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Abstract of thesis
There is an incentive to introduce affinity separation techniques earlier in downstream 

processing due to their superior selectivity and recovery capabilities. However, as most 

conventional affinity separations tend to use porous adsorbents they are susceptible to 

fouling from colloidal matter present in early stage feedstocks. There is evidence to 

suggest that non-porous matrices are more resistant to fouling and therefore potentially 

more suitable for particulate and foulant feedstreams. To obtain a comparable surface 

area to typical porous supports for ligand immobilisation, the dimensions of a non- 

porous particle have to be much smaller, and their separation from cell debris again 

presents a problem. Magnetic separation allows the recovery of such small particles in 

the presence of biological matter with relative ease.

This thesis describes the preparation and characterisation of sub-micron magnetic 

particles using simple chemical precipitation techniques amenable to scale up, to 

produce suitable iron oxide matrices for the manufacture of affinity supports. These 

adsorbents were subsequently used in laboratory scale experiments for the selective 

recovery of proteins from crude liquors. Preparative scale recovery of magnetic 

adsorbents was then carried out using high gradient magnetic separation (HGMS) 

technology.

An optimal ratio of Fe '̂̂ /Fe '̂ ,̂ 1:2, was identified to produce non-porous

superparamagnetic crystals (~ 12 nm in diameter) with a specific surface area of 110 m  ̂

g '\  a saturation magnetism of -40 emu g'̂  combined with low residual magnetism. 

These particles were silanised and subsequently coated with polyglutaraldehyde, epoxy 

activated, capped with ammonium groups and coupled with Cibacron Blue. The 

selectivity and interaction of these supports were assessed by using enzymes (lactate, 

malate and alcohol dehydrogenases) that are known to have an affinity for Cibacron 

Blue. High binding capacities (> 110 mg g'') and affinities (kd < 1.2 |xM) were obtained. 

Furthermore, the presence of suspended solids in the homogenate appeared to have no 

negative affect on the performance of the adsorbents in the recovery of the target 

molecule. In a separate study lysozyme magnetic particles (LMP) were prepared from 

the polyglutaraldehyde coated supports and successfully used to recover Fv fragments 

from clarified E. coli lysate. On a preparative scale using HGMS, Fv fragments of high 

purity (98 %) were eluted in a single step with a purification factor of 54.1. A parallel use 

of the LMP was to release periplasmic a-amylase from E. coli cells. This technique 

compared favourably to the standard release method of using free lysozyme.
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1.0 Introduction

1. Introduction

1.1 Research into downstream processing

Biotechnological innovations have made their mark in a number of different areas 

including pharmaceuticals, biomedical, agrochemical, and food processing industries. 

Whilst these innovations are mainly associated with advances in recombinant DNA and 

cell culture technologies, none would have been possible without advances in protein 

purification technologies. Nowhere is the need for protein purification methods as great 

as the pharmaceutical industries where many of the new products are proteins such as 

vaccines, blood proteins, and hormones (Boyer and Hsu, 1993).

The purity of therapeutic proteins for human or animal consumption has to be very high 

in order to meet the requirements set down by the Food and Drugs Administration 

(FDA). Biological molecules isolated from natural sources, or expressed from 

recombinant DNA systems, must be shown to have acceptably low levels of biologically 

active contaminants such as DNA, viruses, pyrogens and ‘leachates’ from the separation 

media. This presents a major challenge to the process engineer and is achieved by 

rigorous quality control of manufacturing practices (O’Brien, 1996). Therefore, it is not 

surprising that downstream processing can represent the majority of the cost of a new 

therapeutic protein. Gupta and Mattiasson (1994), estimated this to be between 50-80 % 

of the total production costs.

In manufacturing a therapeutic protein there are three key issues to address: time to 

market, regulatory aspects, and process economy. Manufacturers are also facing rising 

costs, tougher competition and political pressure to reduce expenditure on healthcare. 

As a result, many biopharmaceutical manufacturers are trying to lower the costs 

associated with downstream purification processes, and to reduce the time taken to 

market the product without making any compromises. Decreasing the number of 

manufacturing steps to produce a purified protein can lead to a significant reduction in 

running costs, capital expenditure and increase the overall yield as the product is 

exposed to fewer unit operations. For example if three operations can be combined into 

one, the gain in yield is over 13% (assuming that each step is 90% efficient; Figure 1-1).
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Spalding (1991) stated that the ideal purification process should have between three to 

six stages which are at least 90% efficient and able to purify a protein to at least 99.9%.

100

I
cn

3 Unit operations combned

1 3 %

Unit Operations

Figure 1-1 The relationship between the number o f downstream unit operations and product 

recovery.

If three unit operations are eliminated, then the gain in overall yield will be 13 % (assuming each 

purification step is 90 % efficient).

1.2 Protein purification strategy

Howell (1985) emphasised that large-scale purification processes should be designed to 

minimise the number of steps while maintaining high yields, product purity, quality and 

activity. The engineer needs to structure the process so that it is as simple as possible, 

recovering the product of interest and carried out with the smallest number of items of 

equipment. Improvements and simplifications can also be made if greater emphasis is 

placed on the integration of downstream processing with upstream operations (such as 

molecular biology) early on in product development. Skilful improvement of 

fermentation processes through the selection of high-yielding organisms coupled with
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optimum media compositions and operating conditions can lead to a 1000-fold increase 

in production (Wheelwright, 1989).

1.3 Processes for downstream processing

Downstream processing is a series of steps which leads to a purified protein product. 

Figure 1-2 illustrates the general stages involved in the recovery of recombinant protein. 

Downstream processing of proteins may be divided into two stages, primary recovery 

stages and high-resolution stages (Datar, 1986). For extracellular proteins, the primary 

recovery stages involve the removal of cells from spent medium. For intracellular 

proteins, the primary recovery stages include: (i) recovery of cells; (ii) disruption of cells 

to release the target protein; and (iii) removal of cellular debris. This is followed by 

primary purification stages that utilise techniques such as precipitation, adsorption and 

liquid-liquid extraction to remove contaminants. Secondary purification steps are used 

to concentrate the product using high-resolution chromatographic techniques. The final 

polishing stages are used to remove pyrogens, aggregates, degradation products and to 

achieve the final concentration of product (Kaul & Mattiasson, 1992). In the following 

sections the various stages involved in downstream processing will be discussed in more 

detail.
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Figure 1-2 Typical unit operations in downstream processing.
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1.3.1 Cell disruption

The majority of recombinant proteins produced in cells either remains in the cytoplasm 

or is secreted into the periplasm and requires cell disruption for complete release. 

Traditionally either mechanical, chemical and biological disruption techniques have 

been used on a laboratory scale (Kula and Shutte, 1987). Mechanical processes such as 

homogenisation or bead milling are more commonly used on a pilot or industrial level 

(Engler, 1985; Chisti and Moo-Young, 1986). In general, disruption may be categorised 

into mechanical and non-mechanical processes.

1.3.1.1 Mechanical disruption

Disruption of cells by mechanical means results in the release of the total contents of the 

cell with the target protein. On a small scale sonication can be used for cell disruption. 

However, this method can lead to enzyme degradation (Coakley et ai, 1974) and is 

unsuitable for large scale processing due to difficulties in providing adequate cooling 

and high power input (Lilly and Dunnill, 1969). Homogenisation is more suitable for 

large-scale disruption. Gram negative bacteria are easily disrupted by one or two passes 

through these devices (Lee, 1989). Breakage of gram positive bacteria, high cell 

concentrations or cells at their stationary phase of growth may require multiple passes or 

continuous recycling of the suspension (Charm & Matteo, 1971). Bead milling is more 

efficient than homogenisation at disrupting more resilient and highly filamentous 

organisms (Darbyshire, 1981). Agitation at high rates provides a grinding motion, which 

disrupts the cells due to the impact and shear forces. Efficiency is dependent on the 

concentration of wet cells. The optimum being between 30-60 % wet cells (Bjurstrom, 

1985).

Several disadvantages are associated with mechanical release methods. The processes 

are energy intensive and generate heat which may require costly and efficient cooling 

systems to prevent protein degradation. High release of contaminating protein leads to 

low specific activities and the risk of proteolytic degradation. The release of nucleic 

acids often increases the viscosity of the suspension making subsequent downstream 

processing stages less efficient.
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1.3.1.2 Chemical disruption

Chemical release methods are advantageous as they are able to selectively release 

proteins from the periplasm. This reduces contamination from the release of nucleic 

acids and debris. The outer cellular wall can be disrupted or permeabilised by a variety 

of chemical treatments including antibiotics, chelating agents, chaotropes, detergents, 

solvents and by alkaline lysis (Pierce, 1996). However, scale-up may prove to be more 

difficult due to the large volume requirements. This can be expensive and hazardous 

especially when using toxic solvents. Once used, the solvent has to be completely 

removed from the process stream, particularly if the product is required for human or 

animal consumption.

1.3.1.3 Physical disruption

Proteins can be released from cells by a number of physical means including 

temperature induced lysis (heating or freezing) and osmotic shock (Johnson & Hecht, 

1994; Neu & Heppel, 1965). Freeze-thaw methods have been successful in releasing 50- 

90 % of the periplasmic protein, although, this may prove to be difficult to scale-up 

(Johnson & Hecht, 1994). Thermolysis at temperatures approaching 55 °C has been 

used to release periplasmic proteins in E. coli cells. However, this method may denature 

proteins, activate proteases and release large amounts of lipids, all of which can affect 

subsequent downstream processing (Pierce, 1996).

1.3.1.4 Biological disruption

It is possible to disrupt cell walls by using lytic agents, either foreign or host derived. 

Common reagents include lysozyme which catalyses the degradation of the (3(1-4) 

glycosidic bonds within the peptoglycan layer in gram negative bacteria (Neu & Heppel, 

1965), or by peptides which cleave the peptide bonds that crosslink glycan chains 

(Shockman & Hdlje, 1994). Lysozyme is often used in combination with EDTA (to 

destabilise the outer membrane) and osmotic shock to release periplasmic proteins 

(Witholt et al, 1976; Beacham, 1979). Biological disruption methods are described in 

further detail in chapter 7.0.
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1.3.2 Cell recovery and clarification processes

The type of organism and clarification procedure depends upon the sensitivity of 

subsequent downstream processing stages to the presence of colloidal matter. Common 

methods to remove solid particles include cross-flow filtration (Gabier, 1985) and 

centrifugation (Axelsson, 1985). Rotary vacuum filtration is more suitable for 

processing large volumes (Belter, 1985).

1.3.2.1 Centrifugation

Centrifugation allows for the recovery of whole cells or for the removal of solid matter 

(e.g. organelles, particulate matter or cellular debris) from dirty liquors. On a laboratory 

scale batch centrifuges are commonly used, but they can only process small volumes. 

On an industrial scale, larger centrifuges such as the tubular bowl, multichamber bowl, 

disc stack, scroll and basket centrifuges which have a higher processing capacity are 

used (Bell et al, 1983). These devices tend to be less efficient when compared to 

laboratory devices because of the lower g forces and residence times (O’Brien, 1996). 

The major factor that affects centrifuge capacity and running costs is the particle size. 

High viscosity streams, small particle size or a low-density difference between the 

particle and surroundings all reduce the efficiency of the process, as predicted by Stokes 

law:

K -— (Equation 1-1)

Where: Vs = settling velocity, d - particle diameter, Ap - density difference between the 

medium and the particle, \l - dynamic viscosity of the fluid, co - angular velocity, rx - 

radial distance of the particle from the axis of rotation.

A comparison between laboratory and industrial centrifuges can be made by comparing 

Q/Z, where Q is the flow rate and Z is the effective settling area. Q/Z relates the 

efficiency of the centrifuge to the cross sectional area of a gravity-settling tank with the 

same clarifying capacity (Ambler, 1952, Trowbridge, 1962).

Q = 2m^Z (Equation 1-2)
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Where:

^P^s8M. -— (Equation 1-3)

Where Q = volumetric flow of liquid through the centrifuge, Us - terminal velocity of 

the solid particle settling under gravity through the liquid, S - sigma value of the 

centrifuge, g - gravitational acceleration.

Centrifugation suffers from inherent scale-up problems associated with designing 

equipment capable of handling large quantities of liquid suspension at high centrifugal 

forces. The design of centrifuges with high rotational speed ensures shorter residence 

times but limits their use to cells capable of handling high shear forces. Also the heat 

generated, aerosols, noise, and high cost may reduce its appeal (O’Brien, 1996).

1.3.2.2 Filtration

Filtration separates components on the basis of size rather than density and involves 

physically retaining particles behind a filter. Common devices in use include 

microfiltration and ultrafiltration. Microfiltration is used for clarification of 

fermentation broths and cell homogenates while ultrafiltration is used for concentration 

of dilute protein solutions. Both devices are prone to blockages due to the build up of 

fouling layers comprising of cellular materials (Ogez et al, 1989). Filtration can be 

divided into two subcategories: dead-end filtration where the feed stream flows 

perpendicular to the filter surface, and cross flow (or tangential) filtration where the feed 

stream flows parallel to the filter, and the fluid diffuses across.

1 .3 .2 .2 .1  D ea d -en d  filtration

Rotary vacuum drum filter and plate and frame filters are the most common types in use. 

The rotary drum filter comprises of a drum covered with a filter medium. The filtrate is 

drawn through by an internal vacuum and is covered by solids as it rotates. A knife or 

scraper then removes the solids. The main problem with this type of system is that it 

cannot be sterilised and is difficult to operate aseptically. Filter press operates on a batch 

mode where the liquor flow is continuous, but requires constant cleaning due to the

rapid accumulation of solids. They often require long preparation times and have small
_
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solid holding capacities, which reduces the efficiency of the process. Filter aids such as 

diatomaceous earth have been used to increase the filtration efficiency by preventing 

blockages occurring in the filter (Martin, 1993).

