of the viscous. Gelation of 

agarose involves a shift from a random coil in solution to a double helix in the initial stages 

of gelation, and then to bundles of double helices in the final stage (Quali 2001). In addition, 

agarose gelation exhibits a hysteresis between melting and setting temperature. Depending 

on conditions, setting of the gel occurs in a broad range of temperature (40°-10°C), while 

melting occurs around 70°-80°C. This hysteresis originates from the aggregation of double 

helices. The melting transition   has been proposed to be the true equilibrium process of 

helix-aggregate conversion to coil, while setting is a nucleation-controlled process in which 

the limiting step is the helix-helix aggregation (Aymard et al. 2001). Since the two quantities, 

the elastic and viscous moduli, represent the solid and liquid nature of the material 

respectively (or the amount of stored energy and energy dissipated as heat), the cross-over 

of the elastic modulus over the viscous is an indication of double helix aggregation and 

polymer network formation. Upon increasing the amount of polymer in the gel, gelation 
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temperature increases. This is because more polymer chains per unit volume of the gel will 

result into a larger number of helix aggregate-nucleation sites that will in turn create a more 

stable structure at higher temperature. 

 

3.2.3.2. Flow curves for 3, 4, 5, 6 % (w/w), 0, 0.01, 0.025, 0.05, 0.1 m (4 % (w/w)) 

agarose solutions and mineral oil  
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Figure 3.7. Flow curves for (a) increasing polymer concentration at 90° C, (b) increasing ionic strength 

at 4% (w/w) agarose at 90° C and (c) mineral oil. 
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Mineral oil was found to be Newtonian at both measured temperatures. Agarose 

solutions of increasing polymer and salt concentration were found to be weakly non-

Newtonian (shear thinning), except the 3 % (w/w) solution which is non-Newtonian at low 

shear (up to 10 s-1). The viscosities of solutions can be correlated as a function of shear rate 

by power law model (Barigou, 2003): 

𝜂𝜂 =  𝛫𝛫 �̇�𝛾𝑚𝑚−1          (3.14)  

where η: apparent viscosity (Pa s) 

      K: consistency index (N snm-2) 

      n: flow behaviour index (-) 

       γ: shear rate (s-1) 

 

 Table 3.7 shows the consistency (K) and flow behaviour (n) indexes for solutions of   

agarose solutions. For engineering calculations solutions can be treated as Newtonian. 

Table 3.7. Consistency and flow behaviour indexes for solutions of increasing polymer concentration. 

Agarose type Agarose 
concentration 

Ionic strength Consistency 
index (K) 

Flow behaviour 
index (n) 

- (% (w/w)) (m) (N snm-2) - 
D3 3.0 - 0.4886 0.8199 
D3 4.0 - 0.6274 0.9318 
D3 5.0 - 1.7734 0.9192 
D3 6.0 - 2.0918 0.9634 
D5 4.0 - 0.4416 0.8233 
D5 4.0 0.01 0.2379 0.7621 
D5 4.0 0.025 0.1495 0.9357 
D5 4.0 0.05 0.2001 0.8068 
D5 4.0 0.1 0.1437 0.9004 
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CHAPTER 4 

- 

ATOMIC FORCE AND CRYO-SCANNING ELECTRON MICROSCOPY 
CHARACTERIZATION OF BEADED AGAROSE STRUCTURE 

 

4.1. Pore size of agarose beads by AFM 

Three sets of samples were examined with the AFM: the first set consisted of five samples 

of 4 % (w/w) agarose and increasing amount of salt (0, 0.01, 0.025, 0.05 and 0.1 m NaCl, 

quenched at 0° C) and it was manufactured in order to investigate the effect of ionic 

strength on the conformation of agarose fibres in the gel network and on the resulting pore 

size / size distribution of the adsorbent.  

The second set included samples of 4 % (w/w) agarose quenched at three different 

temperatures (0°, 10° and 20° C) and three different salt contents (0, 0.01, 0.05 m NaCl) 

were used at each quenching temperature. This set was manufactured in order to 

investigate the combined effect of temperature and ionic strength on said properties of the 

agarose gel network.  

The last set included Sepharose 4B and Sepharose CL 4B, commercial products extensively 

used in analytical laboratory applications. Sepharose 4B was examined in order to compare 

the structure of a benchmark product with the structure of agarose beads prepared in this 

work. Sepharose CL 4B was examined in order to test the assumption that cross-linking does 

not change the porosity of the gel, owning to the fact that the short cross-links only occur in 

the agarose double helices and junction zones at the boundaries of the gel pores 
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(www.bioscience-beads.com/stdspec.htm), and therefore verify that agarose beads 

manufactured in this work can be chemically cross-linked to any degree to produce 

chemically and mechanically superior gels while maintaining their original structural 

properties in terms of pore size / size distribution. The summary of all measurements with 

the AFM as well as with the cryo-SEM can be seen in Table 4.1.  

 

4.1.1. Effect of ionic strength of agarose solution on pore size  / size distribution  

Ionic strength is defined by (Solomon 2001): 

𝐼𝐼 = 1
2� �𝑚𝑚𝑖𝑖𝑧𝑧𝑖𝑖2                                                                                                                                  (4.1) 

where: mi the ionic concentration (molality or mol kg-1) 

      zi the number of charges on the ion 

According to the Eq. 4.1 for an electrolyte consisting of univalent ions, such as NaCl, its 

ionic strength is equal to the molal concentration of the electrolyte, therefore, in the 

following results, the ionic strength of the agarose solution is also expressed by the molal 

concentration of NaCl. 

Fig. 4.1a-e shows the effect of increasing ionic strength on the structure of agarose 

particles. Fig. 4.2a-b shows the measured average pore size and pore size distribution 

respectively. As mentioned in section 2.4.3, ‘pores’ were considered the darker spots on the 

AFM images. These spots are roughly circular and their diameter appears to increase with 

ionic strength especially for the highest salt contents. In Fig. 4.1a, (image size is 1 µm X 1µm) 

http://www.bioscience-beads.com/stdspec.htm�


Chapter 4  117 
 

individual agarose chains are clearly visible.  No differences in pore size were observed 

between pure agarose (0 m) and 0.01 m (38 nm and 40 nm respectively) (Fig. 4.1a-b). At 

0.025 m pore size of agarose gels increased to 67 nm (Fig. 4.1c), at 0.05 m increased to 128 

nm (Fig. 4.1d) and finally at 0.1 m increased to 190 nm (Fig. 4.1e), a five-fold increase of the 

original value for pure agarose. Since agarose concentration in the gel was the same for all 

samples the results suggest that increase in pore size is caused by changes in the 

conformational arrangement of the agarose fibres. It is worth noting that apart from an 

increase in average pore size with ionic strength, a significant increase in the standard 

deviation of the pore size distribution was also observed (Fig. 4.2b). In particular, standard 

deviation was 41 nm for 0 m, 45 nm for 0.01 m, 60 nm for 0.025 m, 74 nm for 0.05 m and 

105 nm for 0.1 m. The effect of salt on the agarose structure appears to be especially 

pronounced for larger fibres, since the increase in the standard deviation of the pore size 

distribution is toward the large size. Roughness of the beads (Z-range) was not found to vary 

significantly with ionic strength. Samples were quite uniform with 20 nm vertical 

displacement for the pure agarose sample and 30 nm for the rest of the samples. The 

differences in sample roughness will be discussed after the second set of samples (effect of 

quenching temperature) is analysed. 
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Figure 4.1. Effect of ionic strength on the pore structure of agarose beads (quenched at 0° C) (a) 0 m 

(XY: 1 µm, Z: 20 nm), (b) 0.01 m (XY: 2 µm, Z: 30 nm), (c) 0.025 m (XY: 2 µm, Z: 30 nm), (d) 0.05 m (XY: 

4 µm, Z: 30 nm), (e) 0.1 m (XY: 4 µm, Z: 30 nm), note: X and Y are the horizontal and lateral distances 

of the scan respectively, therefore indicating the scale of the image. 
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Figure 4.2. (a) Average pore size for increasing ionic strength, (b) pore size distribution for increasing 

ionic strength, quenching temperature: 0° C. 

 

Despite different concentrations of solutes and co-solutes, gel casting/setting conditions 

and characterization methods, similar results on the effect of ionic strength on pore size of 

agarose gels have been reported in the literature. On the other hand, this is the first account 

in the open literature of examining this effect on the pore properties of micron-sized 

agarose beads. Maaloum et al. (Maaloum et al. 1998) studied the effect of concentration of 

TBE buffer on agarose gel slabs using AFM obtained images of similar quality and interpreted 

data in the same way as in this work (diameter-based measurements of circular dark spots 

on the AFM images). They reported increase in pore size and in the standard deviation of the 

pore size distribution with ionic strength of the agarose solution.  Serwer and Griess (Serwer 

and Griess 1991) studied the effect of various buffers on the structure of agarose slabs 

designated for electrophoresis and reported an increase in average pore size with ionic 

strength. Waki et al. (Waki et al. 1982), studied agarose gels formed in the presence of TBE 

buffer using electron microscopy of freeze dried samples. Although the quality of their 
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images was not good they concluded that agarose fibres tend to aggregate in the presence 

of salts thus producing gels with large pore size and wide size distribution. In these studies 

researchers confirmed their results with electrophoretic measurements concluding that the 

relative migration rates of DNA plasmids substantially increased when salt was present in 

the gel. The increase in pore size / size distribution of the gel when adding salts as co-solutes 

is caused by the indirect interaction of neutral solute and co-solute (agarose and NaCl) in 

addition to the conformational change that agarose molecules undergo during gelation. 

 For an interpretation of the effect of ionic strength, it is necessary to briefly consider the 

gelation mechanism of agarose, a more detailed explanation will be given in the next set of 

results were the effect of cooling rate is examined. As mentioned before, agarose gelation 

involves a shift from a random coil in solution to a double helix in the initial stages of 

gelation, and then to bundles of double helices in the final stage (Quali 2001). The gel is 

formed when an infinite three-dimensional network of agarose fibres (consisting of helices) 

develops (Normand et al. 2000). Since the gel state is characterized by polymer-rich regions 

(agarose fibres) and solvent-rich regions (pores of water) (Emanuele et al. 1991) the gelation 

of agarose can be interpreted as a phase separation (Pines and Prins 1973, Narayanan et al. 

2006) between the solvent and solute. 

In general, when a polymer or biopolymer is dissolved in an aqueous solution, water 

molecules tend to create a hydration envelope caused by solvent-solute hydrogen bonding, 

around the dissolved chains. The formation of this envelope prevents the polymer chains, 

from aggregating through inter-chain hydrogen bonds and Van der Waals forces, as they 

would do in the solid state. However, any factor that tends to reduce the hydration of the 
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polymer molecules will reduce the size of the envelope, thus bringing the chains closer 

together. If the polymer solution is concentrated enough, cooling causes the formation of a 

continuous network of precipitating chains attached to one another through the 

aforementioned bonds and forces (Troy and Beringer 2005). 

Besides lowering the temperature of the polymer solution, another way for reducing the 

size of the hydration envelope around the polymer molecules is the addition of salts. In 

general the effects of salts on an aqueous polymer or biopolymer solution may originate 

from their interaction with the polymer chain, i.e. the direct interaction of ions with the 

chain polar groups, and /or the hydrogen-binding ability of water (Suwa et al. 1998). It is a 

matter of current dispute as to whether the effect of salts on macromolecules through the 

interaction of ions with water is restricted only to the first hydration layer of the 

macromolecule (hydration envelope) or whether it is extended to the bulk volume of water 

through long-range structure-forming or structure-breaking effects on the hydrogen bonding 

network (Zhang and Cremer 2006, Nucci and Vanderkooi 2008). 

In this work, where the biopolymer is a non-ionic polysaccharide, it is assumed that the 

effect of ionic strength on the conformation of the agarose chains is only through the 

interaction of salt ions and water molecules and not through the interaction of ions with 

agarose molecules. Furthermore the interpretation of the results presented above is based 

only on the interaction between the ions and the first hydration layer of the polymer. The 

possible long-range contributions of ions in the bulk volume of water were not addressed. 

As salt binds part of the water in solution in order to become more hydrated, agarose 

molecules tend to dehydrate. This salt-induced dehydration promotes chain-chain 



Chapter 4  122 
 

interaction and ultimately chain aggregation through hydrogen bonding and van der Waals 

forces, thus leading to a more pronounced phase separation during gel setting (Troy and 

Beringer 2005, Perreur et al. 2006). The result is a gel with richer polymer-rich regions 

(thicker agarose fibres) and richer solvent-rich regions (larger pores holding water) than that 

of pure agarose (Fig. 4.1, a-e). The phenomenon is known as salting-out and it is often used 

for precipitating proteins from dilute solutions with the most commonly used salt being 

ammonium sulphate due to its high solubility into water and low cost (Amersham 

Biosciences 2000). Salting-out of proteins can be reversed by dilution of the system with 

water. 

The interpretation of the results presented above, with the salting-out effect, not only 

explains the increase in average pore size of the gel, it also accounts for the increase in 

standard deviation of the distribution of the agarose pores. In Fig. 4.2b, the width of 

distribution of pores is increased toward the large size of the graph with increasing ionic 

strength. Assuming a Gaussian distribution of the molecular weight of the agarose molecules 

(Normand et al. 2000) this observation suggests that larger agarose fibres have grown in size 

to a greater extent than smaller ones. This behaviour is expected since the enhanced-by -

salting-out effect of inter-chain hydrogen bonds and attractive van der Waal forces during 

chain aggregation is greater for larger chains. 

The effectiveness of electrolytes (such as NaCl) to cause salting-out effects on 

macromolecules depends upon the extent of hydration. The Hofmeister or lyotropic series 

arranges ions in order of increasing hydration and increasing effectiveness in salting-out 



Chapter 4  123 
 

hydrophilic colloids (Troy and Beringer 2005). The series for typical monovalent and divalent 

ions are shown in Fig. 4.3:  

a) Cs+ < Rb+ < NH4
+ < K+ < Na+ < Li+ < Ba2+ < Sr2+ < Ca2+ < Mg2+  

--------- 

b) F- > citrate3- > HPO4
2- > tartrate2- > SO4

2- > acetate- > Cl- > NO3
- > ClO3

- > Br- > ClO4
- > I- > 

CNS-  

Figure 4.3. The Hofmeister series for typical (a) cations and (b) anions. 

 

As it can be seeing from Fig. 4.3 the series move from monovalent to multivalent ions for 

both anions and cations, in term of increasing effectiveness to precipitate macromolecules. 

In other words, the ‘salting-out’ effect increases with the multivalency of ions and on the 

contrary, decreases with growth of the ionic radius (Perreur et al. 2006). The valency of ions 

can be related to ionic strength as shown in Eq. 4.1. An example illustrating this is the 

comparison between sodium chloride (NaCl) and ammonium sulphate ((NH4)2SO2) 

(Dennison 2003): 

From Eq. 4.1 for 1 m NaCl:  

I =
1
2

[(1 · 12) + (1 · 12)] = 1m                                                                                                     (4.2) 

Similarly, for 1 m (NH4)2SO2 

I =
1
2

[(2 · 12) + (1 · 22)] = 3 m                                                                                                    ( 4.3) 
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From the above it can be deduced that ionic strength of solution determines the degree 

of salting-out (Park 1993). As a consequence, the solubility of polymer chains can be reduced 

by using a cation at a certain concentration (and ionic strength), while the same effect can 

be created by a different cation at a lower concentration (same ionic strength as above) 

placed further to the right on the cationic lyotropic series. Considering Na+ and Cl- ions, the 

smaller the ion (ionic radii 0.95 Å and 1.18 Å respectively, (Anslyn and Dougherty 2006)), the 

greater the hydration energy (energy released when a mol of the ion dissolves in water, -98 

kcal mol-1, -82 kcal mol-1 respectively (Anslyn and Dougherty 2006)). This trend is an 

indication of a largely electrostatic effect. Considering ions as spheres of charge, a smaller 

monovalent ion has the same charge as a large monovalent ion distributed over a smaller 

surface, which results into a higher charge per unit area and makes Coulomb interactions 

stronger (Anslyn and Dougherty 2006, Nucci and Vanderkooi 2008). Consequently, Na+ 

cations contribute to a larger extent to the salting-out effect of the agarose molecules than 

Cl- anions since the former are better hydrated as illustrated in Fig. 4.4. As can be seen, in an 

aqueous solution Na+ cations attract six molecules of water whereas Cl- anions attract five: 
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Figure 4.4. Hydration of Na+ and Cl- ions in aqueous solution (Image from http://wps.prenhall.com). 

 

 It can be concluded therefore that the salting-out effect indeed depends on the ionic 

strength of the surrounding medium and not on the type of salt used. Similarly it has been 

reported (Waki et al. 1982) that Tris-borate buffer and potassium cations, (when used at the 

same ionic strength) had the same effect of the agarose gel structure. This finding supports 

the hypothesis that the addition of NaCl leads to only the reduction of the hydrating 

envelope and not to the direct interaction of the salt ions with the agarose chains, since the 

nature of composition of Tris-borate buffer is complex and very different of that of 

potassium ions.   