1 .3 .2 .2 .2  C ross-flow  microfiltration

Cross-flow microfiltration is a process where the fluid containing the product flows in 

parallel to the membrane surface (with pore sizes varying from 0.1-0.2 |L im ). A pressure 

drop drives the medium through the membrane. Solid particles that are unable to pass 

through the membrane are driven away by incoming fluid preventing filter blockages 

associated with conventional dead-end filtration. In practice the membrane still fouls 

resulting in a decline in flux and protein transmission. Either backflushing or reverse 

flow can restrict fouling effects (Kim & Chang, 1991).

1.3.3 Primary separation operations

Before secondary purification techniques such as chromatography can be employed it is 

necessary to reduce the process volume to more manageable quantities and to eliminate 

some of the contamination. A variety of techniques can be used for this purpose, and are 

summarised in the following sub-sections.

1.3.3.1 Ultrafiltration and diaflltration

Ultrafiltration is a separation process using membranes, with pore sizes varying from 2- 

50 nm. The pores are also small enough to allow easy passage of proteins, salt ions, 

buffers and water. Membranes are classified by their molecular weight cut-off range (5- 

500 kDa). Fouling problems occur due to the settling of proteins and polysaccharides on 

the membrane. This forms a gel like layer that reduces transmission. At scale this can be 

controlled by a cross-flow system. A variation of ultrafiltration is diafiltration, which 

involves an exchange of buffers only. Protein flocculation, non-specific binding to 

filters and dénaturation can all lead to reduced efficiency.
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1.3.3.2 Precipitation

Precipitation is a method of concentrating and purifying proteins. Precipitation occurs 

when the solubility of the protein is reduced to a critical value. This can be achieved by 

salting out, salting in, by adding organic solvents or by adjusting the pH or temperature 

(Bell gf a/., 1983).

1.3.3.3 Extraction

It is possible to purify or concentrate proteins or to separate proteins from cellular debris 

by using aqueous two phase partitioning. Extraction exploits the varying solubility of 

proteins between two non-miscible water based phases by using either PEG with 

dextran or salt. These systems tend to be gentler and do not denature proteins in the 

same way as non-polar solvents, because of the low interfacial surface tensions 

(Andrews and Asenjo, 1987).

1.3.4 Secondary purification

Secondary purification is the final stage of downstream processing and involves 

recovery of the protein from the crude biological liquor using adsorptive recovery 

techniques, before the final polishing stages.

Chromatographic methods are one of the most popular secondary purification methods 

in downstream processing. Together with membrane separations, they account for 90 % 

of the $2 billion global market for downstream processing equipment (Spalding, 1991). 

Chromatographic systems exploit some facet of the target proteins unique 

physiochemical property such as size (gel filtration), charge (ion exchange), 

hydrophobicity or biospecific affinity. These techniques are summarised in the 

following sub-sections.

1.3.4.1 Ion exchange chromatography

Ion exchange is the most popular chromatographic method, and has been reported to be 

used in up to 75 % of all laboratory protein purifications (Bonnerjea et al, 1986). 

Proteins bind to the surface of the ion-exchange resin by displacing counter ions located 

on the surface (e.g. metal ions or anions). Elution can be achieved in an aqueous 

solution of higher ionic strength, displacement with another protein/multivalent polymer
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or by changing the charge on the protein (Torres et al, 1984). Due to their simplicity of 

operation, they can easily process and concentrate large volumes of clarified lysate. 

Practical processes, small or large, require adsorbents that are sufficiently hydrophilic to 

prevent protein dénaturation, have high loading capacities, fast binding kinetics and 

resist compression to allow high throughputs. They can be regenerated for repeated use 

with little or no loss in capacity (Sofer & Nystrdm, 1989).

1.3.4.2 Hydrophobic interaction chromatography

Hydrophobic interaction chromatography (HIC) and reverse phase chromatography 

(RPC) separation methods are based upon the attraction between the hydrophobic 

regions of the target molecule and the hydrophobic matrix. In HIC the sample is applied 

under conditions of high salt concentration and eluted under conditions of low salt 

concentration. RPC differs in that the matrix is highly hydrophobic (Fausnaugh et al, 

1984). The sample is applied in an aqueous buffer and has to be eluted in an organic 

buffer. The matrix for both of these systems is constructed of a hydrophobic polymer 

such as styrene cross-linked with divinulbenzene, or alternatively it can be made from a 

hydrophilic polymer such as agarose and made hydrophobic by attaching hydrocarbon 

chains.

Generally, HIC columns are not as efficient as either ion exchange or affinity 

chromatography. The elution conditions also presents a problem as they tend to be fairly 

harsh and may increase the likelihood of protein dénaturation (Osterman, 1986). 

However, HIC can be used for a wide range of purifications and is suitable for purifying 

unstable proteins as it may be performed in the presence of ammonium sulphate, which 

is known to stabilise proteins.

1.3.4.3 Affinity chromatography

Affinity chromatography relies on the specific interaction between the affinity adsorbent 

and particular proteins. This allows purification from a contaminating feed of over a 

thousand-fold within a single step, and reduces processing times and costs over less 

selective procedures. Packed-bed affinity chromatography are typically composed of a 

porous support constructed of agarose and linked to the affinity ligand via a spacer arm.
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The choice of ligand depends upon the operational requirements and can be general or 

high affinity and bio- or pseudo-specific. Ligands such as proteins and antibodies are 

highly specific but unable to withstand high temperatures or harsh elution conditions. 

Also, binding between the adsorbent and species may be too tight making elution 

difficult (Scopes, 1994). Synthetic ligands such as dyes or metal chelates are less 

specific but more durable and less susceptible to dénaturation (Narayanan, 1994). 

Affinity separations and ligands are discussed in sections 1.4 and 1.5 respectively.

There are a number of affinity systems that are not based on chromatographic 

technology. Affinity ligands have been immobilised on the surface of membranes to 

combine specificity with physical separation (Kaul and Mattiasson, 1992). With this 

type of system fouling may be a problem due to physical entrapment of solid debris. A 

combination of affinity membrane system and cross-flow filtration has been used to 

create an affinity cross-flow filtration system (Labrou and Clonis, 1994). Affinity 

precipitation is a method of improving the selectivity of precipitation. The idea is to 

make complexes too large to be soluble (Van Dam et al, 1989) and to induce 

precipitation of the affinity complex by alteration of a group not involved in affinity 

interaction (Kaul and Mattiason, 1992). Other variation such as perfusion affinity 

chromatography, affinity repulsion chromatography and affinity centrifugal 

chromatography also exist (Labrou and Clonis, 1994). Each one differs in purifying 

ability, economy, processing ability and operational capacity.

1.3.4.4 Gel filtration chromatography

Separation of proteins is on the basis of size and shape. Small molecules are able to 

move through the pores of the adsorbent and will have a larger space in which to diffuse 

through the column. Thus, molecules are separated in space and time depending on their 

physical size (Fischer, 1980). By varying the degree of cross-linking, gels of varying 

porosities can be produced which are then able to recover proteins of different molecular 

sizes. Gel filtration chromatography has also been used for buffer exchange, desalting, 

separation of product from contaminants of various sizes and for molecular weight 

determinations. However, this technique is not suitable for the recovery of recombinant 

proteins from fermentation broths, where the target molecule is present in low
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concentrations. Load volumes must not exceed 10 %, which makes large-scale use 

impractical due to the sheer volume of liquor.

1.4 Single step purification using affinity separation

A traditional purification process involves a number of unit operations, which 

progressively enriches the product by reducing the number of contaminants. These unit 

operations can be poorly selective, harsh, complex and labour intensive all of which is 

reflected in the high operating costs and low product yields. As a consequence, demand 

exists for a one step purification system that is able to selectively adsorb the target 

protein directly from crude feedstocks containing solid fouling matter, whilst being 

stable and reasonably affordable. Jones (1991) compared a typical purification method 

involving precipitation, ion exchange, dialysis, gel filtration, hydrophobic interaction 

and three ion exchange polishing steps with a single affinity chromatography 

purification. The yield and purification of the single affinity chromatography step was 

found to be significantly greater than the multistep purification.

Affinity adsorption is probably the only technique capable of performing an 

economically viable one step purification on a manufacturing level. In order to 

maximise purification it is best to use the technique as early as possible in downstream 

processing. Therefore, the challenge is to perform affinity separation in the presence of 

solids and fouling components such as, cells, particulate matter, lipids and cellular 

debris found in early stage liquors.

Affinity separation can take place in a number of ways. The choice depends on the mode 

of operation (batch or continuous), economics of the process and the nature of the 

feedstock. Table 1-1 illustrates the variety of modes of operation of affinity adsorption 

and gives an indication of their suitability for use at large scale and applicability as a 

method for direct recovery or one step.
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Table 1-1 Modes of operation of affinity adsorption and their suitability for one step purification.

Mode o f operation Resolution Suitability for

primary recovery

Considerations

Batch

Packed bed

Expanded bed

Fluidised bed ***

Magnetically stabilised ***

fluidised bed

Magnetic affinity ***

Affinity membrane ***

Recovery dependent on kinetics of 

adsorption

Fouling o f column prevents use of 

feedstocks containing particulate matter

Throughput limited by adsorbent design 

and feedstock composition

Throughput limited by adsorbent design

Specialist media required and poorer 

resolution than fluidised bed

Recovery requires special supports

Fouling o f membranes and 

low capacity

1.4.1 Batch adsorption

Probably, the simplest approach is to use batch adsorption (Chase 1988). The affinity 

supports are added to the feed stream and contacted in a stirred vessel. Following 

adsorption the supports are recovered and packed into a column and the bound species 

are eluted. In order to obtain good yields (80-90 %) the partition coefficient (fraction of 

soluble protein adsorbed at any one time) needs to be greater than 0.98 (Scopes, 1988). 

In such cases, batch adsorption holds great advantages over other separation techniques.

A potential problem that deters the widespread use of batch separation techniques is 

associated with the recovery of loaded adsorbent from the suspension. Centrifugation 

and filtration are commonly used. However, a large size or density difference must exist 

between adsorbent and suspended solids to ensure clean recovery. Recently the use of 

magnetic collection technology has shown considerable promise and will be discussed 

in section 1.9.
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1.4.2 Packed bed adsorption

In packed bed adsorption the liquor is applied to a column containing affinity supports. 

Because of the high density of adsorbents there are numerous chances of the protein 

interacting with the ligand. Resolution is therefore excellent explaining the wide spread 

use in a variety of applications (Kaul and Mattisson, 1992).

A significant drawback in the use of these columns is the susceptibility to foul and block 

from processing liquors containing debris, particulate matter, lipids and various other 

suspended solids. Furthermore, In order to provide a large surface area for protein 

capture, the adsorbents used are porous, which are easily fouled leading to potential 

blockages at the inlet. This increases back pressure, which can damage the adsorbent 

and limit throughput. For this reason packed beds are rarely used in processing ‘dirty’ 

feedstreams encountered in the early stages of downstream processing. Clarification by 

centrifugation or filtration alleviates the problem but increases costs and leads to a 

reduction in yield.

1.4.3 Fluidised bed adsorption

Passing a liquid stream up through a packed bed with sufficient velocity so that the 

particles are suspended in the fluid stream forms a fluidised bed. The design of the 

adsorbent is critical and has been the focus of much research (Bums and Lyddiatt, 

1995). Typically densified particles are used to increase the terminal velocity (point at 

which the adsorbents are transported out of the column) allowing high throughputs to be 

achieved. To date, densified cellulose (Gilchrist and Lyddiatt, 1995), densified agarose 

(Chang and Chase, 1994) and perflurocarbon affinity emulsions have all been used with 

varying degrees of success.

The main advantage of a fluidised bed is its ability to handle feedstocks containing 

particulate matter and other fouling components, and thus is suitable for the early stages 

in downstream processing. The fluidised bed allows passage of solid components, 

provided the terminal velocity of the adsorbent is greater than that of the solid matter 

(Draeger and Chase, 1991). Higher throughput is also possible, given that the pressure 

drop across the bed is lower than an equivalent packed bed column, which leads to 

economic savings. Disadvantages are associated with the poor resolution as the contact 

between adsorbent and feedstream is analogous to batch adsorption rather than a packed
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bed (Sadana and Raju, 1990). Large amounts of solvent are also required to create the 

right mixture for fluidisation, and excessive dilution may occur during elution unless the 

flow is reversed and desorption carried out as a packed bed.

1.4.4 Expanded bed adsorption

A disadvantage associated with fluidised beds is that back mixing reduces the efficiency 

of the separation. An improvement can be made if the environment is more similar to a 

packed bed where the adsorbents are stationary and movement is plug flow. The most 

common method to stabilise a bed is to use a lower flowrate until the particles are 

fluidised but gross movement within the bed is minimised, the resulting bed is said to be 

stabilised and is termed an expanded bed. The operation is carried out in a column 

similar to a conventional packed bed column. The bottom end plate is designed to 

ensure that flow distribution through the bed is uniform thus eliminating channelling 

and other flow irregularities which destabilise the bed (DeLuca et al, 1994). The top 

plate needs to be movable in order to expand during start up and contract during 

shutdown (Chase, 1994). Other methods of stabilising the bed are by generating a 

uniform magnetic field to create a magnetically stabilised fluidised bed; details are given 

in a later section (1.9.1.5).

If the bed is expanded beyond twice the settled bed height, then the separation efficiency 

of adsorption decreases. The viscosity of feedstock, presence of cellular debris, lipids 

and other suspended solids may also affect the bed height at a given flow rate (DeLuca 

et al, 1994). A change in condition of the feedstream also requires a period of time 

before the bed stabilises, thus productivity and cycle times will be affected (Thommes et 

al, 1994).

1.4.5 Magnetic separation

The use of magnetic separation technology for one step purification will be discussed in 

section 1.9.

1.5 Affinity matrices

Affinity ligands are usually immobilised to a solid matrix via one or more covalent 

bonds. A typical matrix for affinity chromatography for proteins is hydrophilic but 

insoluble in water, chemically modifiable to allow attachment of ligands, microporous
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but rigid, resistant to micro-organisms and possess a large surface area for protein 

capture (O’Brien, 1996).