 

 

 

 

http://wps.prenhall.com/�
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4.1.2. Effect of quenching temperature of the emulsion on pore size / size distribution 

Fig. 4.5a-c, 4.7a-c, and 4.9a-c, show the combined effect of ionic strength and quenching 

temperature on the structure of the agarose particles. Fig. 4.6, 4.8 and 4.10 show the pore 

size distribution of these samples. Fig. 4.11 shows the average pore size for nine different 

combinations of quenching temperature and ionic strength. Average pore size (Fig. 4.11) 

increases with increasing quenching temperature (slower cooling) for all three ionic 

strengths used. For pure agarose pore size increased from 38 nm (quenching temperature 0° 

C) to 101 nm (10° C) and 150 nm (20° C). For 0.01 m average pore size increased from 40 nm 

(0° C), to 109 nm (10° C) and 169 nm (20° C). The respective values for 0.05 m, the highest 

ionic strength used in this set, were 129 nm (0° C), 172 nm (10° C) and 195 nm (20° C). This 

result suggests that quenching temperature has a significant effect on the conformation of 

the agarose fibres. With slow cooling an increase in the standard deviation of the 

distribution of pores is also observed. In fact, the resemblance between the pore size 

distributions in Fig. 4.3b and Fig. 4.6, 4.8 and 4.10 indicates a similarity between the effect of 

quenching temperature and ionic strength on the structure of agarose. For pure agarose 

standard deviation increased from 41 nm (0° C) to 85 nm (10° C) and 126 nm (20° C). For 

0.01 m standard deviation increased from 45 nm (0° C) to 105 nm (10° C) and 140 nm (20° 

C), while for 0.05 m the respective values were 74 nm (0° C), 120 nm (10° C) and 137 nm (20° 

C). The regression lines for 0 m and 0.01 m in Fig. 4.11 suggest that cooling rate is a 

predominant factor in changing the conformation of the agarose fibres in the gel, compared 

to ionic strength. There is no difference in pore size for fast cooling (0° C), whereas with 

increasing quenching temperature (10 and 20° C) the difference in pore size between the 

two samples becomes more significant. A phenomenon that was not observed with 
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increasing ionic strength for the lowest quenching temperature (first set of samples), was 

the increase of the roughness of the sample surface with increasing quenching temperature. 

In particular, samples quenched at 0° C had an average surface roughness of 30 nm where as 

the respective value for samples quenched at higher temperatures (10° and 20° C) was 

between 50 and 100 nm, again indicating the predominance of the effect of cooling rate 

over effect of ionic strength on the agarose structure.  

In a simplistic way, one could argue that slow cooling allows more time to the gel network 

to develop. Thus fast cooling will result into a gel network that is closer to the solution state 

of agarose, whereas slow cooling rate results into well developed network with thicker 

agarose fibres and larger pores holding water. This is also indicated by the difference in 

roughness (Z-range in the AFM images) between samples manufactured at different cooling 

rates. Assuming that the roughness of the agarose droplets at 90°C (solution state during 

emulsification step) is 0 nm one observes an increase with slow cooling (20-30 nm at 0° C 

and 50-100 nm for 10 and 20° C). This increase indeed indicates that slow cooling shifts the 

agarose molecules from a solution state toward a well developed network consisting of thick 

fibres and large pores. 



Chapter 4  128 
 

  

Figure 4.5. Effect of quenching temperature on pore structure (ionic strength: 0 m) (a) 0° C (XY: 1µm, 

Z: 20 nm), (b) 10° C (XY: 4 µm, Z: 100 nm), (c) 20° C (XY: 4 µm, Z: 50 nm). 
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Figure 4.6. Pore size distribution for three quenching temperatures (ionic strength: 0 m). 
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Figure 4.7. Effect of quenching temperature on pore structure (ionic strength: 0.01 m): (a) 0° C (XY: 2 

µm, Z: 30 nm), (b) 10° C (XY: 4 µm, Z: 100 nm), (c) 20° C (XY: 4 µm, Z: 100 nm). 
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Figure 4.8. Pore size distribution for three quenching temperatures (ionic strength: 0.01 m). 
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Figure 4.9. Effect of quenching temperature on pore structure (ionic strength: 0.05 m) (a) 0° C (XY: 4 

µm, Z: 30 nm), (b) 10°C (XY: 4 µm, Z: 100 nm), (c) 20° C (XY: 4 µm, Z: 50 nm). 
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Figure 4.10. Pore size distribution for three quenching temperatures (ionic strength: 0.05 m). 
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Figure 4.11. Average pore size for three quenching temperatures at three ionic strengths. 

 

The increase in pore size and standard deviation of the pore size distribution of agarose 

gels with quenching temperature found in this work are in good agreement with the 

literature. The effect of cooling temperature on the structure of agarose gels has been 

previously studied on centimetre-sized gel slabs using a variety of techniques including small 

angle neutron scattering (Quali 2001), absorbance measurements (Narayanan et al. 2006) 

and electrophoresis (Kusukawa et al. 1999). Despite that, this is the first account in the 

literature relating cooling conditions to the pore size of micron-sized agarose beads. All of 

the above researchers reported increase in average pore size of agarose gels with slow 

cooling, while the last (Kusukawa et al. 1999) also reported increase in the standard 

deviation of the distribution of pores as well as differences in the melting profiles (measured 

by differential scanning calorimetry) of gels cooled at different final temperatures. 

Pore size of agarose gel increases with slow cooling because of the different conformation 

that agarose chains adopt when cooled at different temperatures. At the molecular level, it 
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has been proposed (Tako and Nakamura 1988) that, as temperature decreases, an 

intramolecular hydrogen-bonding between OH-4 of the D-galactopyranose residue and the 

adjacent hemiacetal oxygen atom of the anhydro-cY-L-galactopyranose residue (dashed line 

in Fig. 4.12a) is responsible for the transition of the random coil to a rod-like structure. The 

anhydro-a-L-galactosyl residue is a cage-like residue that contributes to the rigidity of the 

molecular chain of agarose, and stabilizes the intramolecular hydrogen bonding. With 

further decrease in temperature, an intermolecular hydrogen-bonding between the ring O-

3,6 atom and OH-2, which has an axial orientation (dashed lines in Fig. 4.12b) is responsible 

for the ordered coil to double-helix transition. As a given polysaccharide chain can 

participate in many double helices (Malmqvist 1977) the same intramolecular hydrogen 

bond is responsible for helix-helix aggregation. This intermolecular bonding results from the 

cage effect of the anhydro-cZ-L-galactosyl residue, which may adopt a tetrahedral 

distribution and, therefore, may attract not only each other, but also water molecules with 

hydrogen bonding. When slow cooling is applied, the characteristic interval for each stage of 

gelation (random coil -> rod-like structure -> double helix -> helix aggregates) increases, thus 

a greater number of intermolecular hydrogen bonding events between double helices will 

occur. This produces longer and thicker helix aggregates which in turn result into a gel with 

large pore size. The same is observed when changing the ionic strength of the agarose 

solution. The addition of salt ions promotes helix-helix aggregation thus producing gels with 

larger pore size than pure agarose.  
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Figure 4.12. (a) Intramolecular hydrogen bonding in agarose repeating unit, (b) intermolecular 

hydrogen bonding between the repeating units of two agarose molecules (redrawn from Tako and 

Nakamura 1988). 

 

The increase in helix-length with slow cooling has been also been confirmed by 

rheological measurments. Gelation of agarose is achieved when the contribution of the 

elastic or storage modulus (G’) (solid-like nature of fluid) overcomes that of the viscous or 

loss modulus (liquid-like nature of the fluid). It has been shown experimentally (Mohammed 

et al. 1998, Aymard et al. 2001) that when the quenching temperature of the gel is 

increased, the temperature at which the elastic contribution overcomes that of the viscous 

increases. In addition, the melting temperature also increases (Mohammed et al. 1998, 

Kusukawa et al. 1999). It was suggested that the helix-length required for stable association 

increases with increasing gelation temperature with consequent increase in melting 

temperature (Mohammed et al. 1998, Kusukawa et al. 1999). The same holds true for 

increasing ionic strength of solution (Tako and Nakamura 1988). Fast cooling therefore 

promotes the aggregation of short helices whereas slow cooling promotes the aggregation 

of longer helices (Mohammed et al. 1998). Longer helices will promote helix-helix 

aggregation as more sites for intermolecular entanglement (Fig. 4.12b) will be available on a 

a 

b 



Chapter 4  134 
 

longer helix; therefore a gel with large average pore size is obtained. Similarly as discussed in 

the case of the effect of ionic strength, the different conformation that agarose fibres adopt 

when cooled at different temperatures also accounts for the increase in the standard 

deviation toward the right-hand side of the pore size distribution. Large agarose fibres will 

tend to grow to a larger extent than smaller ones, since the net effect of inter-fibre hydrogen 

bonds and attractive van der Waal forces during fibre aggregation is greater for larger fibres. 

 

4.1.3. Examination of Sepharose 4B and Sepharose CL-4B 

Sepharose 4B and Sepharose CL 4B were also examined with the AFM. The number 

before the letter B represents the weight concentration of agarose in the gel, where as the 

‘CL’ indicates that the gel is chemically cross-linked. Fig. 4.13, a-b show the surface of 

Sepharose beads as scanned by the AFM. Fig. 4.14 shows the pore size distribution of these 

two gels. Average pore size for Sepharose 4B was 51 nm whereas for Sepharose CL-4B the 

respective value was 42 nm. The standard deviation of the pore size distribution for the two 

gels was practically the same (38 nm for Sepharose 4B, 39 nm for Sepharose CL-4B). Given 

the fact that no information is available about the manufacturing conditions of Sepharose 

(propertiery method) no connection between the latter and the gel network properties can 

be made.  Despite that, upon comparing pore size and pore size distributions of these gels 

with samples manufactured in this work (same polymer concentration in all samples), the 

resemblance between these and the 0 m or 0.01 m quenched at 0° C is striking. The only 

difference between Sepharose and the latter is sample roughness, with Sepharose having a 

Z-range of about 100 nm (30 nm for samples in this work). 
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Figure 4.13. (a) Sepharose 4B (b) Sepharose CL-4B (XY: 3 µm, Z: 100 nm). 
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Figure 4.14. Pore size distribution for Sepharose 4B and Sepharose CL-4B. 