Suitable support matrices for affinity chromatography tend to be macroporous beaded 

particles bearing free hydroxyl groups for the attachment of ligands. Such supports have 

been made from natural polymers (e.g. agarose, dextran and cellulose), synthetic 

polymers (e.g. perfluorocarbons, plastics and latex), inorganic compounds (e.g. silica 

and glass) and composite materials (e.g. silica-polysaccharides and polyacrylamide- 

agarose).

1.5.1 Choice of affinity ligand

Attributes to consider when choosing a ligand for protein purification are specificity, 

stability, reversibility, size and affinity (O’Brien, 1996). Affinity ligands may be divided 

into two categories: high affinity ligands with dissociation constant (kd) values ranging 

from 10'  ̂ to 10'̂  ̂ M, and general affinity ligands with kd values of ICf̂  to 10'  ̂ M 

(Labrou and Clonis, 1994). Affinity ligands can also be classified as biospecific or 

pseudo specific. Biospecific ligands are biological in nature and bind specific proteins 

for which they have a binding site. Pseudo specific ligands may bind other proteins in 

addition to specific proteins.

1.5.1.1 High affinity ligands.

Antibodies are a class of specific ligands that are able to distinguish between very 

similar antigens. They are resistant to proteolytic attack and are cleaved quite selectively 

by a limited number of enzymes (Hill et al, 1989). High costs, low capacity upon 

immobilisation, ligand leaching, poor selectivity for closely related molecules, and 

excessively strong binding for their antigens are some of the difficulties which arise 

from using antibodies (Lowe et al, 1990). Many of these problems can be circumvented 

by using ‘pseudo-’ or ‘biomimetic’ ligands in place of their natural ligand for 

chromatography (see sections 1.6.2 and 1.7 for further details).

Other forms of highly specific ligands include receptor and avidin/streptavidin-biotin 

complexes (streptavidin is the bacterial analogue to avidin). Receptors and receptor- 

binding substances are highly specific affinity systems for isolating receptor-binding
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molecules. Recombinant interleukin-2 (rIL-2) is purified to homogeneity from 

mammalian and microbial sources using its immobilised receptor (Weber and Bailon,

1990). Biotin and avidin which is a glycoprotein of egg white, form a complex that can 

be used for the purification of synthesised peptides (Bayer and Wilchek, 1990).

1.5.1.2 General affinity ligands

Immobilised metal affinity chromatography (IMAC) can be used to selectively recover 

proteins by attaching chelating ligands to the support material and charging the complex 

with metal ions. This provides a stable, inexpensive method that mimics biospecific 

interactions and provides selective ligands for protein binding. Applications of M AC 

include the purification of T4-lysozyme (O’Brien et al, 1996), purification of 

recombinant human growth hormone (Maisano et al, 1989), and the separation of cells 

(Botros and Vijayayalakshui, 1989). Immobilised nucleotides and nucleotide coenzymes 

have found applications in enzyme purification (Clonis and Lowe, 1980). However, they 

are expensive, unstable and have low binding capacity upon immobilisation. Lectins and 

boronates exhibit affinity against the carbohydrate moiety of target molecules and are 

particularly useful for the purification of distinct groups of glycoproteins. Lectins will 

bind both naturally occurring glycoproteins (soluble and membrane bound) and those 

produced by recombinant DNA techniques. A large number of lectins are commercially 

available, but in order to find the appropriate lectin for a glycoprotein requires 

screening. Protein ligands can be an inexpensive method of recovering biological 

molecules. Protein A is very stable and binds specifically to the Fc region of 

immunoglobulins from various species. Protein G complements Protein A by binding 

immunoglobulins that the latter fails to bind. Proteases can be recovered by 

immobilising the naturally occurring protein inhibitors. They form stable complexes 

with the corresponding proteases at neutral pH but can dissociate at low pH values. 

Synthetic dyes can be used to recover most proteins that bind a purine nucleotide and 

will be discussed in detail in the following section (1.7).

1.6 Dye-ligand chromatography

Early workers using affinity chromatography techniques used ligands such as inhibitors 

or substrates for immobilisation. A series of different derivatives of ligands had to be 

immobilised to the matrix and screened for each purification, thus introducing an
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element of empiricalism to the technique (Hey and Dean, 1981). This problem led to the 

concept of group-specific adsorbents, where the ligand had an affinity for a group of 

related molecules, thus reducing the need to synthesise immobilised ligands for each 

application. The anomalous behaviour of proteins on a gel filtration column in the 

presence of a blue dextran led to the observation that a large number of seemingly 

unrelated proteins could be purified using Cibacron Blue F3G-A (and other triazine 

dyes). Dean & Watson (1979) have published a comprehensive list. The advantages of 

these dyes over other more specific affinity ligands are numerous and summarised in 

Table 1-2.

Table 1-2 Comparison o f immobilised triazine dyes with group-specific adsorbents.

Ease o f preparation

Synthetic dyes

Easy coupling

Group-specific adsorbents

Considerable chemical synthesis and 

analysis o f adsorbent is required

Economy Cheap and widely 

available

Ligands, especially coenzymes can be 

expensive

Large scale purification Easily adaptable Hindered by cost and time required for 

synthesis

Capacity High Low

Specificity Broad Generally specific

Re-use and stability Re-usable over many 

applications

Ligand leakage is a problem and fouling 

from lipids and protein may occur. Also 

prone to biodégradation

Dyes can be produced on a large scale and are relatively cheap compared with 

nucleotide affinity matrices. The pseudo-affinity nature of dyes allows a wide range of 

proteins to be purified including dehydrogenases, kinases, albumins, interferons and 

blood clotting factors, without a specific ligand synthesis for each process. High 

capacities are another major advantage particularly when considering industrial 

applications. Cibacron Blue F3G-A agarose has been reported to bind 40-50 mg mL'  ̂ of 

human serum albumin (Travis et ai, 1976) and is readily re-usable up to 40 times
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(Lamkin & King, 1976). They can also be operated at high flowrates and in the presence 

of detergents (Stellwagen, 1981). One disadvantage is that due to the nature of triazine 

dyes (multicomponent), some minor components may act as potent inhibitors of certain 

enzymes. It is important therefore, to check the effect of individual dye components 

prior to mechanistic studies.

1.6.1 Interactions of reactive dyes with proteins

It is well known that certain dyes are structurally similar to nucleotide cofactors and 

have been shown to interact specifically with enzymes that associate with these 

cofactors. However, many proteins not associated with these cofactors also exhibit 

strong interactions. Metal ions have also been found to influence protein binding to 

dyes. Thus it is clear that no single mechanism can be responsible for all of these 

observations. There is likely to be a combination of interactions, which will be 

discussed individually. Cibacron Blue F3G-A mimics the structure of nicotinamide 

adenine dinucleotide (NAD), especially in the planar ring structure and placement of 

negatively charged groups (Boyer and Hsu, 1993). Thus, selectivity of the dyes for the 

enzymes that associate with NAD cofactors (e.g. oxidoreductases and transferases) may 

often be a result of this specific interaction. Other reactive dyes interact with the protein 

at their active site (Boyer and Hsu, 1993). Proteins may also interact with immobilised 

reactive dyes at positions other than the active site. These cases are commonly referred 

to as ‘non-specific’ adsorption, even though the interaction may be strong. Some dyes 

have been reported to be hydrophobic in character and/or have hydrogen bonds and van 

der Waals interactions with proteins. Any or all of these interactions may be involved in 

the adsorption of a protein. The final interaction that is possible is due to the presence of 

metal ions. The adsorption of many proteins on immobilised reactive dyes is 

dramatically enhanced in the presence of divalent metal ions. Spectral studies have 

suggested that enhanced protein affinity is possible from the formation of highly specific 

ternary complexes involving the dye, protein and metal ion, rather than a simpler binary 

complex of just the dye and metal ion (Huges et al, 1982).

1.6.2 Principles of dye-ligand chromatography

Numerous proteins have been purified by dye-ligand chromatography using a variety of 

matrices and operating conditions. Scawen and Atkinson (1987) have compiled a 

comprehensive list of analytical scale purifications. The performance of the dye-ligand
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chromatography depends upon finding the optimum conditions. The first objective is to 

choose an appropriate support that has a high specificity and capacity for the target 

molecule. Buffers need to be found which aid recovery of the protein during the 

adsorption phase and selective desorption during the elution phase. Also, the operating 

parameters such as flowrate, protein loading and adsorption conditions (e.g. batch, 

packed bed and fluidised bed) need to be optimised to yield the most efficient unit 

operation to meet purification objectives. A summary of the most important issues will 

be given in the following sections.

1.6.2.1 Support matrix

An ideal support matrix for dye-ligand chromatography would exhibit the following 

properties: low non-specific protein adsorption, high protein capacity, chemical and 

biological stability, and physical incompressibility (Lowe, 1984; Clonis, 1988). Triazine 

dyes have been coupled to a variety of matrices including, agarose, cross-linked and 

uncross-linked dextran, polyacrylamide, agarose-polyacrylamide, co-polymers, cellulose 

and glass (Hey & Dean, 1981). Agarose has proved to be the most popular due to its 

structural stability, flow properties, low incidence in non-specific adsorption, and open 

pore structure which allows high ligand immobilisation capacity (Boyer and Hsu, 1993).

However, these adsorbents tend to become unstable at high flowrates and the large size 

(100 |uim) leads to poor diffusion through the matrix which can limit the resolution. In 

response to these limitations, the trend in recent years is to use smaller incompressible 

matrices such as Fractogel (Merck), Dynosphere (Dyno Particles), Superose 

(Pharmacia), as well as inorganic supports such as silica. Recent studies have shown 

that these adsorbents are capable of handling high flow rates (Clonis and Lowe, 1991).

1.6.2.2 Ligand selection

To select a suitable dye for protein adsorption requires setting up many small test 

columns of different immobilised dyes. Measurement of the unbound protein along with 

the desired protein in the eluate from these small columns allows the identification of 

those dyes that selectively adsorb the desired protein. This can be time consuming, 

although, screening kits are available from several manufactures (Sigma, Amicon, and 

Affinity chromatography).
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1.6.3 Spacer arm

A spacer arm is used to increase the distance between the ligand and support so as to 

reduce steric hindrance. In practice, the effects of spacer arms are varied and depend on 

the affinity of the protein for the immobilised dye. They do not tend to be used because 

of the ease in binding reactive dyes to the matrix itself. Furthermore, the hazardous 

chemicals required to allow attachment of spacer arms makes this process unattractive 

and ligand leakage may also be higher (Scopes, 1987; Clonis 1987), whereas direct 

immobilisation avoids these hazards.

1.6.4 Ligand concentration

The protein capacity will be directly affected by the ligand capacity. In general, a high 

ligand density on the matrix will lead to a high protein capacity. However, in a few 

cases the interaction between the dye and protein was found to be so high that elution 

was difficult (Quadri, 1980). Steric hindrance and the kinetics of fixed bed adsorptions 

have also been found to be affected by high ligand density (Boyer and Hsu, 1992).

1.6.5 Coupling of dyes to support

Dyes can be coupled in alkaline conditions at temperatures of between 25-80 °C over a 

period of up to 3 days. After coupling, the gel is washed with 6 M Urea in 0.5 M NaOH 

to remove unbound dye and stored in neutral phosphate buffer at 4 °C. This washing 

stage ensures that all the unreacted dye is removed from the adsorbent before it is used 

in protein purification, where dye leakage is a major concern. The addition of 0.02 % 

sodium azide will prevent microbial contaminants of the adsorbent. There are many 

variants to these methods (Boyer and Hsu, 1993).

1.6.6 Dye leakage

A concern of using dye ligands is possible leakage into the product stream and their 

subsequent toxicity effects (Boyer and Hsu, 1992). In this regard, FDA rules stipulate 

that no trace of the ligand may be present in materials intended for human consumption 

(Scopes, 1987). However, leakage of reactive dyes is in general less than leakage from 

other affinity systems because of the strong linkage to the support (Boyer and Hsu,

1992). The leakage rate from the support is a function of pH, ionic strength and 

temperature (Lowe, 1984).
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1.6.7 Buffer conditions

Protein adsorption on dye-ligand adsorptions is complex due to the 

electrostatic/hydrophobic character of the protein-dye interaction. A wide variety of 

compounds have been shown to affect protein adsorption including metal ions, 

detergents, and nucleotide cofactors. Therefore the process of buffer optimisation can be 

involved, and is briefly discussed in the following subsections.

1.6.7.1 Adsorption conditions

Protein adsorption from crude preparations on immobilised dyes is dependent on the pH 

and ionic strength of the buffer. For example, raising the pH from 5.5 to 7.0 caused a 50 

% reduction in the adsorption of bovine serum albumin by immobilised Cibacron Blue 

F3G-A, while that of lysozyme was only slightly affected (Boyer and Hsu, 1989). A 

number of purifications have exploited the difference in binding behaviour between 

proteins and adsorbents specificity by adjusting the buffer conditions (Scopes, 1984; 

Hammond et al, 1986). An example of such a manipulation was demonstrated by the 

isolation of diaphorase from B. stearothermophilus which was bound to Cibacron Blue 

F3G-A at high ionic strengths. Little contaminating protein was adsorbed under these 

conditions which allowed diaphorase to be purified in a single step (Boyer and Hsu,

1993).

Temperature effects on protein binding to dyes are diverse. In practice, the temperature 

used to perform protein separation is determined by the need to protect the enzyme from 

dénaturation and proteolytic attack. Therefore, the optimum temperature of operation 

tends to be quite low at 5 °C.