Nevertheless, obtaining information on pore size and pore size distribution of a 

commercial product is a useful piece of information as areas for improvement on the gel 

structure and resulting properties may be identified. For example, the resulting structural 

properties of beads manufactured in this work with slow cooling and high ionic strength (up 

200 nm average pore size and 500 nm maximum pore size) give an indication about the 

extent the agarose structure can be manipulated to produce a tailored adsorbent that can 
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reversibly accommodate large bioproducts, in its interior, rather to its exterior, therefore 

increasing the surface area available for adsorption (see section i). Furthermore, the 

assumption that cross-linking does not change the pore size / size distribution of the 

adsorbent appears to be valid as pore properties of Sepharose 4B and Sepharose CL-4B are 

virtually the same. Therefore particles manufactured in this study can be chemically cross-

linked to various degrees producing gels of superior mechanical and chemical stability 

compared to pure agarose while maintaining their original porous properties.    

 

4.2. Pore size of agarose beads by cryo-SEM 

 

4.2.1. Effect of ionic strength of agarose solution on pore size / size distribution 

Fig. 4.15 shows the effect of ionic strength on the structure of agarose beads. Four of the 

five manufactured samples of this set produced good quality images. In last sample, 0.1 m, 

images were not of good quality as samples with high ionic strength interact with the 

electron beam and the microscope cannot be focused. Fig. 4.16a-b show the average pore 

size and pore size distribution respectively, for this set. Average pore size and pore size 

distributions were calculated with the same procedure as with the AFM images. A value of 

15 nm was subtracted during the calculation of average pore size in order to account for the 

gold coating.  Average pore size ranged from 167 nm for 0 m, 84 nm for 0.01 m, 110 nm for 

0.025 m to 80 nm for 0.05 m. The average pore size calculated from the SEM images 

decreases with ionic strength of solution. Similarly, the standard deviation of pore size 

distribution decreases with ionic strength (Fig. 4.16b).  
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Figure 4.15. Effect of ionic strength on pore structure: (a) 0 m (scale bar: 2 µm), (b) 0.01 m (scale bar: 

500 nm), (c) 0.025 m (scale bar: 1 µm) and (d) 0.05 m (scale bar: 2 µm). 
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Figure 4.16. (a) Average pore size for increasing ionic strength, (b) pore size distribution for increasing 

ionic strength, quenched at 0°C. 

The results obtained from this set of samples contradict what was found for the same set 

with the AFM (Fig. 4.2a-b), as well as what is reported in the literature (Waki et al. 1982, 

Serwer et al. 1991, Maaloum et al. 1998). Average pore size appears to decrease rather than 

increase with ionic strength. Similarly, the standard deviation of the pore size distribution 

was also reduced. This can be explained by considering sample preparation for cryo-SEM in 

combination with sensitive nature of salt-containing hydrogels.  It has being suggested (Tako 

and Nakamura 1988, Saito et al. 1990) that the cavity in the double-stranded helix of 

agarose is occupied by water molecules, the arrangement of which are very nearly 

tetrahedral, in a manner similar to that of the anhydro-a-L-galactosyl residues in the 

aqueous solution, thus contributing to the stability of the helix by hydrogen bonding. In fact, 

the mass fraction of internally bound water has been reported to be 0.375 of the total 

double helix mass (Johnson et al. 1995). This suggests that agarose gels formed in the 

presence of ions will contain a moderate amount of salt along with water molecules in and 

between the agarose fibres. In order to examine samples under cryogenic conditions with 

the SEM samples are submerged in nitrogen slush at -140° C, then etched at -90° C in order 

for some surface water to evaporate and the structure of the particles to become visible. 

During this etching therefore any inter- and intra-fibre salt will precipitate on the agarose 

fibres thus making pores appear smaller and with narrower size distribution. In fact, the 

higher the salt concentration the smaller the pore size appears to be. 
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4.2.2. Effect of quenching temperature of the emulsion on pore size / size distribution 

Fig. 4.17a-c, 4.19a-c and 4.21a-c show the effect of quenching temperature, for three 

ionic strengths, on the structure of the agarose gel. Fig. 4.23 shows the average pore size 

calculated for these nine samples whereas Fig. 4.18, 4.20 and 4.22 show the pore size 

distributions of these samples. Average pore size (Fig. 4.23) for 0 m was 167 nm (0° C), 70 

nm (10° C) and 153 nm (20° C). The respective values for 0.01 m were 84 nm (0° C), 115 nm 

(10° C), 140 nm (20° C) for while for 0.05 m were 80 nm (0° C), 87 nm (10° C), 100 nm (20°C). 

The standard deviation of the pore size distribution for 0.01 m (Fig. 4.18, 4.20 and 4.22) 

increased from 48 nm (0° C) to 71 (10° C) and 82 nm (20° C). For 0.05 m the standard 

deviation of the pore size distribution increased from 42 nm (0° C) to 65 nm (10° C) and 71 

nm (20° C) while for 0 m no particular trend was observed since standard deviation 

decreased from 114 nm (0° C) to 50 nm (10° C), then increased to 97 nm (20° C).  
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Figure 4.17. Effect of quenching temperature on pore structure (ionic strength 0 m): (a) 0° C (scale bar 

2 µm), (b) 10° C (scale bar 1 µm), (c) 20° C (scales bar 1 µm). 
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Figure 4.18. Pore size distribution for three quenching temperatures (ionic strength: 0 m). 

a b 

c 
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Figure 4.19. Effect of quenching temperature on pore structure (ionic strength 0.01 m): (a) 0° C (scale 

bar: 500 nm), (b) 10° C (scale bar 1 µm) and (c) 20° C (scale bar: 2 µm). 
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Figure 4.20. Pore size distribution for three quenching temperatures (ionic strength: 0.01 m). 

a b 
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Figure 4.21. Effect of quenching temperature on pore structure (ionic strength: 0.05 m) (a) 0°C (scale 

bar 2 µm), (b) 10° C (scale bar 1 µm), (c) 20° C (scale bar 1 µm). 

Pore size (nm)

0 100 200 300 400 500

R
el

at
iv

e 
oc

cu
ra

nc
e 

(%
)

0

5

10

15

20

25

30

35

00C  
100C 
200C

 

Figure 4.22: Pore size distribution for two quenching temperatures (ionic strength: 0.05 m). 
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Figure 4.23: Average pore size for thee ionic strengths, at three quenching temperatures. 

 

Similarly as observed with samples of increasing ionic strength examined with the cryo-

SEM, the trends emerging from this set seem even more conflicting. In general though, 

samples with increasing salt content appear to have decreasing pore size, while the pore size 

of samples with high salt quenched at high temperature will show less decrease in that 

respect since the precipitation of salt on large pores will reduce their size to a lesser degree 

than on smaller pores (Fig. 4.19b-c, 4. 21b-c and regression lines on 0.01 m and 0.05 m in Fig. 

4.23). 

Despite the fact that numerical quantification of structural properties of agarose 

particles, especially of samples containing salt, cannot be obtained from cryo-SEM, owning 

to the extensive sample preparation and the sensitive nature of hydrogels, a useful 

conclusion may be drawn from SEM images: Fig. 4.24a shows the cross-section of a 20 µm 

particle, quenched at 0° C. The size of pores at the surface of this particle appears to be the 

same size as the pores located at the centre of the particle. Therefore, no temperature or gel 
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concentration gradient has being formed. As cooling conditions have a major effect on the 

pore size of agarose gels, it is possible that when particles are quenched at low temperature, 

very small or even blocked pores may be formed, preventing macromolecular diffusion in 

the interior of the particle. Additionally as no concentration gradient has been formed it can 

be concluded that agarose dissolution was successful, despite the viscous nature of the 

agarose solution. An example demonstrating inferior solution preparation is shown in Fig. 

4.24d were ripples in the agarose structure are clearly visible, possibly caused by ionic 

strength gradients. Similarly, in Fig. 4.24b, where the surface of a particle from the same 

sample is shown one can clearly see inside the pores of the gel, which suggest that even 

particles manufactured at high quenching temperature were fully permeable.   

In addition to the artefacts caused by salt precipitation during etching of the gel, the 

effectiveness of immersing samples into nitrogen slush in order to ‘instantly’ freeze them, 

thus prevent crystal formation, is challenged. By looking at the values of average pore sizes 

for samples with no salt (no salt precipitation artefacts, Fig. 4.2a and Fig. 4.23) quenched at 

different temperatures, one should be able to see, if not the same values, at least similar 

trends. Instead no correlation is observed between them suggesting that even in the 

absence of salt artefacts are also caused by ice crystal formation. In Fig. 4.24a the spherical 

shape of the agarose beads has been deformed by external ice crystal formation, whereas in 

Fig. 4.24c the surface of the particle has exploded leading to the enlargement of pore size 

and the flattening of the agarose fibres.      
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Figure 4.24. Sample 0 m, 0° C, (a) cross section of particle, (b) particle surface, (c) exploded particle , 

(d) ripples in the agarose structure possible caused by ionic strength gradients.  