Other additives including divalent metal ions (e.g. Mg^^ and Mn '̂^), buffer salts, 

chelating agents and detergents have been reported to interfere with protein dye 

interactions (Scopes, 1986). A number of nucleotide dependent enzymes have exhibited 

less affinity for dyes in the presence of phosphate ions, possibly due to competition 

between the charged sulfonate group on the dye and the phosphate ion for the phosphate 

binding site on the enzyme. Other studies have shown that phosphate and certain 

divalent ions aid binding by forming a highly specific tertiary complex which aids 

protein adsorption (Scopes, 1986).
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1.6.7.2 Desorption conditions

Many methods can be used to desorb proteins from dye ligands. Salt elution and pH are 

the most popular. Electrostatic interactions between the protein and immobilised dyes 

are reduced, thereby allowing elution of the protein affected by this type of interaction. 

Proteins bound by other types of interactions may not be released. Human interferon 

bound to immobilised Cibacron Blue F3G-A could not be eluted by 1 M NaCl, instead a 

50 % ethylene glycol mixture was required, thereby indicating the hydrophobic nature of 

fibroblast interferon adsorption (Jankowski, et aL, 1980; Kroviarski et al, 1988).

As many dyes bind proteins at their active site, affinity elution techniques can be used. 

This technique can be very effective as the eluant will only specifically interact with the 

desired protein and cause it to desorp. The contaminating proteins will still be bound to 

the column. However, selection is somewhat empirical. NADH elutes some 

dehydrogenases while their substrates, inhibitors or their cofactors may desorb others. A 

disadvantage of using biospecific eluants is that more than one protein may be eluted 

with a particular cofactor or substrate/inhibitor. From an economic view, biospecific 

elution will greatly increase the cost of a process as cofactors and substrates are 

considerably more expensive than non-specific eluants such as NaCl. However, they can 

lead to highly purified products, for example, orotidylate was eluted from Cibacron Blue 

F3G-A with a purification factor of 6590-fold using UMP (Dean et ai, 1979). 

Chaotropic agents such as urea, ethylene glycol and thiocynate have also been used to 

remove tightly bound proteins, although few survive the process.

1.6.8 Regeneration of dye ligands.

The stability of dyes allows reuse a number of times, which makes the process attractive 

on a large scale. On repeated use the column accumulates lipids, lipoproteins and other 

hydrophobic materials which can be removed by using 8 M Urea in 0.5 M NaOH before 

re-equilibrating with the appropriate buffer (Dean, 1981).

1.6.9 Large-scale applications of dye-ligand chromatography

Production scale chromatography requires attention to several factors, which may not be 

a problem at the analytical level. These include physical and chemical stability of the 

adsorbent, ease of large-scale ligand immobilisation, stability of ligand, reusability of 

adsorbent, reproducibility, validation considerations and most importantly, cost (Boyer
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and Hsu, 1993). The physical and chemical stability of the absorbents is important, as 

the tendency in chromatography is to use a long column, as they in general provide 

better resolution of the product. However, dye adsorbent columns are limited to less 

than 100 cm in order to prevent the adsorbents from compressing and deforming. Hence 

process scale columns tend to be short and have a wide diameter, which has been shown 

to compromise both the adsorbent capacity and the elution characteristics (Hammond et 

al, 1986). Due to these limitations, it is likely that more rigid adsorbents will begin to 

replace the gels currently used in large-scale chromatography (Algmin et al, 1990).

There have been several reports of large-scale protein purification schemes using dye- 

ligand chromatography (Hammond et al, 1986; Kulbe and Schuer (1979); Janowiski, 

1980; Boyer and Hsu, 1993). Most of these procedures are based on the purification of 

dehydrogenases, kinases and blood products. The use of dye-ligand chromatography can 

vary. For example, Cibacron Blue F3G-A was used as the final polishing step in the 

purification of two phosphotransferases from beef heart (Tommasselli et al, 1980). In 

other application such as the purification of horse liver alcohol dehydrogenase (Roy and 

Nishikawa, 1979) and B. stearothermophilus glycerokinase (Hammond et al, 1986), 

dye affinity chromatography was an important part of the purification scheme. In the 

case of human serum albumin, a fully automated adsorption system was employed on a 

production level (40 L column). This was operated unattended through 30 adsorption 

cycles (Boyer and Hsu, 1993).

The most important question in the area of dye-ligand chromatography does not concern 

the technical feasibility, but whether dyes will be licensed for use in the production of 

therapeutic proteins. Dye leakage has been reported to occur in both the adsorption and 

elution fractions, and will therefore be present in the final product. Currently the long 

term physiological effects of dyes is unknown (Hulak et al, 1991). As mentioned earlier 

dye leakage can be minimised, by complete removal of unbound dye following 

immobilisation. Either batch or column washing techniques can achieve this, the latter 

reported to be more efficient (Boyer and Hsu, 1993). These issues need to be solved 

before large-scale dye-ligand chromatography can be used in the purification of 

therapeutic proteins.
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1.7 Equilibrium parameters

The most fundamental characterisation of the interaction between an immobilised ligand 

and a protein is that of equilibrium adsorption. Equilibrium isotherms give information 

regarding both the affinity of the interaction and the binding capacity of the adsorbent. 

The most common model is the Langmuir isotherm, which can be derived by assuming 

an ideal homogeneous second order interaction between the immobilised ligand and 

protein (Chase, 1984). As can be seen in Equation 1-4, there are two key parameters, the 

dissociation constant (kd) and the maximum binding capacity (Q m ax)- Another 

commonly used model for adsorption equilibrium is the Freundlich isotherm (Equation 

1-5).

O C*
Q* = - —(Equation 1-4)

Q* =/:(C*)"  (Equation 1-5)

Several methods have been used to determine isotherm parameters for protein 

adsorption in dye-ligand adsorbents and are summarised in Boyer and Hsu (1993). Of 

these methods batch adsorption equilibrium methods will be examined in further detail 

in the following section (1.8.1).

1.7.1 Batch adsorption equilibrium methods

Experimentally, this method is very simple. A known quantity of protein is contacted 

batchwise with the adsorbents. At equilibrium, samples are taken to determine the free 

protein concentration in solution and by difference, in the adsorbent (Chase, 1984). 

These experiments are not subjected to the same errors associated with column 

chromatographic systems such as axial dispersion, non-uniform packing and liquid 

channelling. A number of protein on dye ligands have been characterised and in most 

cases the Langmuir model has shown to yield an adequate fit to the experimental data 

(Chase, 1984; Horstmann et ai, 1986). In a few cases Freundlich isotherm provided a 

better fit to the experimental data (Boyer and Hsu, 1989).
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The isotherm values for a number of different proteins have been reported in the 

literature, but as mentioned before, these parameters vary under different conditions of 

pH, ionic strength, buffer system and ligand concentration (Boyer and Hsu, 1989, 1993; 

Herak and Merrill, 1990). Thus, the isotherm parameters are only valid under the 

conditions used in that study. Typical values of dissociation constants obtained for 

protein adsorption on immobilised dyes vary from 10'  ̂ to 10^ M, which are similar to 

those protein adsorption constants obtained using other chromatographic methods 

(Chase, 1984; Liu and Stellwagen, 1986).

1.8 Biotechnological separations using magnetism

The application of magnetism to biotechnology in downstream processes has the 

potential to improve yields in a cost efficient manner. The immobilisation of enzymes or 

biomolecules onto a magnetically responsive particle allows for their selective recovery 

from complex liquor with relative ease and little pre-treatment, using an external 

magnetic field. The size of magnetic carrier particle is also a significant advantage; it is 

possible to prepare iron oxide particles of between 10-300 nm (Pieters et ah, 1992) 

resulting in a large surface area for immobilisation. Porous particles have also been 

used, although, they are more prone to fouling. These issues will be discussed in detail 

in section 1.11. Several different types of magnetic supports particles are available, each 

is slightly different in properties relating to their shape, size, porosity, rigidity, surface 

concentration of reactive groups, magnetic remnance, surface charge, hydrophobicity, 

cost, ease of manufacture, sterilizibility, aggregation properties, chemical inertness, 

density and mechanical strength (Williams et al, 1992), enabling use in different 

environments and processes. Most of these carriers have either a natural or synthetic 

polymer coating, some can be further derivatised for specific operations (see section 

1. 11).

The magnetic separation/recovery device influences the type of carrier. Which device is 

used will depend upon the required throughput, concentration of particles to be removed 

and processing environment. For large-scale applications the overriding considerations 

lie in the economics, longevity of the support particles and the savings in capital and 

running costs when compared to the alternative options. The economics of the process 

in part relate to the recyclability of the particle to generate savings.
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1.8.1 Magnetic separation techniques

There are several ways to collect magnetic particles. Brief summaries of the most 

common methods are given in the following sub sections.

1.8.1.1 Magnetic flocculation

Magnetic particles can form floes or clusters if they are under the influence of a 

sufficiently strong magnetic field or if the individual particles are magnetically polarised 

(Figure l-3i). Once these clusters form, they tend to remain stable due to the balance of 

forces acting on the cluster, i.e. electrical double layer, van der Waals and magnetic 

forces in a hydrodynamic environment (Williams et al, 1992). High throughputs in 

magnetic flocculation devices are not advisable due to the possible shearing effects, 

such conditions also favour entrapments of non-magnetic particles in a mixed feed.

Several commercial plants using magnetic flocculation technology have been developed 

and are in operation in the sewage treatment industry to aid aggregation and settling of 

solid waste (a commercial operation known as Sirofloc; Pieters et al, 1992), the steel 

industry to accelerate the separation of ferromagnetic iron oxide particles from waste 

water (Saxena et al, 1994), and the chemical industry to remove the ferromagnetic 

nickel catalyst generated by a hydrogenation process (Lindley, 1982).

1.8.1.2 Magnetic sedimentation

Generating a magnetic field gradient at the base of a vessel can accelerate the 

gravitational sedimentation rate of a suspension of magnetic particles. Such devices 

consist of a cylindrical settling column with an electromagnet surrounding the bottom 

(Figure l-3ii).

A combination of magnetic sedimentation and flocculation has been used in biological 

sewage treatment plants to enhance the settling rate of magnetic seed particles (Fe3 0 4  

and Fe). As a result throughput was increased by a factor of three and sludge 

compaction was improved by over 50 %. Operational control was significantly 

improved, capital and running costs were reduced as well as the size of the equipment 

and space occupied (Moffat et al, 1994; Faseur et al, 1988; Williams et al, 1992).
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Magnetic sedimentation devices have also been used for small batch processes such as 

immunoassays and cell sorting (Forrest, 1977; Nye et al, 1976).

1.8.1.3 Magnetic flotation

Magnetic flotation is achieved when a biomaterial is introduced into a ferrofluid with a 

lower magnetic susceptibility (Figure l-3iii). When a magnetic field is applied, the 

density of the ferrofluid increases resulting in the biomaterial levitating or floating to the 

surface (Hirschbein et al, 1982).

Magnetic flotation has been used to perform selective mineral separation in a device 

called a Magstream separator (Moffat et al, 1994). To date applications in the 

biological field have been limited to the separation of diamagnetic leukocytes from 

paramagnetic red blood cells (Melville et al, 1982).

1.8.1.4 Magnetic anisotropic sorting

When magnetic and non-magnetic particles coexist in the same suspension, it is possible 

to align the non-magnetic materials by the application of a small magnetic field (Figure

l-3iv; Hayter et al, 1989). Magnetic fluids can thus be used to orientate and sort 

biological materials such as viruses, retinal rods, nucleic acid, sickle cell haemoglobin 

fibres and filamentous bacteriophage. This system has the potential to sort out biological 

material on the basis of the shape of the molecule, although no commercial device is yet 

available (Moffat et al, 1994).

1.8.1.5 Magnetic stabilisation

Suspending magnetic particles in a uniform gradientless magnetic field in which the 

individual particles experience no net force (Figure l-3v) creates a magnetically 

stabilised fluidised bed (MSFB). The particles behave as a fluidised bed and have the 

same advantages, i.e. low pressure drop, controlled mass transfer through the bed and 

low head pressure. In addition a MSFB also has good contacting properties as in a 

packed bed and can be operated in a continuous or batch mode (Bums and Graves, 

1985; Moffat et al, 1994).
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Roseweig (1979) at Exxon undertook most of the pioneering work on MSFB in the 

I960’s. His research focused on using MSFB for hydrocarbon separation, catalytic 

conversion and molecular sieve adsorption. Recent applications of MSFB have been in 

the biological processing industries as batch and continuous chromatography columns 

for the filtration of cells (Williams et al, 1992; Terranova and Bums, 1989), the 

separation of proteins (Chetty and Bums, 1991; Terranova and Bums, 1989), 

immobilised enzyme reactions (Dunnill and Lilly, 1974), producing plant cells (Bramble 

et al, 1990), for effluent treatment (Dunlop et al, 1984) and as self cleaning filters 

(Bums and Graves, 1985).

1.8.1.6 Magnetic collection

Magnetic collection devices attract magnetic particles towards a ferromagnetic wire 

(Figure l-3vii). Rotary dmm separators (RDS) and high gradient magnetic separators 

(ROMS) fall into this category.

RDS are used in the chemical, mining and food processing industries as well as the civil 

industry for use in the removal of iron contaminants (Oberteuffer and Wechsler, 1967; 

Morgan and Brankala, 1991). Tramp iron magnetic separators are used to protect 

handling and processing equipment such as cmshers, pulverises and material handling 

equipment. These devices can be located on pulleys or rotating dmms and handle a dry 

or moist solid in a continuous manner. (Morgan and Brankala, 1991). ROMS devices 

utilise a matrix to trap particles, which possess low magnetic susceptibilities from a 

liquid stream. A field applied to the matrix generates an induced field that in tum creates 

strong local magnetic fields. These gradients then attract and retain magnetic particles 

on the matrix. ROMS devices are able to operate at high volumetric flowrates that can 

reduce processing times when compared to conventional filtration techniques (Williams 

et al, 1992). ROMS devices have been used in biological (Dunlop et al, 1984), nuclear 

processing (Williams et al, 1981) and chemical (Setchell, 1985) industries. Further 

details on ROMS are given in section 1.10.
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Figure 1-3 Schematic representations of various magnetic processing operations.