 

4.2.3. Examination of Sepharose 4B and Sepharose CL-4B 

Sepharose 4B and CL-4B were also examined with the SEM (Fig. 4.25). Average pore size 

for Sepharose CL-4B was slightly larger than of Sepharose 4B (141 nm over 130 nm). The 

shape of pore size distribution for these two samples was more or less the same. Despite the 

fact that the AFM showed the opposite (51 nm over 42 nm), the differences in both cases 

are minimal and can be attributed to experimental error. In addition, the standard deviation 

of the pore size distribution of both gels is larger (82 nm for Sepharose 4B, 74 nm for 

Sepharose CL 4B) when compared with values obtained from AFM (38 nm for Sepharose 4B, 

a b 

c d 
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39 nm for Sepharose CL 4B). Fig. 4.24a indicates that particles manufactured in this project 

have surface and interior pores of the same size it is reasonable to assume that the large 

difference in standard deviation is due to non-uniform freezing of the sample.  On closer 

examination of Fig. 4.25 one can deduce that Sepharose 4B and Sepharose CL-4B do not 

contain any salt in their formulations as no salt appears to have precipitated on the agarose 

fibres during etching, confirming the observation stated in the AFM section, that Sepharose 

appears to have identical structural properties with 0 m quenched at 0° C.  

 

Figure 4.25. (a) Sepharose 4B (scale bar: 1 µm), (b) Sepharose 4B CL (scale bar: 1 µm). 
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Figure 4. 26: Pore size distribution for Sepharose 4B and Sepharose CL-4B. 

a b 
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Table 4.1. Summary of AF and cryo-SE Microscopy results 

Method Ionic strength Quenching 
temperature 

Pore size Standard 
deviation 

Surface 
roughness 

AFM (m) (°C) (nm) (nm) (nm) 

 0.00 0 38 41 20 

 0.01 0 40 45 30 

 0.025 0 67 59 30 

 0.05 0 128 74 30 

 0.10 0 190 105 30 

 0.00 10 101 85 100 

 0.01 10 109 105 100 

 0.05 10 172 120 100 

 0.00 20 150 126 50 

 0.01 20 169 140 100 

 0.05 20 195 137 50 
Sepharose 

4B n/a n/a 51 38 100 

Sepharose 
CL-4B n/a n/a 42 39 100 

      
Cryo-SEM      

      
 0.00 0 167 114 - 

 0.01 0 84 48 - 

 0.025 0 110 53 - 

 0.05 0 80 42 - 

 0.10 0 - - - 

 0.00 10 70 50 - 

 0.01 10 115 71 - 

 0.05 10 87 65 - 

 0.00 20 153 97 - 

 0.01 20 140 83 - 

 0.05 20 100 71 - 
Sepharose 

4B n/a n/a 130 82 - 

Sepharose 
CL-4B n/a n/a 141 74 - 
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CHAPTER 5 

- 

MECHANICAL PROPERTIES OF AGAROSE BEADS BY 
MICROMANIPULATION 

 

5.1. Mechanical properties and pore size by Micromanipulation 

Two different sets of experiments were carried out.  In the first set, loading experiments 

were performed at two final deformations (10 and 30 %). The aim of these tests was to 

determine the range at which particles were fully elastic, to determine the compressive 

strength and Young’s modulus, and to use the last to calculate the average pore size of the 

adsorbent. The second set included loading / holding experiments allowing the 

determination of the viscoelastic properties of the particles. Results from both sets, 

presented in graphical form, were obtained from the raw micromanipulation data acquired 

as described in section 2.5.6. During compression of particles, the normal stress on the 

sphere is not uniform, but it varies from the maximum σmax at the contact points between 

probe and particle to minimum σmin in the cross-section of a particle placed half-way 

between the compressive surfaces. The full analysis of the spatial stress distribution is rather 

complex and in this case unnecessary, as only a comparison between samples is of interest 

in this work. Therefore the compressive strength of particles was compared in terms of 

average stress σav, or pseudo-stress, which is defined as the ratio of compressive force to the 

cross-section of an undeformed particle. 
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The theory for elastic spheres compressed between two flat rigid surfaces was first 

introduced by Hertz (Ding et al. 2007). For small deformations (up to 10 %), the relationship 

between force F (N) and deformation h (m) is described by the following equation: 

𝐹𝐹 = �
4
3
𝑅𝑅0.5

21.5
𝐸𝐸

1 − 𝜈𝜈2� ℎ
1.5                                                                                                                     (5.1) 

where: R is particle radius (m)  

            E is the Young’s modulus (Pa) 

            v is the Poisson’s ratio.  

At higher deformations the Hertz equation fails. An extension of the Hertz theory has 

been developed by Tatara (Ding et al. 2007) where they introduced higher order terms in the 

force-displacement equation and suggested a semi-empirical relationship between force and 

deformation which is valid for up to 60 % deformation, 

𝐹𝐹 = 𝑎𝑎ℎ1.5 + 𝑏𝑏ℎ3 + 𝑐𝑐ℎ5                                                                                                                      (5.2) 

where: a is the coefficient of the Hertz equation  

             b and c are material-depended constants, determined experimentally 

 

5.1.1. Loading experiments 

The Hertz model was used to describe the relationship between force and displacement 

for small deformation (10 %). Because this model is valid for small deformations only (up to 

10 %) (Liu et al. 1998), the force-displacement relationship for large deformation (30 %) was 
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described by the Tatara model, which is valid for up to 60 % strain (Muller et al., 2005). At 

least ten particles were compressed from each sample in order to obtain statistically 

representative results. An example of experimental data from a 100 µm in diameter particle 

fitted to both models in shown in Fig. 5.1.  
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Figure 5.1. (a) Small deformation (10 %) and (b) large (30 %) deformation for a 100 µm in diameter 

particle. 

At small deformation (10 %) (Fig.  5.2a, 5.3a) all curves practically overlap and there is no 

clear difference in the compressive strength of particles manufactured with increasing salt 

content and quenching temperatures. In particular, pseudo-stress for pure agarose was 

0.00465 MPa, 0.00461 MPa for 0.01 m, 0.0641 MPa for 0.025 m, 0.00507 MPa for 0.05 m 

and 0.00622 MPa for 0.1 m. The respective values for samples quenched at increasing 

temperatures were: 0.00465 MPa for 0°C 0 m, 0.00507 MPa for 0° C 0.05 m, 0.00498 MPa 

for 20° C 0 m, and 0.00605 MPa for 20° C 0.05 m. Results suggest that 10% deformation was 

not sufficient to pronounce the structural differences caused by salting-out nor by slow 

cooling of the agarose gels. On the contrary, the difference between Sepharose 4B and 

Sepharose CL-4B (Fig. 5.4a) was far more pronounced (0.004057 MPa and 0.007924 MPa 



Chapter 5  151 
 

respectively) even at such small deformation.  At large strain (Fig. 5.2b, 5.3b) the differences 

between samples become obvious, for both increasing salt content and slow cooling. 

Samples manufactured with increasing ionic strength of the agarose solution, quenched at 0° 

C, showed a tendency to become stiffer with increasing salt content: Compressive strength 

was 0.0147 MPa for pure agarose, 0.0153 MPa for 0.01 m, 0.0168 MPa for 0.025 m, 0.0181 

MPa for 0.05 m and 0.02 MPa for 0.1 m, an increase of the order of 135 % in compressive 

strength compared to pure agarose formulation. Similar increase in stiffness was observed in 

values of slowly cooled samples: 0.0147 MPa for pure agarose and 0.0181 MPa for 0.05 m at 

0°C while for 20° C the respective values are 0.0190 MPa for 0 m and 0.0214 MPa for 0.05 m. 

The calculated error bars for both small and large deformations suggest that standard 

deviation is a function of and increases with deformation. The values obtained from 

compression of agarose beads are in good agreement with the literature (Mu et al. 2005). 

Large deformation of Sepharose 4B was of the same range with the 0° C, 0 m sample (0.0160 

MPa and 0.0147 MPa respectively) (Fig. 5.4b). These two samples also had the same average 

pore size as found by the AFM, suggesting a similarity in manufacturing conditions and 

possibly in column performance with regards to pressure drop and bed compressibility.  

Large deformation of Sepharose CL-4B yielded the largest compressive strength observed 

between samples (0.0279 MPa), reflecting the significant increase in mechanical properties 

due to chemical cross-linking.  
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Figure 5.2. (a) Small (10 %) and (b) large (30 %) deformation of agarose beads of increasing ionic 

strength quenched at 0° C. 
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Figure 5.3. (a) Small (10 %) and (b) large (30 %) deformation of samples quenched at two 

temperatures: 0° and 20° C, ionic strength: 0 m and 0.05 m.  
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Figure 5.4. (a) small (10 %), (b) large (30 %) deformation of Sepharose 4B and Sepharose CL-4B and 

(c) large (30 %) deformation of Sepharose 4B and 0° C 0 m sample. 