All systems are operated on a continuous basis except for magnetic sedimentation. (Adapted from Moffat 

et a i, 1994).
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1.9 High gradient magnetic collection

The lead in commercial development of HGMS devices was taken by the Francis Bitter 

National Magnet Laboratory at the Massachusetts Institute of Technology, in co

operation with the American kaolin industry (Williams et ai, 1981). Magnetic 

Engineering Associates pioneered Early research into the HGMS of micro-organisms. 

River water was treated with a combination of powdered magnetite and coagulant 

{H'àxVànd et al, 1976).

A simple HGMS device (Figure 1-4) consists of a filter that contains a matrix of wires 

(filaments or as a mesh), steel balls, rods or the surface area of the canister (Oberteuffer, 

1974; Kolm et ai, 1975; 1982; Watson and Watson, 1983). The filter is placed in an 

external field (generated by permanent magnets, ceramic magnets, electromagnets or 

superconducting magnets) which establish regions of high field gradients across a large 

surface area of the matrix. If a suspension of magnetic and non-magnetic particles is 

then passed through the canister, the magnetic particles are retained on the filter whereas 

the non-magnetic components pass straight through. When the matrix is fully loaded the 

particles can be released by switching the external field off and flushing with an 

air/water mixture at high flowrates.

Clecred effluent

Iron en d o sur

E ledrom ogiet 
coils

Matrix

Stainless steel 
wool s trends

FLOW

Feed
Non-mogietlc M o^etic

portldes particles

Figure 1-4 Vertical section through High Gradient magnetic Separator {HGMS} for fine

paramagnetic materials.
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A typical filtering system consists of steel wool (-10 )Lim) in an external field of 

intensity 10̂  A m '\  which is capable of capturing particles of 1-100 p,m in diameter 

from an aqueous suspension flowing at -10 cm s'  ̂ (Pankhurst and Pollard, 1993). In 

practice the design specifications are more complex. The efficiency of the process is 

related to a number of operating parameters including, filter density, packing material 

(ferromagnetic or paramagnetic) type of matrix, flow velocity and field intensity 

(Setchell, 1985).

HGMS devices have different characteristics from other separation techniques (Table 1- 

3). The most obvious limitation is that it is restricted to the separation of particles of 

different magnetic susceptibilities. Even with this limitation it has a number of useful 

advantages. It is an efficient method for separating solids, for highly magnetic small 

particles the filtration is both rapid and thorough. It can be used with either fine or soft 

particles that would clog normal filters and with liquid mediums that would pass straight 

through ordinary filters (Whitesides et al, 1983; Williams et al, 1981).

Table 1-3 Characteristics of high gradient magnetic filters.

Advantages

• Allows selective separation o f solids: particles are collected on the basis o f magnetic susceptibilities

• High filtration rates

• Applicable to small particles (less than 1 micron)

• Low pressure drop across the filter

• Automation is feasible

• Easy to maintain sterile

• There are no moving parts (as compared with a centrifuge)

Limitations

•  Limited to magnetically responsive systems

• Useful only for particles; not applicable to molecules

•  Magnetic structure can be expensive

• Low filter capacity

•  Aggregation o f particles due to residual magnetisation can reduce effective surface area

• Technical personnel may be required

• The filter size will be limited by the dimensions o f the magnet

•  Breakthrough o f solids through the filter can occur without prior warning, when the filter is fully 

loaded
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HGMS devices offer the potential of high throughput and capture efficiency at high flow 

velocities. Some comparative throughputs of filtration processes are given Table 1-4 

(Williams et al, 1992). Commercial HGMS machines tend mostly to be batch devices 

although continuous separators known as a carousel are available. In the U.K HGMS is 

used in the english china clay industry (Moffat et al, 1994) to remove coloured iron- 

bearing micas, tourmaline and iron oxide from clay (Setchell, 1985; Moffat et al, 1994; 

Dauer and Dunlop, 1991) and in the power generation industry (both nuclear and 

conventional) to remove magnetite from boiler water (Williams et al, 1981; Dunlop et 

al, 1984). In the sewage industry magnetite is added as a flocculating agent before 

being removed by an HGMS device (Setchell, 1985; Whitesides, 1983) There are also 

reports of this technique being used for the desulphurisation and pulverisation of coal 

(Kolm et al, 1975; Hirschbein et al, 1982), Stack gas cleanup (Hirschbein et al, 1982), 

treatment of drinking water (Kolm et al, 1975, Dauer and Dunlop, 1991), recovering 

catalysts (Collan et al, 1982), Paper and steel making and during minerals (Oder, 1976) 

and shale oil (Dunlop et al, 1984) processing. In the biotechnology industry, HGMS 

devices have been used to remove viruses (Bitton and Mitchell, 1974), bacteria (Harland 

et al, 1976), algae (De Latour, 1973) and red tide plankton from waste stream 

(Korinobu and Uchiyama, 1975) and treat red blood cells (Owen, 1982).

Table 1-4 Comparisons of HGMS and other effluent filtration devices.

Filtration process Volumetric throughput (m  ̂h'^m' )̂

Sedimentation 29

Dissolved air filtration 4.9-9.0

Screens (150-240 |xm openings) 59-147

Rapid sand filter 6-15

High-pressure rapid sand filters 59

Diatomaceous earth 1.5-6.0

HGMS Up to 1030

1.9.1 HGMS concept

All the matrices rely on the same concept. The model explained is based on a single 

filament. The magnetic field around the filament can be expressed as two components. 

The first component is the external magnetic field generated by the magnet. The external 

magnetic field interacts with the electrons in the wire causing their magnetic moments

to line up along the field axis thus behaving like a small magnet. The second component
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is the local magnetic field generated by the filamentous wire. If the external and local 

magnetic fields are now superimposed, the resulting magnetic field is the combined 

effect around the filament (Figure 1-5).

The field lines between the magnetic and local fields cancel each other out at the sides 

of the wire, as the field lines of the induced field are opposite to those of the external 

field. Thus the total magnetic field is non-uniform and a magnetic gradient is created 

around the filament. This gradient forces the magnetic particles to the side of the 

filament facing the magnet (Hirschbein et al, 1982).

CrcGS s e c t io n  o f  a f i l c m e n to u s  w r e

1. Steel filcmentin 1fie externd mcgneticfiëd

N 2, Mcgnelic field generated tytheW re

8  u m  o f  1 e n d  2

H l^  m cg n d ic  field g -o d en t

Figure 1-5 Concept o f HGMS based on a single filament.

A high magnetic field  gradient around a filament wire is created by the superposition o f the external field  

and the field  induced in the wire by the external field.
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1.9.2 Magnetic separation theory

The performance equations used to model HGMS efficiency are similar to those used in 

fibre filtration theory. Mathematical models have been developed by Watson (1973) and 

Oder (1976).

1.9.2.1 Watson^s model

The fundamental equation describing the magnetic force on a particle p at a point x is 

described by the equation:

dx
-— (Equation 1-6)

Where, Fm,x is the magnetic force acting on a particle p at point x, Vp is the volume of 

the particle (assumed spherical), %p is the magnetic susceptibility of the particle, is

the magnetic field at a point x, — is the magnetic field gradient. (This expression is
dx

only an approximation, as it does not take into account particle shape or particle 

interaction). It does however indicate that the force on a magnetic particle is directly 

proportional to the volume of the particle. Watson (1973, 1978) first applied this theory 

based upon prior studies by Zebel (1965) on electrostatic filters. The analysis was based 

upon the interaction between a ferromagnetic wire and a small paramagnetic particle 

carried by a fluid in a uniform magnetic field. It was assumed that the wires composing 

the matrix were all perpendicular to the applied field as wires parallel to the field would 

create no gradient.

The equation of motion can be simplified by introducing a term known as Vm, the 

magnetic velocity. This simplification revealed that the particle capture cross

section/unit length of matrix wire, and the overall extraction efficiency of a filter 

composed of these wires, depend on the ratio Vm/Vo, given by (Watson, 1973):

(Equation 1-7)
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Where Vo is the background velocity of the fluid and Vm is the magnetic velocity. This 

ratio is an appropriate measure of the relative influence of magnetic and drag forces. It is 

assumed that the particle radius, r, is small compared to the wire radius, Rc, and the drag 

force obeys Stokes law, (i.e. Rep«l).

The performance of the matrix can be determined by considering a small section of the 

filter perpendicular to the matrix and the fluid flow. From probability arguments the 

efficiency of the separator can be calculated to give (Watson 1973):

N...
= exp

3URc y
(Equation 1-8)

Where /  is the filling factor (i.e. the packed fraction of the separator) and Rco is the 

critical capture radius. All particles within the capture radius are attracted to the wire 

and retained (Figure 1-6).

1.9.2.2 Oder^s model

Oder’s theory (1976) is based upon the scattering method. This approach relates the 

concentration of the particles in the input (Ni„) and output (Nout) stream of a column of 

length, L, in terms of the probability of the particles directly colliding with the 

magnetised wire, and a conditional probability of sticking once having collided. Using 

this theory Oder proceeded to derive the following performance equation:

V,
= exp

x(l-% )
9mv )_

(Equation 1-9)

Where the retention time of the particles in the bed, t, is given by the relationship t=L/v. 

Both models are limited to the capture of small paramagnetic particles and are not 

applicable to ferromagnetic or superparamagnetic particles.
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1.9.2.3 Forces acting on a particle

Several forces compete against magnetic forces in a separator, these include 

gravitational (Fg), hydrodynamic drag (Fd), friction (Ff) and inertia (Fi; Figure 1-6).

Rco

F l a v

Vo

F d

F d

Fm

R c

Figure 1-6 Simplified representation of the trajectory of a magnetic particle about a magnetised 

wire in the transverse configuration and the forces acting on the particle.

All particles within R̂ o will be attracted and retained by the wire.

The two most influential forces acting on the particle are the hydrodynamic drag force 

for micron sized particles, and gravitation for millimetre sized particles. Drag force is a 

result of the particles being influenced by the velocity of the bulk fluid. For very small 

particles drag force is dominant, as it will overcome magnetic forces. The influence of 

gravity is more pronounced as the particle becomes larger, as they will overcome 

magnetic forces acting on the particle. For a spherical particle:
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=^Y\r^{p^ - p f ) g  (Equation 1-10)

=3Ylrjru  (Equation 1-11)

Thus in an ideal separator where only hydrodynamic drag force and gravitational force 

are present, the limiting particle sizes for substances of various magnetisation is given 

by equation (Equation 1-7), (Equation 1-11) and (Equation 1-12). Bagster (1987) 

obtained values for the magnetic, drag and gravitational forces for the collection of y- 

FeiOg particles on a 2 pm diameter wire, as a function of particle radius (r), and 

expressed in terms of the ratio (r /R c ) . The optimum ratio of the wire radius to the 

particle radius was in the region of 2.3-2.7 (Oberteutter et al, 1974, 1979).

1.10 Magnetic carrier particles and their process applications

There are two functions that make magnetic support particles attractive as a tool for 

separation processes. First, their magnetic properties may be conferred to the item to be 

separated. Thus, they can be easily recovered and reused, a somewhat simpler process 

than using the conventional centrifugation and chromatography steps (Munro et al,

1981). Second, the particles can be coated chemically so that functional groups protrude 

from the surface so as to enable highly selective separations to take place.

The support particle can be made of a number of different types of magnetic materials 

including, an alloy of manganese, an yttrium iron garnet or a ferrite (ceramic iron oxide 

of the structure MOFeaOs, where M can be iron, nickel, manganese or magnesium- 

copper; Pieters et al, 1992). Magnetite is the most common support particle used, due 

to its highly magnetic properties and relative ease of synthesis. Magnetite can also be 

isolated from both magnetotactic bacteria and algae (Matsunaga and Kamiya, 1987).

The magnetic support particles can be divided on a structural basis, and further 

subdivided on the basis of polymer coating. Table 1-5 gives a classification of the 

different types of particles, how they are manufactured and typical uses (adapted from 

Williams er fl/., 1992).
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Table 1-5 Classifications of the types o f magnetic materials.

Type o f magnetic particle Manufacturing particle Applications

1 ) Non-porous particle 

(i) Solid particle (magnetite) Crushed magnetite Waste water 

treatment

(ii) Coated magnetite particle

2) Encapsulated particle 

(i) Non-porous polymer

Silanisation 

Polymer adsorption 

Fê '̂ /Fê '*' polymer 

precipitation

Affinity separation 

Enzyme 

immobilisation

Emulsion polymerisation Affinity separation

Cell sorting

(ii) Porous polymer 

polymer grafting

Emulsion polymerisation 

Ionic gelation

Drug delivery 

Enzyme 

immobilisation 

Ion exchange

(iii) Microcapsule

3) Coated particles 

(i) Polymer coating

Phase separation Drug delivery 

Enzyme 

immobilisation

Polymer adsorption and Affinity separation

crosslinking Drug delivery

(ii) Polymer grafting

4) Magnetic cells 

(i) M agnetoliposome Fermentation

Ion exchange

Affinity separation 

Phagocyte sorting

(ii) Magnetotatic bacteria/algae Phospholipid adsorption Drug delivery

Membrane enzyme 

immobilisation

Key: w  Magnetic material O Biomaterial
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1.10.1 Non-porous supports

Non-porous magnetic supports are resistant to fouling, less prone to attrition and 

diffusional limitations when compared to porous magnetic supports. The simplest 

version of such a support is crushed magnetite (particle 1-1; Table 1-5). These particles 

can be used to remove cells or other organic materials by non-specific reversible 

adsorption (Pieters et al, 1992). Due to their low cost, the particle is used as a 

flocculating aid in wastewater treatment plants (Kolarik et al, 1977). A non-porous 

support coated with a polymer provides a means of linking organic and inorganic matter 

(Particle 1-ii). Methods for polymer coating include derivitisation with amino silane 

coupling agents such as 3-aminopropyltriethoxy silane (APS), 3-amino 

propyltrimetheoxysilane (Robinson et al, 1973), amino phenyl trimethoxysilane and 

glycidoxypropyl trimethoxysilane (Garcia et al, 1989). Occasionally glutaraldehyde has 

been used as a coupling agent/spacer arm. A biological polymer may be adsorbed to the 

surface of the particle with a polyamine such as albumin (Sato et al, 1986), 

polyethyleneamine (Dekker, 1989), polyvinylamine (Patton et al, 1985). Occasionally 

the polymer is crosslinked to glutaraldehyde (Hailing and Dunnill, 1979). Magnetic 

particles may be encapsulated in an organic polymer by a co-precipitation reaction. To 

date chitosan (Yen et al, 1980), dextran (Kronick and Gilpin, 1986) and PEG 

derivatives (Mihama et al, 1988) are some of the many polymers that have been used.