 

Although no unloading data were recorded, particles appeared to return to their original 

size as, there was no visible gap between the tip of the probe and the surface of particles, 

suggesting that beads were fully elastic at 10 % and 30 % deformation. Additionally, the 

range of deformations applied during loading tests was representative of the deformations 

chromatographic particles are exposed to during operation, with the latter being of the 

order of 15 % (Muller et al. 2005).   
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 Young’s modulus of particles was calculated from both small and large deformation data 

using the Hertz and Tatara models respectively. For said calculations it was assumed that the 

Poisson ratio of the particles was 0.5 (Mu et al. 2005). Values obtained using the Hertz 

model remained constant (0.29 MPa, standard deviation 0.015 MPa) with increasing ionic 

strength and quenching temperature (Fig. 5.5a, 5.5c). In addition, values obtained using this 

model resulted in large standard deviation of particles of the same sample (see error bars in 

Fig. 5.5a). However, when the Tatara model was used (Fig. 5.5b, 5.5d), Young’s modulus 

increased with increasing salt content and quenching temperature, while values of individual 

particles were much closer to the mean of each sample (see error bars in Fig. 5.5b). Elastic 

modulus calculated using the Tatara model ranged from 0.155 MPa for 0° C, 0 m to 0.2950 

MPa for 20° C, 0.05 m and where in reasonable agreement with the literature (Normand et 

al. 2000). The different values and trends obtained from these two models suggest that it is 

rather difficult to obtain accurate force measurements at such scale (30-150 µm) especially 

for small deformations (10 %). Furthermore, although the Hertz model has been shown 

experimentally to be valid for small deformations (Liu et al. 1998) the principal assumptions 

of this model, that the radius of contact area compared to that of the sphere is small and 

remains constant during compression (Zhang et al. 2007), should be taken in account, in light 

of the above results. Therefore the Tatara model appears to give a better description of the 

compression of these particles. 
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Figure 5.5. Young’s modulus for ionic strength calculated using (a) Hertz model, (b) Tatara model, 

Young’s modulus for increasing quenching temperature calculated using (c) Hertz model, (d) Tatara 

model. 

 

The determination of the elastic modulus allows the calculation of the shear modulus of 

the particles from Eq. 5.3 (Mu et al. 2005, Yan et al. 2009). Since the Tatara model appears 

to describe the compression of agarose beads better than the Hertz model, values of elastic 

modulus obtained with this model were used for the calculation of the shear modulus. Table 

5.1 shows the values of both moduli. 
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𝐺𝐺 =  
𝐸𝐸

2 (1 + 𝑣𝑣)                                                                                                                                     (5.3) 

 

where G: shear modulus (MPa) 

            v: Poisson ratio (0.5) 

 

Table 5.1. Young’s and shear moduli 

Ionic strength Quenching 
temperature 

Young's modulus 
E (Hertz) 

Young's modulus 
E (Tatara) 

Shear 
modulus G 

(Tatara) 
(m) (°C) (MPa) (MPa) (MPa) 
0.00 0.00 0.286 0.155 0.052 
0.01 0.00 0.284 0.185 0.062 
0.03 0.00 0.321 0.199 0.066 
0.05 0.00 0.284 0.223 0.074 
0.10 0.00 0.285 0.255 0.085 
0.00 20.00 0.305 0.210 0.070 
0.05 20.00 0.308 0.295 0.098 

 

 

Once the compression strength and Young’s and shear moduli are known, the maxima 

mechanical loads particles can be exposed to can be estimated. This is particularly useful 

since this type of information allows the determination of optimum working conditions 

during high-intensity post-processing steps such as filtration washing and chemical 

modification (cross-linking, activation) (Mu et al. 2005) as well as operation 

(chromatographic application).    
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Using relationships adopted from rubber elasticity theory (Anseth et al. 1996, Stenekes et 

al. 2000, Peppas et al. 2000) the calculation of the elastic modulus may provide a theoretical 

expression of the average pore size of a hydrogel:  

𝑀𝑀𝑐𝑐 =
3𝜌𝜌𝑅𝑅𝜌𝜌
𝐸𝐸                                                                                                                                           (5.4) 

where:  Mc  is the molecular weight between crosslinks (kg mol-1) 

                ρ is the density (kg m-3) 

                R is the gas constant 

                T is the absolute temperature (°K) 

                E is the elasticity modulus (Pa) 

The molecular weight between crosslinks Mc can be used to estimate the linear distance 

between two adjacent crosslinks, i.e. the average pore size of the gel, using the following 

equations (Peppas et al. 1985, Peppas et al. 2000):   

𝜉𝜉 = 𝑎𝑎(𝑟𝑟0
2)1

2�                                                                                                                                          (5.5) 

where: ξ is the average pore size (nm) 

             a is the elongation ratio of the polymer chains in any direction 

             (r0
2)1/2 is the root-mean-square, end-to-end of the polymer distance between two              

neighbouring crosslinks (nm)  
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For isotropically swollen networks, the elongation ratio a can be related to the polymer 

volume fraction using Eq. 5.6: 

𝑎𝑎 = 𝑣𝑣2,𝑠𝑠
−1

3�                                                                                                                                                (5.6) 

where: v2,s
-1/3 is the polymer volume fraction 

The unperturbed end-to-end distance of the polymer chain between two adjacent 

crosslinks can be calculated using Eq. 5.7:   

(𝑟𝑟0
2)1

2� = 𝑙𝑙(𝐶𝐶𝑛𝑛𝑁𝑁)1
2�                                                                                                                            (5.7) 

where: l is the length of the bond along the polymer backbone (nm) 

             Cn is the Flory characteristic ratio 

             N is the number of cross-links per chain 

The number of cross-links per polymer chain can be calculated by the following equation:  

𝑁𝑁 =
2𝑀𝑀𝑐𝑐

𝑀𝑀𝑟𝑟
                                                                                                                                               (5.8) 

where: Mr is the molecular weight of the repeating unit from which the polymer is 

composed. 

By combing Eq. 5.4-5.8 the following relationship is obtained: 

𝜉𝜉 = 𝑙𝑙(𝑣𝑣2,𝑠𝑠
−1

3� )(
6𝐶𝐶𝑛𝑛𝜌𝜌𝑅𝑅𝜌𝜌
𝑀𝑀𝑟𝑟𝐸𝐸

)1
2�                                                                                                                  (5.9) 



Chapter 5  160 
 

Eq. 5.9 relates the elastic modulus of agarose obtained from micromanipulation data to 

molecular weight between crosslinks Mc and the polymer volume fraction u2,s. With all other 

variables fixed, increasing the concentration of agarose (polymer volume fraction) in the gel 

results into more fibres per unit volume. Higher number of agarose fibres per unit volume 

indicates that more physical cross-linking events will occur per fibre (higher cross-linking 

density). Thus with increasing concentration of the polymer, smaller pore size and a narrow 

size distribution (Pernodet et al. 1997), as well as increased mechanical strength, are 

obtained. With increasing polymer concentration therefore, the cross linking density, given 

by Eq. 5.10 (Khonakdara et al. 2006), increases, which in turn decreases pore size and 

increases the value of elasticity modulus. The dependency of the elastic modulus on the 

cross-linking density exists because the elastic modulus is essentially a measure of the 

number of crosslinks per unit volume of the gel (De Gennes 1979, Khonakdara 2006)    

𝑣𝑣 =
𝜌𝜌
𝑀𝑀𝑐𝑐

                                                                                                                                                (5.10) 

where: v is the cross-linking density 

 

Results from loading experiments show that with ionic strength and high quenching 

temperature the compressive strength (Fig. 5.2b, 5.3b) as well as the elastic modulus (Fig. 

5.5b) of agarose beads increase. These trends are in good agreement with the literature 

(Mohammed et al. 1998, Mu et al. 2005, Maaloum et al. 1998). As it was previously shown 

(sections 4.1.1 and 4.1.2), both ionic strength and high quenching temperature increase the 

pore size of agarose gels. This indicates that with ionic strength and / or slow cooling agarose 
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gels with large pore size and increased mechanical strength are obtained. Therefore, 

although cross-linking density decreases (less pores per unit area of AFM images with 

increasing salt content and / or slow cooling) and molecular weight between cross links 

increases (increase in pore size), the elastic modulus also increases. This is explained by 

considering the effect of ionic strength and / or slow cooling on the structure of the gel. Both 

process variables promote helix-helix aggregation and the formation of large pores and thick 

fibres. More agarose chains bound together suggest that the number of intramolecular 

hydrogen bonds per unit volume of the gel will be higher, thus having a large contribution to 

the rigidity of the gel structure (Yan et al. 2009). In other words, the increased aggregation 

of agarose fibres by salting-out and / or slow cooling arranges the same number of fibres 

(same polymer concentration in all samples) into a stronger network structure. If the 

increasing values of elastic modulus obtained from loading experiments were to be used in 

Eq. 5.9 the result would be decreasing pore size. This is because equations adopted from 

rubber elasticity theory do not account for the conformational effect of ionic strength and / 

or slow cooling on the gel (instead they account for a decrease in the elastic modulus 

through a reduction in the number of crosslinks per unit volume of the gel (De Gennes 1979, 

Khonakdara 2006)), therefore cannot be used to predict the average pore size of the 

particular agarose formulations. 

A similar case describing what is found above is agarose gels consisting of chains of 

increasing molecular weight. It has been shown experimentally (Normand et al. 2000) that 

the elastic modulus of agarose gels increases with increasing molecular weight of the 

agarose chains. The authors suggested that this increase is a result of the increasing length 

(higher molecular weight) of the agarose chains which in turn provides a larger number of 
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available cross-linking sites per agarose chain, therefore promotes helix-helix aggregation 

and the formation of rigid structures. The same appears to hold true for increasing ionic 

strength and slow cooling.  

Since the theoretical prediction of pore size of agarose beads manufactured in this 

project using equations adopted from rubber elasticity theory was not possible, a correlation 

between results obtained from large deformation of particles and pore size values obtained 

from the AFM was attempted. Fig. 5.6, a-b show the compressive strength of agarose beads 

at 30 % deformation and the calculated Young’s modulus using the Tatara model plotted 

against average pore size as obtained by the AFM. 
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Figure 5.6. Pore size by AFM vs. (a) compressive strength at 30 % and (b) Young’s modulus using 

Tatara model 

 

It can be seen from Fig. 5.6 that compressive strength and Young’s modulus increase 

linearly with the pore size of the gel. As previously discussed, this trend is a result of the 

contribution of intramolecular hydrogen bonds between agarose chains, on the rigidity of 

the gel structure (Yan et al. 2009). The larger the number of agarose chains aggregated 
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together, the larger the pore size and the better the mechanical strength. The correlation of 

loading experiments and AFM results, as well as the comparison of samples manufactured in 

this project with a benchmark product such as Sepharose 4B, allows one to deduce that 

particles manufactured with increasing salt content and / or slow cooling seem to have 

certain advantages (but also a disadvantage), in the purification of plasmids and viruses over 

currently existing commercial products designed for protein purification. The increased pore 

size of samples manufactured in this project can be exploited for the reversible 

accommodation of large bioproducts, by providing access to the interior of the adsorbent, 

thus increasing the apparent surface area for adsorption. Considering the soft nature of 

polysaccharides such as agarose and the reduced flow-rates associated with it (Jungbauer 

2005), the improved mechanical properties of particles manufactured with increasing salt 

content and / or slow cooling suggest that the latter can be used at higher flow-rates than 

Sepharose 4B. Considering that crosslinking of the gel does not change the pore size or pore 

size distribution, the same can be argued for the preparative-grade counterparts of 

Sepharose. The disadvantage arising with the enlarging of the pore structure of agarose by 

said means is the possible band broadening during separation due to large pose size 

distribution. It has been shown experimentally (Kusukawa et al. 1999) in agarose gel for 

electrophoresis, that gels formed by rapid quenching gave sharper, more highly resolved 

bands of plasmid DNA compared to gels that had being allowed to gel at room temperature. 

This was explained on the basis of homogeneity of the pore size distribution and the way the 

latter affects the mobility and resolution of plasmid DNA within the gel.  

Furthermore the correlation of AFM and loading experiments results suggest that the 

compression strength of agarose particles manufactured with increasing salt content and / 
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or slow cooling can be solely determined by AFM examination of samples, thus replacing the 

time-consuming micromanipulation experiments. The former, in combination with the 

practically minimal sample preparation of AFM, make this microscopy method a good 

candidate for the standard characterization of new agarose beads formulations, in terms of 

pore size and pore size distribution   

 

5.1.2. Loading / holding experiments 

Fig. 5.7a-c show the results of loading-holding experiments. The results in these figures 

were obtained from the raw data in a similar way as described for small and large 

deformation in section 2.5.6. Particles were compressed to 50 % deformation and then held 

at this position for at least 35 s. It can be seen in the figure below that the relaxation force of 

these particles is of the order of 10 % of the total compressive force. Additionally, the curve 

describing the holding part of the compression is parallel to the x-axis, hence no relaxation 

occurs (Stenekes et al. 2000). These results indicate that no permanent changes occurred in 

the internal structure of the particles, even at 50 % deformation. Therefore, for engineering 

calculations particles can be treated as fully elastic. Similarly to loading experiments (section 

5.1.1), elastic behaviour was also demonstrated by the fact that particles returned to their 

original shape after compression and holding.   
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Figure 5.7. Loading / holding experiments: (a) samples of increasing ionic strength, (b) samples 

cooled at different quenching temperatures, (c) Sepharose 4B and Sepharose CL-4B. 
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CHAPTER 6 

- 

CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

 

6.1. Conclusions for Chapters 3, 4 and 5 

 

6.1.1. Conclusions for Chapter 3: Manufacturing and macroscopic characterization of 

agarose beads 

The effect of ionic strength of agarose solution and quenching temperature on the 

macroscopic properties of the adsorbent (particle size / particle size distribution) was 

investigated. Also, the effect of surfactant concentration and type, and energy dissipation 

rate on said properties was investigated.  

Quenching temperature appears to have practically no effect on the macroscopic 

properties of the adsorbent, which suggests that droplets are covered by surfactant 

molecules and do not seem to coalesce and merge during quenching. However this may 

change if lower surfactant concentrations are to be used in combination with higher energy 

dissipation rates during emulsification. Also, coalescence of droplets can be promoted if the 

duration of droplet collision exceeds the film drainage time, conditions favoured in ‘dead 

zones’ characterized by low intensity during quenching or cooling. Therefore selection of 

emulsifying equipment for either batch or continuous production of the adsorbent must 

ensure the absence of such zones. 
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For the range of salt concentrations used (0-0.1 m NaCl) increasing the ionic strength of 

the agarose solution results in a mild fluctuation of D(0,9). This may be attributed to 

experimental errors during particle sizing, therefore assuming that salt does not affect 

particle size / size distribution. However, at higher salt concentrations, ‘salting-out’ of the 

hydrophilic head of the surfactant may occur, thus promoting recoalescence through 

diminishing electrostatic and steric repulsions between droplets. This will result in an 

increase in particle size therefore adjustment of energy dissipation rate may be needed to 

achieve the same particle size / size distribution. 

Overall, for the concentrations of salt and range of quenching temperatures, it was 

demonstrated that the microscopic properties of the adsorbent can be controlled during 

manufacturing, without significantly affecting its macroscopic properties. 

The presence of surfactants at the liquid-liquid interface of the emulsion greatly 

contributes toward the control of particle size / size distribution as well as increases process 

yield by lowering the interfacial tension and preventing coalescence.  The high temperature 

of emulsification results in most of the surfactant added to the system being in the form of 

micelles in the bulk volume of the continuous phase. Consequently, only a small amount 

adsorbs at the liquid-liquid interface and the resulting particle size / size distribution strongly 

depends on the initial concentration, despite the relatively high amount used. This cannot be 

overcome in any way since the processing temperature is restricted by the gelling 

temperature of the agarose solution. Although process yield values of up to 50 % were 

reported here, with proper selection of emulsifier concentration and type, energy 

dissipation rate, and stator screen, higher yields may be achieved. Furthermore, although a 
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relatively narrow range of processing conditions was examined it is certain that the amount 

of surfactant added in the system can be reduced while emulsifying at higher energy 

dissipation rates. Thus a product of higher purity can be obtained as well as a small decrease 

in manufacturing cost can be achieved (less surfactant).    

The comparison of different types of surfactant showed that a bulkier, more lipophilic 

(hydrophobic) molecule is more efficient in producing the desired particle size / size 

distribution, compared to a more lipophobic molecule. This was attributed to the large cross-

sectional area of the lipophobic tail-group of the former and the properties associated with 

it, at given conditions. 

 

6.1.2. Conclusions for Chapter 4: Atomic Force and cryo-Scanning Electron Microscopy 

characterization of agarose bead structure 

The effect of ionic strength of agarose solution and quenching temperature of the 

emulsion on the resulting pore size / size distribution of the adsorbent was investigated by 

Atomic Force and cryo-Scanning Electron microscopy. Despite the moderate availability of 

information on the effect of said parameters on agarose gels, this is the first account in the 

open literature of examining and numerically quantifying the effect of manufacturing 

conditions on the structural properties of beaded agarose intended for bioseparations. It is 

also the first account of the use of Atomic Force microscopy under wet state for examination 

of said properties of beaded agarose.  
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Increasing the ionic strength of agarose solution by adding salt results into ‘salting-out’ of 

the agarose fibres during gelation. This, in turn, promotes fibre aggregation and the 

formation of a structure with larger pore size and wider pore size distribution than of pure 

agarose.  For the relatively narrow range of salt concentrations used (0-0.1 m NaCl) it was 

demonstrated that agarose beads with a five-fold increase in average pore size can be 

produced, while maintaining the same polymer concentration. It was also (theoretically) 

shown, that this effect is solely a function of ionic strength of solution and does not depend 

on the type of salt used. Decreasing the quenching temperature of the emulsion has a 

strikingly similar effect to salt, therefore the two process parameters can be combined if a 

wider structure is desired.  