1.10.2 Encapsulated magnetic supports

Most of these are essentially conventional supports made magnetically responsive by 

incorporating suitable sub-particles or ferrofluids at various stages of preparation 

(Hailing and Dunnill, 1980). Three essential structures exist, a non-porous (particle 2-i), 

a porous (particle 2-ii) and a hollow structure (particle 2-iii; Table 1-5). Particles 2-i or

2-ii are synthesised by adding magnetic supports to a polymer for inclusion. Particle 2-i 

is commonly used for the separation of cells and biomolecules (Lea et al, 1988; Menz 

et al, 1986) and requires a rigid and non-porous structure. Such a particle is formed by 

cross-linking, using short monomers such as poly ethyleneglycol,

polymethlymethacrylate and polyvinylalcohol. Particle 2-ii is produced under mild 

polymerisation conditions to ensure that the resultant particles are porous. Algal 

polymers form porous particles by ionic gelation and thus are ideal. Alginate, 

carrageenan and polyacrylamide have also been used (Hailing and Dunnill, 1980). These 

supports are ideal for enzyme immobilisation (Hailing and Dunnill, 1980), drug delivery
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(Widder et al, 1978) and in the recovery of hydrophobic biomolecules (Dixon, 1980). 

Particle 2-iii is a microcapsule that is made using phase separation techniques, 

interfacial polymerisation or liquid drying methods (Pieters et al, 1992). Microcapsules 

have been used for drug delivery (Ishi et al, 1984) and for trapping carcinogens (Povey 

et al, 1986).

1.10.3 Coated particles

Particles 3-i and 3-ii use particle 2-i as a core (Table 1-5). A porous coat is adsorbed 

onto particle 3-i, thus alleviating the problems associated with rigidity as in particle 2-ii. 

These particles have applications in drug delivery (Saslowski et al, 1981) and for cell 

and virus separation (Ugelstad et al, 1988). Monomers are grafted onto the surface of 

Particle 3-ii by Co-y radiation. Such an approach is used to make ion exchange supports.

1.10.4 Magnetic cells

Particle 4-i is a membrane-coated carrier and is a magnetoliposome that is commonly 

used for cell sorting (Margolis et al, 1983) and drug delivery (Eley et al, 1986). 

Particle 4-ii is a magnetic bacterium or algae, which can be grown and directly coupled 

with glutaraldehyde and is suitable for biomolecular separations (Williams et al, 1992).

1.11 uses of magnetic support particles in biological operations

The following sections summarise the uses of magnetic particle technology in a number 

of different industries.

1.11.1 Immunoassay

Magnetic particle radioimmunoassay was developed at St Bartholomew Hospital, 

London (Setchell, 1985). Most immunoassay techniques involve separating the ligands 

bound by antibodies from those free in the solution. This involves a centrifugation step, 

which has several disadvantages including time, attention and loss of product (Setchell, 

1985). In magnetic particle radioimmunoassay the antibody required for the assay is 

covalently coupled to the magnetic particle for fast and easy separation using a magnet. 

The advantages of using such a process is that it reduces fluid retention, produces fast 

and reproducible results with low non-specific binding, and can be easily automated. 

Antibodies attached to magnetic particles include those binding nortriptyne,

methotrexate, digoxin, thyroxine and human placental lactogen (Josephson, 1987).
_
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Immunomagnetic separations have been used to remove Staphylococcal organisms from 

milk, to isolate specific E. coli strains from bacterial suspensions and to isolate the 

pathogenic bacteria L. monocytogenes, which is of growing concern in both public 

health and food hygiene (Haukanes and Kvam, 1993). Kronick and Gilpin (1986) 

isolated Legionella from other water bacteria using superparamagnetic particles coated 

with dextran. Guesdon and Avramae (1977) have used commercial Magnogel® beads 

coated with bovine serum albumin (BSA) to measure the amount of rabbit anti-BSA 

antibodies in a serum.

1.11.2 Enzyme and cell immobilisation

In biological processes enzymes are preferred over non-biological catalysts as they are 

more selective. Immobilising an enzyme on a magnetic support allows for easy retrieval 

and so reduces the amount of downstream processing required. The conventional 

method of recovering immobilised enzymes from a reactor requires the size to be 

several magnitudes greater than the suspension. If magnetic supports are used, catalyst 

particles smaller than 1 micron can be recovered (Setchell, 1985). Some of the earliest 

work reported on enzyme immobilisation onto magnetic support particles was that 

undertaken by Robinson et al., (1973), and Dunnill and Lilly (1969). Since then 

improvements in the immobilisation technique and the manufacture of particles have 

been made, for example the work of Matsuaga and Kimiya (1987), Pieters et al, (1992) 

and O’Brien et al, (1996). Both porous and non-porous magnetic supports have been 

used to immobilise a variety of enzymes such as chymotrypsin (Hailing and Dunnill, 

1979), alpha-chymotrypsin, beta-galactosidase (Munro et al, 1977), trypsin, invertase 

and adenylate kinase (Whitesides et al, 1983). In addition to enzymes, whole cells have 

been immobilised (Whitesides et al, 1983). Larsson and Mosbach (1979) produced 

alcohol from glucose by immobilising whole yeast cells onto calcium alginate gels 

containing magnetic iron oxides. The magnetic supports were reported to have no effect 

on the yeast cells. (Whitesides et al, 1983; Setchell, 1985).

1.11.3 Affinity separation

The purification of enzymes using magnetic support particles carrying specific ligands 

has been extensively studied by Dunnill and Lilly (1974) and Hailing and Dunnill 

(1979). The complexes formed between interacting biological species such as enzymes 

and substrates/inhibitors, coenzymes and activators, antibodies and antigens, hormones
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and receptors achieve such selective separations. Lochmuller and Wigman (1987) used 

the fact that lectins bind to specific surface antigens and carbohydrates to develop a 

process for the removal of soy trypsin from impure trypsin. Ennis and Wisdom (1991) 

have used magnétisable agarose beads terminating with reactive red 120 (triazine dye), 

to isolate proteins from a crude preparation of lactate dehydrogenase from porcine 

muscle. The recovery was superior to centrifugation followed by dye ligand 

chromatography.

Several commercial supports for cell separations have been developed for affinity 

separations including surface activated amino, carboxyl or aminopropylsilane activated 

supports (Biomag™, Advanced Magnetics, Cambridge, MA), poly-1 -3-diaminobenzene 

activated by diazotization (Enzacryl FEO-M^, Aldrich Chemical Co., Milwaukee, WI) 

and polyacrylamide-agarose activated by cyanogen bromide or glutaraldehyde 

(Magnogel^, LKB Instruments, Inc., Gaithersburg, MD).

1.11.4 Cell fractionation

The ability to sort and fractionate cells by labelling their surfaces with magnetic 

antibodies or antigens is an important tool in the area of cancer research, transplantation 

and the study of the immune system (Pieters et al, 1992). Tumour cells from bone 

marrow, lymphoid cells from blood and healthy cells have been recovered by 

immobilising monoclonal antibodies onto magnetic particles (Foynton et al, 1983). 

Mitayi et al, (1989), was able to enrich cells by a factor of 100 fold by labelling cells 

using biotinylated antibodies, fluorochrome-conjugated avidin and superparamagnetic 

biotinylated-microparticles and extracting the particles using HGMS technology. 

Dynabead^ is a commercial magnetic carrier which is being marketed as a successful 

tool for the purification of monoclonal antibodies from hybridoma cells (Pieters et al, 

1992; Uglestad et al, 1988). Uglestad et al, (1988), have developed non-porous 

micrometer sized magnetic microspheres (Dynabead®) and successfully used them for 

the separation of cells.

1.11.5 Effluent processing

Wastewater treatment represents one of the earliest uses of magnetic particles where 

magnetite was used to adsorb organic waste (Pieters, 1992; Urbain and Steman, 1941; 

Ozaki et a l, 1991). This has lead to a commercial development now marketed as
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Sirofloc (rotary drum separator) which removes impurities such as colour, bacteria and 

viruses by electrostatic adsorption (Pieters et al., 1992, Anderson et al, 1981). A pH 

gradient is used to elute the immobilised waste. The particles are then cleaned and 

recycled for further use. Magnetic particles have also been used to remove PO4, Cu(II) 

(De Latour and Kolm, 1976), Hg (Benjamin et al, 1982), Cr (VI) and Zn (Chen et al,

1991) from wastewater, and phytoplankton Chattonella sp. (Kurinobu and Uchiyama,

1982) from seawater. An encapsulated particle consisting of magnetite and charcoal is 

used to remove the bitter-tasting isohumulenes from extracts of brewers yeast and then 

regenerated by washing in trichloroethylene (Dixon, 1980).

1.11.6 Drug delivery

Drug delivery is an area where magnetic supports show considerable promise. Widder et 

al (1978) used albumin microsphere with entrapped magnetite to deliver a drug to a 

specific part of a rat’s body, the drug was maintained in the region by use of an external 

magnetic field. Had the drug been administered orally, the dosage would need to be 100- 

fold greater. The development of magnetoliposomes also shows encouraging results 

{E\ç,yetal, 1986).

1.12 Aims

Significant product losses often accompany traditional bioseparation methods, due to a 

combination of poor selectivity and the harsh processing environment. These unit 

operations tend to be complex and require a high level of investment and skilled 

personnel. If high product purity is required then affinity separation techniques are often 

employed. The concept relies on the specific reversible complexes formed between the 

biomolecule to be purified and the selective ligand bound onto a support material. 

However, the presence of solid components in the early stage liquors prevents the use of 

such techniques, as they would foul the matrix. This reduces the efficiency of the 

adsorbent and increases the pressure drop across the column, compressing and 

deforming the bed. By developing an affinity separation technique capable of selective 

protein recovery in crude homogenates would allow some or all of the clarification and 

concentration stages to be eliminated. This would increase the product yield and reduce 

costs. The development of such an approach is the main aim of this project.
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There is increasing evidence to indicate that non-porous supports are less prone to 

fouling and easier to clean once fouled, making them potentially more suited to 

processing liquors containing colloids. However, to obtain a comparable surface area to 

typical macro-porous supports of 100 }xm in size, requires the dimensions of a non- 

porous particle to be of the order of 0.1-1 |im, and their separation from cell debris will 

present a problem. Magnetic separation allows the recovery of such small particles in 

the presence of biological matter with relative ease. This work aims to develop an 

understanding of the factors underlying the manufacture of suitable uniform non-porous 

magnetic supports. The particles should be responsive to low magnetic fields and have 

low residual magnetism.

Two purification processes based upon the selective recovery of proteins from crude 

homogenates will be studied. Dye magnetic adsorbents will be prepared and used to 

recover dehydrogenase enzymes from yeast homogenate. In a separate study, lysozyme 

magnetic particles (LMP) will be used to selectively adsorb Fv fragments from E. coli 

lysate. These supports will also be investigated as an alternative to using free lysozyme 

to release the periplasmic content of cells. Where applicable, the stability of the support, 

protein capacity, kinetics of adsorption, strength of interaction, adsorption, elution and 

regeneration conditions will be examined. Using the data generated from the laboratory 

scale studies, preparative scale trials will be planned and executed using High Gradient 

Magnetic Separation (HGMS).
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2. Materials & analyses 

2.1 Micro-organisms

E. coli K l2 bacterial strains JM107 containing plasmid pQR126 were constructed by J. 

Ward, Department of Biochemistry & Molecular Biology, UCL (unpublished).

2.2 Culture Media

Nutrient agar and bactotryptone were obtained from Oxoid (Unipath, Basingstoke, UK). 

Difco (West Molesey, Surrey, UK) supplied yeast extract. Kanamycin and potato starch 

was purchased from Sigma Chemicals Companies Ltd. (Poole, Dorset, UK).

2.3 Proteins

Bovine serum albumin (Factor V), S. cerevisiae alcohol dehydrogenase (EC 1.1.1.28), 

rabbit muscle lactate dehydrogenase (EC 1.1.1.1), rabbit muscle mal ate dehydrogenase 

(EC 1.1.1.37), hen egg white lysozyme (EC 3.3.1.17) were purchased from Sigma 

Chemicals companies Ltd and used without further purification.

2.4 Chemicals

The following materials were obtained from Sigma Chemicals Companies Ltd.: Ferrous 

chloride tetrahydrate, ferric chloride hexahydrate, sodium hydroxide pellets, sodium 

chloride (ACS reagent), 3-aminopropyltriethoxysilane (3-APTES), sodium borohydride, 

glutaraldehyde (grade 1), ammonia solution (25 %), Cibacron Blue F3G-A, agar, 2,4,6- 

trinitrobenzene sulphonic acid (TNBS), pyruvate, oxaloacetate, ethanol, NAD, NADH, 

semicarbazide and reduced glutathione. Epichlorohydrin was purchased from BDH 

Chemicals (Lutterworth, Leicestershire, UK) and BOC Ltd. (Guildford, Surrey, UK) 

supplied bottled ‘oxygen-free’ nitrogen gas. Coomassie Protein Plus assay reagent was 

purchased from BioRad labs (Hertfordshire, UK) and baker’s yeast was obtained in 

block form from Distillers Company (Glasgow, UK). All other chemicals were of 

‘AnalaR’ grade and purchased from either Sigma Chemicals Companies Ltd or BDH 

Chemicals.
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2.5 Particle separation

Magnetic particles were recovered from suspensions by magnetic separation. Depending 

on the scale and speed of operation, either tube racks containing side pull neodymium 

permanent magnets providing 1000 Oe (PerSeptive Biosystems, USA) or ceramic 

magnets providing 3000 Oe were employed (four ceramic magnets 3 cm (L) x 2 cm (W) 

X 1 cm (D) in two rows secured to a wooden board).

2.6 Analyses & Assays

2.6.1 Alcohol dehydrogenase assay

The activity of alcohol dehydrogenase (ADH) was determined by monitoring the change 

in absorbance due to the oxidation of NADH at 340 nm. The reaction mixture consisted 

of 0.6 M ethanol, 1.8 mM NAD^, 0.1 M semicarbizide, 0.1 M reduced glutathione and 

0.05 M Tris buffer (pH 8 .8 ). The absorbance rate was recorded following addition of 50 

P-L of sample to 3 mL of assay mixture. One unit of enzyme activity is defined as the 

amount of enzyme required to reduce 1 pmol of NAD"  ̂to NADH per min at 25 °C. The 

assay was estimated to be reproducible to within ± 5 %.

2.6.2 Amine group assay

Reactive amino groups were determined by the assay involving 2,4,6- 

trinitrobenzenesulphonic (TNBS) acid, adapted from Hailing and Dunnill (1979). The 

reaction involved incubating the amine terminated supports with 0.1 % TNBS in 3 % 

sodium tetraborate at 70 °C for 5 min with periodic shaking. The support particles were 

recovered using a magnetic rack and washed with two volumes of distilled water. The 

trinitrophenyl derivatised supports were then incubated with 1 M NaOH at 70 °C for 10 

min with periodic shaking. Following magnetic separation the absorbance of the 

aspirated hydrolysate was measured at 410 nm (DU 64 spectrophotometer, Beckman 

Instruments, High Wycombe, UK). A standard curve was prepared by direct hydrolysis 

of TNBS in NaOH. The assay was estimated to be reproducible to within ± 7 %.

2.6.3 Amylase assay

Amylase activity was measured using an assay based on the method of Blanchin-Roland 

and Masson (1989) and modified by Pierce (1997) for use on a microtitre plate. The 

activity was determined by measuring the rate of decrease of a coloured starch/%2
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complex. Soluble starch (0.5 % w/v) in 15 mM sodium phosphate buffer (pH 5.8) was 

used as the substrate. The iodine stop reagent was prepared by diluting 0.2 mL of stock 

solution (2.2 % iodine/4.4 % KI) into 100 mL of 2 % potassium iodide solution. An 

appropriate dilution of the sample (150 pL) was pre-incubated in a microtitre plate at 50 

°C. At the start of the assay 150 pL of the pre-incubated starch solution was transferred 

to the sample wells at various times. Thereafter, 15 pL of the reaction mixture was 

pipetted into 300 pL of iodine stop reagent on a separate microtitre plate. At the end of 

the assay the plate was measured at 620 nm using a MR7000 plate reader (Dynatech, 

Billingshurst, UK). The assay was estimated to be reproducible to within ± 7 %.

2.6.4 Cibacron Blue assay

The amount of dye physically immobilised onto the support particle was measured at 

620 nm as described by Theodossiou et al, (1997). The dye adsorbents were incubated 

with concentrated HCl (11.8 M) for approximately 1 min. The absorbance was recorded 

following four fold dilution in distilled water to approximately 3 M acid strength. A 

standard curve was constructed using known dye concentrations in three parts water, 

one part acid. The assay was estimated to be reproducible to within ± 4 %.

2.6.5 ELISA assay

The presence of Fv fragments was determined using ELISA incorporating lysozyme 

coated nylon pegs (Davis et al, 1983). Samples were added to the wells of a microtitre 

plate and incubated with the pegs for 1 h at room temperature. The pegs were removed 

and washed with copious amounts of distilled water, then incubated for a further 1 h 

with 200 p-L of a 1 1:5000 dilution of rabbit anti-motif antibody. The pegs were 

recovered and washed in distilled water, before incubating with 200 pL of a 1:4000 

dilution of goat anti-rabbit/alkaline phosphatase conjugate. After washing the pegs in 

distilled water, they were developed for 20 min with pNPP substrate which was made 

up to 1 mg mL'^ in 1 M diethanolamine buffer, pH 9.8. The pegs were removed from the 

solution, and the optical density was measured at 410 nm using a Dynatech MR7000 

plate reader (Billingshurst, West Sussex, UK). The assay for Fv was calibrated each 

time by drawing a standard curve with a carefully prepared and characterised set of Fv 

anti-lysozyme standards. The assay has been shown to be sensitive down to levels 

approaching 0.01 pg mL'^ (Barry and Pierce, 1993). The assay was estimated to be 

reproducible to within ± 8  %.
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2.6.6 Glutaraldehyde detection

The presence of aldehyde groups was determined by using the Tollens test (Harwood 

and Moody, 1990). Tollens reagent was prepared by adding 30 % ammonia solution 

dropwise to 3 mL of AgNOg (60 mg mL'^) with stirring until the brown precipitate 

formed initially dissolved to yield a slightly cloudy grey/white solution. Three millilitres 

of KOH (70 mg mL'^) was then added followed by enough concentrated ammonia 

solution to make the solution almost clear again.

Aliquots (0.5 mL) of freshly prepared Tollens reagent were added to an equal volume of 

unknown sample. The formation of a black precipitate or a silver mirror on the walls of 

the test tube, either immediately or on warming the tube in a beaker of hot water, 

constituted a positive test for the presence of aldehyde.

2.6.7 Iron assay

Samples were dissolved in 1 mL of 12 M HCl in eppendorf vials. The concentration of 

iron was then measured using an Atomic Absorption instrument (Perkin Elmer model 

AA3100, Seer Green, UK) at 248.3 nm using a single element lamp operated at 16 mA, 

with an air-acetylene flame. Using known weights of supports dissolved in 1 mL of 

concentrated HCl a calibration curve relating particle weight to Fe content was 

constructed. The assay was estimated to be reproducible to within ± 5 %.

2.6.8 Lactate dehydrogenase assay

Lactate dehydrogenase (LDH) activity was measured as the amount of pyruvate 

consumed by continuously monitoring the decrease in absorbance due to oxidation of 

NADH. The reaction mixture contained pyruvate (2.5 mM), NADH (0.4 mM) and 

KH2PO4 buffer (100 mM, pH 6.5). Two hundred microlitres of the sample was added to

2.8 mL of assay mix and the rate of change in absorbance was recorded at 339 nm. One 

unit of enzyme activity reduces 1 |imol of NADH to NAD^ per min at 30 °C. The assay 

was estimated to be reproducible to within ±4 %.

2.6.9 Lysozyme assay (Standard)

Lysozyme activity was measured by lysis of Micrococcus lysodeikticus cells based on 

the method described by Locquet et al, (1968). One hundred microlitres of sample was 

mixed with 900 |iL of a 0.25 mg mL'^ suspension of M. lysodeikticus cells in 67 mM
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phosphate buffer pH 6.2 and the decrease in turbidity was monitored 

spectrophotometrically. One unit of activity is defined as the change in absorbance of 

0.001 per min at 450 nm on 1 mL suspension of 0.15 mg mL'^ M. lysodeikticus cells 

over 1 min at constant temperature. The assay was estimated to be reproducible to 

within ±5 %.

2.6.10 Lysozyme assay (Modified)

The standard lysozyme assay was modified to allow the activity of immobilised 

lysozyme to be obtained. At the start of the modified assay, the immobilised lysozyme 

particle suspension (1 mL) was added to the M. lysodeikticus cells (10 mL) and mixed at 

1500 rpm using a vibrating shaker at room temperature. A small aliquot (0.5 mL) was 

withdrawn at regular intervals and the absorbance of the mixture was measured at 450 

nm and compared to a range of control samples. The assay was estimated to be 

reproducible to within ± 7 %.

2.6.11 Malate dehydrogenase assay

The catalytic activity of malate dehydrogenase (MDH) was measured by the 

consumption of oxaloacetate per unit time. NADH (0.3 mM) and oxaloacetic acid (1.51 

M) were prepared fresh in KH2PO4 buffer (100 mM, pH 6.5) and stored on ice. One 

hundred microlitre of sample was mixed with 880 |xL of KH2PO4 buffer followed by the 

addition of 10 )liL of NADH and 10 |xL of oxaloacetate. The rate of change in 

absorbance was measured at 339 nm. One unit of enzyme activity oxidises 1 jxmol of 

NADH to NAD^ per min at 25°C. The assay was estimated to be reproducible to within 

±9 %.

2.6.12 Polyacrylamide gel electrophoresis

All protein gels were run according to the method of Laemmli, (1970). Samples were 

prepared by adding sample buffer (10-40 |xL; 0.5 M Tris-HCl pH 6 .8 , 10% SDS, 10% 

glycerol, 5% p-mercaptoethanol, 0.05% bromophenol Blue, and RO water). The buffer 

was added to the protein in a 1:1 ratio for liquid protein samples. The gels were run for 

1-2 h (Model 400L power pack, Gibco), and following separation, the gels were treated 

in fixing solution (acetic acid, 7% v/v; methanol, 40% v/v; RO water, 53% v/v) for 1 h 

followed by addition of Coomassie Blue stain (Coomassie Blue, 0.25% w/v; methanol, 

45.5% v/v; acetic acid, 9% v/v; RO water, 45.5% v/v) until the band became visible.

63



2.0  Materials & Analyses

The gels were then treated with destain (acetic acid, 10% v/v; methanol, 25% v/v; RO 

water, 65% v/v) until the stain had been removed from the gel leaving clear bands. The 

gels were photographed and archived using a gel documentation system (Ultraviolet 

Products Ltd., Cambridge, UK).

2.6.13 Protein assay

Total protein content was measured using a microtitre adaptation of the Bradford assay 

(Bradford, 1978) using BioRad protein assay reagent. Binding capacities were expressed 

as mg protein per gram of support. Bovine serum albumin (0-1 mg mL'^) was used as a 

standard. The assay was estimated to be reproducible to within ± 5 %.

2.7 Particle characterisation techniques

The physical and magnetic properties of the iron oxide particles were analysed using a 

variety of techniques in conjunction with the departments of Chemical Engineering and 

Physics, UCL. Atomic Force Microscopy (AFM) is a powerful technique in revealing 

the microscopic structure of materials down to nanometers. Samples were analysed 

using a Model 2000 Discoverer scanning microscope (Topometrix, Santa Clara, USA). 

Surface area was measured using an Omnisorp 100 (Coulter, USA). The assay was 

estimated to be reproducible to within ± 9 %. Crystal structure analysis was carried out 

using an X-ray diffractometer (Phillips X-pert, Eindhoven, Holland) in 0-20 reflection 

geometry with Cu K a radiation. A profile was obtained by analysing a small quantity of 

dried particles (0.5 g) on a stainless steel support for a period of 12 hr. Particle diameter 

at various stages of coating was determined using a Malvern particle laser (Malvern 

Instruments 4700P, Malvern, UK). A dilute suspension of particles was analysed at 25 

°C to obtain intensity data from which the size distribution was obtained. Bulk magnetic 

properties were analysed using a vibrating sample magnetometer (Aerosonic Ltd., 

Newtown, Wales, UK). A 100 |XL magnetic particle suspension (-40 mg mL'^) was 

mixed with warm agar and allowed to cool to room temperature. A hysteresis curve of 

each sample was measured up to a field of 0.6 T. Microscopic magnetic structures of 

the particles were measured by ^^Fe Mossbauer spectroscopy. The support material was 

immobilised in warm agar and analysed using a proportional counter over a period of 3 

days at room temperature.
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3. Preparation and characterisation of sub-micron silane coated magnetic 

particles

3.1 Introduction

Particulate magnetic materials that are available commercially in large quantities (e.g. 

magnetite, maghemite, magnetic iron oxides from the image tape industries, and metal 

powders) generally exhibit substantial residual magnetism. This causes permanent 

aggregation and therefore severely limits their potential in biological process 

environments where for commercial viability, reuse of the support is of paramount 

importance. Superparamagnetic materials on the other hand possess unique and helpful 

properties, because though they respond to magnetic fields they do not become 

permanently magnetised. In an applied field such materials become magnetic and 

agglomerate readily due to induced magnetic forces, but when the externally applied 

field is removed they can be easily dispersed.

Common magnetic particles that have been used in bioprocess separations are made of 

ceramic iron oxides such as Fe3 0 4 , NiFeiOg, MnFeiOg or MgCuFc2 0 3 . Of these, Fe3 0 4  

or magnetite as it is commonly known is the most popular due to its high density (~ 500 

kg m'^) and magnetic susceptibility, which allows easy recovery from a liquid 

suspension by using modest magnetic fields. The most efficient method of production of 

magnetite is by chemical precipitation, using ferric and ferrous salts (sulphates or 

chlorides) with a strong base such as NaOH or (NH4)2S0 4  and at temperatures of up to 

70 °C (Molday and Molday, 1984). Other variations also exist (Shinkai, et al, 1991). 

The formulation and reaction conditions determine whether the crystals are 

superparamagnetic or ferromagnetic (Gonazlez, 1990). Superparamagnetic properties 

are exhibited when the crystal diameter falls significantly below that of a purely 

ferromagnetic material (that retains magnetism). For magnetite the crystal size has to be 

below 300 Â.

Ultrafine monodispersed particles have also been produced from magnetotactic bacteria 

and algae (Matsunga and Kamiya, 1987; Blakemore and Frankel, 1981), although 

production, isolation, and scale-up are difficult (Matsunga and Kamiya, 1987). Pure
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Fc3 0 4  can also be crushed from iron ore, although these particles are rather large (1 - 2 0  

|im) and prone to aggregation.