The examination of Sepharose 4B and Sepharose CL-4B revealed that, indeed chemical 

cross-linking does not change the original porous properties of the adsorbent in terms of 

dimensions. Therefore particles manufactured in this work can be chemically cross-linked to 

any degree to produce chemically and mechanically superior gels beads, while maintaining 

their original pore dimensions.    

Overall, the results from this Chapter indicate that the agarose structure can be 

manipulated to a large extend to facilitate intraparticle diffusion of large-sized bioproducts 

in packed and/or expanded beds, such as viruses and plasmid DNA, without compromising 

mechanical strength (see below Conclusions for Chapter 5). Additionally there is no need for 

complicated and expensive manufacturing, such as the one encountered in superporous 

agarose by means of double emulsification or inclusion and subsequent dissolution of 

suitable porogene. Although the increase in average pore size of the gel is advantageous, the 
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widening of the pore size distribution is unfavourable as it is associated with broad elution 

peaks. For this reason such particles would be ideal at early stages of purification (see in 

Introduction, CIPP) where speed of operation and capacity of adsorbent for bioproduct are 

favoured at the expense of resolution.  

    The practically minimal sample preparation in combination with the ability to examine 

agarose gels in the wet state makes AFM a good method for the structural characterization 

of agarose beads in terms of pore dimensions. A drawback of AFM was the inability to 

examine the interior structure of the particles but this can be overcome with the 

development of an efficient fracturing / slicing method at wet state. The ability to examine 

both the surface and interior structure of the adsorbent is highly desirable in the controlled 

manufacturing of adsorbents as instances of under / over-processing can be identified and 

eliminated. On the contrary, the examination of agarose beads with the cryo-SEM may have 

provided information on the interior structure of the particles, but it was rather distorted by 

the extensive sample preparation, harsh examination conditions and salt precipitation. 

Therefore cryo-fixation is rather unsuitable for hydrogels.  

 

6.1.3. Conclusions for Chapter 5: Mechanical properties of agarose beads by 

Micromanipulation 

The effect of ionic strength of and quenching temperature on the mechanical properties 

(compression strength at given deformations, Young’s and shear moduli and viscoelastic 

properties) of the resulting particles was investigated by mechanical means.  This is the first 

account in the open literature to quantify the effect of ionic strength on the mechanical 
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properties of single agarose beads intended for bioseparation. In addition, there is only one 

publication (Mu et al. 2005) available in the open literature concerned with effect of 

quenching temperature on the resulting mechanical properties of the adsorbent. 

The Hertz and Tatara models were used to describe the force-deformation relationship of 

the particles at small (10 %) and large (30 %) deformation respectively. In addition, the two 

models allowed the determination of Young’s and shear moduli of the particles. Loading 

experiments at small and large deformation showed that the compression strength of 

particles increases with ionic strength. The observed by AFM similarity between the effect of 

ionic strength and quenching temperature on the pore size / size distribution of the agarose 

beads was also reflected by the nearly identical mechanical properties of particles 

manufacture with salt and slow cooling. The values of these moduli obtained with the use of 

the Tatara model yielded more accurate values. This was attributed to the micron-sized scale 

of the experiment and the lower accuracy of small deformation measurements. 

The increased compression strength of particles manufactured with salt and / or slow 

cooling is explained by the extended fibre aggregation the two parameters promote during 

agarose gelation. A larger number of aggregated fibres suggests that the number of 

intermolecular hydrogen bonds per unit volume of the gels will be higher, thus more rigid 

structures are obtained. In other words, increasing the ionic strength of solution and / or 

applying slow cooling, arranges the same number of fibres (same polymer concentration in 

all samples) into a more rigid gel structure.  

Equations adopted from rubber elasticity theory could not be used to calculate the 

average pore size of the adsorbent. Based on these equations, the Young’s modulus of a 
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polymer network is proportional to the number of physical cross-links per unit volume of the 

gel, i.e. the polymer concentration in the gel and consequently the average pore size of the 

adsorbent. In this work, increased pore size and values of Young’s modulus were obtained by 

arranging the same number of fibres into a more rigid structure. Therefore, if values of 

Young’s modulus obtained in this work were to be used in these equations, the result would 

be decreasing rather than increasing pore size.    

Loading / holding experiments showed that even at 50 % deformation no permanent 

changes occurred in the internal structure of the particles as the measured relaxation force 

was of the order of 10 % while the trace describing the holding part of the experiment was 

parallel to the x-axis, suggesting full elasticity. Another point suggesting full elasticity of the 

agarose beads was the fact that particles appeared to return to their original shape after 

decompression. 

Overall, results from this Chapter demonstrated that manipulating the structure of 

agarose by said means to produce adsorbents of wider pore structures is accompanied by 

improvement of mechanical properties. This is in contrast to the currently applied control of 

agarose structure, which is by lowering the polymer concentration in the gel when wider 

structures are desired. In addition, obtaining information on the mechanical properties of 

the absorbent, not only provides an insight on the performance of particles during operation 

but also, allows the optimization of post-manufacturing processing such as filtration-washing 

and chemical modification (cross-linking, activation). 
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6.2. Recommendations for future work 

The following section includes recommendations and future work that could prove 

beneficial to the controlled manufacturing of agarose-based adsorbents. 

 

6.2.1. Optimization of energy dissipation rate and surfactant concentration  

As only a narrow range of energy dissipation rates and surfactant concentrations was 

used in this work, emulsification experiments should be carried-out at the maximum 

achievable energy dissipation rate of the device used. This suggests that the surfactant 

concentration in the system can be reduced to a minimum and therefore a product of higher 

purity can be obtained.  

 

6.2.2. Interfacial tension measurements to determine surfactant equilibrium 

concentration after emulsification for oil recycling 

One of the initial objectives of this work was the manufacturing of agarose beads without 

the use of surfactants. This is highly desirable for large scale manufacturing of agarose-based 

chromatographic adsorbents as the continuous phase, which is otherwise discharged a 

waste, can be recycled. Preliminary experiments showed that the use of surfactants cannot 

be avoided as the resulting particle size distribution was very wide, even at the highest 

energy dissipation rate, resulting into a very small process yield. In addition, instability of the 

system and irreproducibility of the results did not allow conclusions, from various 

experiments (stator geometry, introduction of agarose solution from different ports of the 
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emulsification vessel), to be drawn. Exploiting specific properties of the surfactant and 

mineral oil, such as different boiling points or the lowering of interfacial tension, to 

determine the equilibrium concentration of the surfactant in the continuous phase after 

emulsification, is proposed as a way to avoid discharging the latter. This will result in 

significant reduction in the manufacturing cost of the adsorbent.  

 

6.2.3. Gelation temperature of agarose solution of increasing ionic strength and 

quenched at different temperatures   

The pronounced aggregation of agarose chains (increased pore size) with ionic strength 

and slow cooling leads to the formation of rigid structures (gel) at higher temperature than 

of pure agarose; hence the gelation temperature of the agarose solution is increased. 

Therefore, as a complement to other characterization techniques, the increase in pore size 

with ionic strength and slow cooling can be indirectly observed by determining the gelation 

temperature of the agarose solution.  

 

6.2.4. Broader ionic strength and quenching temperature ranges to achieve desired pore 

size dimensions for plasmids and viruses 

The range of ionic strengths and quenching temperatures covered in this work resulted in 

a five-fold increase in average pore size of the adsorbent. As this range was relatively narrow 

it is certain that if a broader range is used, further increase in pore size can be achieved, 

therefore increasing plasmid or virus diffusivity into the interior of the adsorbent. In 
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addition, salts of different ionic strength should be used to confirm that the effect on the 

agarose fibres is indeed a function of ionic strength and does not depend on the type of salt 

used.        

 

6.2.5. Plasmid adsorption capacity 

Once the desired pore size allowing plasmid diffusion is achieved, experiments to 

determine the maximum adsorption capacity of the adsorbent should be carried out. This 

type of experiment can be performed in batch contactor and the results can be used to 

predict column performance of the adsorbent.   

 

6.2.6. Column flow rate 

Mechanical testing showed that the compression strength of particles prepared in this 

work is higher compared to that of a benchmark product. This suggests that these particles 

can be used at higher flow rates than the former but this assumption needs to be verified in 

a chromatography column. The same type of flow test should be applied to particles after 

cross-linking to determine the maximum flow rate of the enhanced structure.    
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6.2.7. Use of micro-tome to produce thin agarose bead sections 

The use of AFM in this work only allowed the examination of the external surface of the 

agarose beads. This was due to the lack of proper slicing equipment that resulted in artefacts 

in the gel structure. Although both interior and exterior of the adsorbent were examined 

with the SEM the data obtained from these images is of questionable quality for reasons 

explained in Chapter 4. Given the effect of quenching temperature on the structure of the 

adsorbent, it is rather crucial to verify with a good characterization technique (such as AFM) 

that the pore size of the outer surface of the adsorbent is the same as the internal one. 

Therefore further work to obtained uniform slices of agarose beads should be attempted.   

 

 

 

 

 

 

__________________ 
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