The most common method of preparing inorganic support materials for enzyme or 

ligand immobilisation is to adsorb or covalently attach a layer of silane. The two most 

widely used methods of silanisation are aqueous and non-aqueous based. Aqueous 

silanisation is reported to deposit an even monolayer of silane, but with a low amine 

density (Puleo, 1995). The inorganic particles are heated in an acidic silane mixture for 

a period of 3-5 hours and then filtered and dried overnight in an oven. Drying increases 

the stability of the adsorbed layer, but reduces the available surface area by causing 

irreversible clumping (Weetall, 1993). Organic silanisation methods, in a water miscible 

or immiscible solvent, deposit a somewhat thicker, uneven, loosely bound random layer, 

but of higher capacity coating. Organic silanisation methods require the particles to be 

refluxed for 12-24 hours in an organic solvent (e.g. toluene), followed by air or oven 

drying. There are many variants to these methods (Weetall, 1993).

The starting material chosen for the attachment of affinity ligands was the amine 

terminated iron oxide particle. This chapter describes the preparation of such particles in 

1 0 - 1 0 0  g batches by precipitation of iron salts in alkali using established methods 

(Kobayashi & Matsunaga, 1991). The influence of reaction conditions on the magnetic 

and physical properties to produce sub-micron sized particles with high surface area and 

superparamagnetic properties were studied. The optimal conditions for silane coupling 

were also closely monitored to ensure that mono-dispersed, uniform sized particles were 

manufactured.
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3.2 Experimental procedure

The manufacture of amine terminated particles is described in the following steps 

starting with the preparation of sub-micron superparamagnetic particles.

3.2.1 Preparation of superparamagnetic iron oxide particles

Iron (U) and (XU) chloride salts in differing ratios of Fe^  ̂and Fê "̂  ions were prepared by 

filtering 100 mL solutions of FeClg and FeCl2 , through 0.45 pm cellulose nitrate 

membranes, (Merck Ltd., Lutterworth, Leicestershire, UK.) and mixing the appropriate 

molarity of each with 200 mL of 5 M sodium hydroxide. Whilst mixing (-200 rpm), a 

precipitate of iron oxide formed immediately, and mixing was continued for a further 5 

min. The particles were allowed to settle under gravity, and the settled volumes were 

recorded. The pH of the slurry was reduced to -7-8 by aspirating the liquid portion and 

washing several times, by cycles of re-suspension and settling with 800 mL of distilled 

water. This was followed by several washes with analytical grade methanol until the 

final concentration of water in the methanol particle suspension was -1 % (v/v). Particle 

settling in all washes was accelerated by using a magnet.

3.2.2 Preparation of amine terminated particles

After allowing the metal oxide particles to settle, methanol was aspirated to leave -10 g 

of supports suspended in 250 mL of methanol (1 % (v/v) water). The slurry was placed 

in a 2 L beaker and homogenised (Polytron R6000 Kinematica AG, Switzerland) at 

2,000 rpm for 5 min. Ten millilitre of 3-aminopropyltriethoxysilane (3-APTS) was 

added followed by 5 mL of glacial acetic acid and homogenised at 12,000 rpm for 10 

min, followed by 6,000 rpm for 120 min. The slurry was transferred into a 500 mL glass 

beaker containing 200 mL of glycerol and stirred for 5 min to obtain a homogenous 

mixture. Under an atmosphere of nitrogen the content of the beaker was heated to 160- 

165 °C on a halogen hot plate (Bibby Sterlin Ltd., Stone Staffordshire, UK) for a period 

of 12 h in a fume cupboard. During this phase the suspension was gently stirred using an 

overhead mixer (Citenco Ltd., Hertfordshire, UK). After allowing to cool, the slurry was 

transferred to a 1 L beaker and washed 5 times, as before, in 1 L distilled water. The 

amine terminated particles were stored at 5 °C until required.
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3.3 Results and Discussion

3.3.1 Preliminary experiments

Recording the settled bed height and colour of the sedimented particles gave preliminary 

indications about the particle size and nature of the iron oxide material (Table 3-1). 

Changing the Fe '̂̂ /Fe '̂  ̂ ratio from 3:1 to 1:5 was accompanied by a steady shift in 

colour of the precipitated particles from black through brown to reddish shades, and by 

an increase in the settled bed height of particle sediments. These observations suggested 

that as the Fe '̂̂ /Fe '̂  ̂ ratio was increased, there was a transition from mainly magnetite 

through to maghemite and hematite. But, this is a misguided and oversimplified 

interpretation that is explained in the following sections (personal communication Bui, 

Dept, of Physics, UCL).

Fc304  => yFe203  => 0tFc3O4

Magnetite Maghemite Hematite

The observations about settled bed height may be related to particle size. Small particles 

are able to entrain the most water due to a larger wetable surface area, giving rise to 

larger bed volumes (Table 3-1).

Table 3-1 Preliminary experiments to indicate fineness o f iron oxide precipitate.

Particles were prepared by controlled precipitation o f Fê "̂  and Fe^  ̂ salts in NaOH. Bed depth gave an

Sample composition 

(Fe^+/Fe^+)

Bed depth ® 

(%)

Colour

Sample 1 - 3 : 1 36 Black

Sample 2 - 2 : 1 28 Black

Sample 3 - 1 : 1 29 Black/Brown

Sample 4 - 1 : 2 30 Brown/Black

Sample 5 - 1 : 3 35 Brown/Red

Sample 6 - 1 : 5 40 Red/Brown

Footnote; “Bed depth was measured after the particles had settled, -  2 h after reaction.
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3.3.2 Magnetic and physical characterisation

In order to select a suitable iron oxide particle for these studies, it was important to 

analyse the physical and magnetic properties of the various samples. The following 

sections describe the tests used to characterise the iron oxide precipitates. The magnetic 

studies were carried out in conjunction with Quang Tuong Bui and Quentin Pankhurst 

of the Department of Physics, University College London.

3.3.2.1 Vibrating Scanning Magnetometer (VSM) and surface area measurements

Figure 3-1 shows representative hysterisis loops from Vibrating Sample Magnetometer 

(VSM) measurements of several preparations of iron oxide particles with a Fe^ /̂Fe '̂  ̂

ratio varying from 3:1 to 1:5. Important features to be derived from such figures are the 

shape and openness of the loop (i.e. degree of hysterisis), and the characteristic 

saturation (Ms), remnance (Mr) and coercivity (He) values which decide the loop and its 

essential batch magnetic characterisation\

A ferromagnetic material has an open loop and high values of Ms, He and Hr. A truly 

superparamagnetic material has a completely closed loop and He and Mr values of 0, i.e. 

possess no magnetic memory. The loop in Figure 3-2a is typical of essentially a 

superparamagnetic iron oxide material (Sample 4 - Fe^ /̂Fe "̂ ,̂ 1:2), a slight loop was 

seen due to the insensitivity of the VSM device. There was a delay in the time taken for 

the VSM device to respond to the magnetic field set by the control module. This delay 

manifests in a small error, which is represented by the hysterisis loop.

Figure 3-2b pulls together data from the VSM plots and BET surface area measurements 

for particles prepared using different Fe '̂ /̂Fe^  ̂ ratios during the precipitation reaction. 

Important features are as follows. As the concentration of Fê "̂  is raised, the specific 

surface area increases. This is accompanied by a steady decline in the Mr and He values 

until a ratio Fe '̂̂ /Fe '̂  ̂ 1:3 is met. Thereafter, both Mr and He drop dramatically. The Ms 

remains roughly constant as the Fe '̂̂ /Fe '̂  ̂ ratio is decreased, until a value of 1 : 2  is 

reached. At lower ratios of Fe^ /̂Fe "̂ ,̂ the iron oxide becomes far less magnetic.

’ The saturation magnetisation is the magnetisation o f the material at an infinite field. In these studies the 
values have been extrapolated at a field o f 5000 Oe as an approximate to Ms. Mr, the remnant 
magnetisation o f the material is the magnetisation retained on returning to zero applied field and the Hg is 
the field retained by the material after returning to zero applied field.
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Figure 3-1 Vibrating Sample Magnetometer (VSM) profiles of precipitated iron oxide particles.

Iron oxide particles were chemically synthesised using various combinations o f Fê '̂ /Fê  ̂ (3:1 to 1:5). Warm agar was added to the particles to immobilise the supports in a moist 

environment before VSM measurements were taken.
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Figure 3-2 Magnetic and physical properties o f the iron oxide particles.

VSM profile o f iron oxide particles with a Fê '̂ /Fe^  ̂ ratio of 1:2 (Figure 3-2a). The coercivity fOj, remnant magnetism and saturation magnetisation o f the VSM plots in 

Figure 3-1 were taken and plotted in Figure 3 -2b along with the surface area (^ )  as measured by BET.

71



___________________________________3.0 Preparation and characteristics o f  sub-micron silane coated magnetic particles

The diameter of the iron oxide crystals was estimated from the surface area, by 

assuming that the particles were spheroidal and composed of magnetite (see section 

3.3.2.2) with a density of 4.6 g cm'^. The crystal size of all the metal oxide precipitates 

was below the threshold for ferromagnetism (< 30 nm), hence all the preparations were 

superparamagnetic (Table 3-2). This was possible because the reaction conditions were 

optimised so as to produce the smallest possible particle. This included filtering the 

reactants prior to mixing, maintaining a high pH difference between the reactants, and 

ensuring vigorous mixing conditions to produce the metal oxide precipitate.

Table 3-2 Estimates o f iron oxide crystal size from BET surface area measurements.

Sample

(Fe^+/Fe^+)

BET Surface area 

(m^ g'*)

BET Crystal size* 

(nm)

Sample 1 - 3 : 1 61.4 21.2

Sample 2 - 2 : 1 72.5 17.9

Sample 3 - 1 : 1 88.2 14.8

Sample 4 - 1:2 110.0 11.8

Sample 5 - 1 : 3 156.0 8.4

Sample 6 - 1 : 5 192.0 6.8

Footnote: ®BET crystal size estimates were obtained from BET surface area by assuming each particle was spheroidal and magnetite 
of density 4.6 g cm^.

The initial purpose of these experiments was to identify reaction conditions yielding a 

material possessing the best possible combination of surface area and magnetisation, i.e. 

a material with high surface area and high magnetisation at operating field, coupled with 

low Mr and He values. On this basis, the iron oxide material with a Fe '̂ /̂Fe^  ̂ ratio of 

1 : 2  was the best compromise for subsequent preparations of simple magnetic affinity 

adsorbents. Iron oxide particles with a higher Fê "̂  content were magnetically weak, 

hence recovery from a viscous homogenate would potentially become more difficult. 

Particles with a lower Fê "̂  content were significantly larger, thereby reducing the 

surface area available for protein capture.
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Atomic Force M icroscope (AFM) samples were prepared from mixtures of a few 

droplets of iron oxide particles (Fe^’̂ /Fe' '̂ ,̂ 1:2) in dilute HCl solution, a droplet which 

was left to dry on a glass slide. Since glass normally has a negative static charge, the 

electrostatic attraction prevented the particles from clumping together. As shown in 

Figure 3-3, the particles have irregular shapes, roughly spheroidal, and range in size 

from 5 nm to 20 nm in diameter. No clusters of more than three individual particles 

were observed (Bui et al,  1998).

Figure 3-3 Atomic Force Microscope (AFM) image of iron oxide particles (Fe '̂ /̂Fe’̂'*', 1:2) 

deposited on a glass slide.

3.3.2.2 X-ray diffraction and Mossbauer studies

The structure and composition of the iron oxide particles (Fe“'*/Fe^‘̂ , 1:2) were examined 

by X-ray diffraction (XRD; Figure 3-4). From the profile it can be inferred that the 

material was an essentially impure magnetite/maghemite combination containing ferri 

hydroxide impurities and composed of crystals of roughly 7 nm in size (Bui, personal 

comm unication on XRD analysis). This was in good agreement with previous crystal 

size estimates using BET surface area and AFM. To produce magnetite, the correct 

stoichiometric ratio of Fe^^/Fe^^ is 1:1.7. A higher Fe^^ content resulted in a greater 

amount of oxyhydroxide impurities present in the resulting particles. These impurities 

may be especially important in surpressing the overall Ms and lending surface roughness 

to the crystals yielding a larger surface area. A lower Fe^^ content produced large and 

disordered structures of magnetite, which helped to explain the high magnetisation and 

low specific surface area of these particles (Bui, personal comm unication on XRD of 

samples 2-6).
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X-ray diffraction profile o f magnetite/maghemite complexes.

Profiles were obtained for pure magnetite, pure maghemite, and a sample o f iron oxide particles 

(Fê '̂ /Fê '̂ , 1:2). The peaks of the iron oxide precipitate corresponded with peaks from both magnetite 

and maghemite, implying that the sample was composed of a mixture o f both substances. From the 

profile, the crystal size was estimated to be ~7 nm in diameter.
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Mossbauer spectroscopy is a technique that measures the local hyperfine field of Fe 

atoms in the structure allowing the nature and type of crystal to be identified. This 

technique is very sensitive to identifying superparamagnetic or ferromagnetic materials. 

Figure 3-5 illustrates the spectrum for iron oxide particles with a Fe '̂̂ /Fe '̂  ̂ ratio of 1:2. 

The x-axis represents the resolved gamma energies expressed as velocity (mm s'^). The 

difference between the ground and the excited nuclear states of ^^Fe in the magnetic 

particle preparation is represented by the spectral lines of the y-axis. The presence of a 

doublet indicates that the crystals were of very small size consistent with 

superparamagnetic iron oxide particles. In contrast a ferromagnetic particle would 

produce a characteristic six peak profile (insert Figure 3-5).
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Mossbauer spectrums o f iron oxide particles with a Fe '̂̂ /Fe^̂  ratio o f 1:2 (sample 4).

The presence o f a single dominant peak split into two at the base (commonly known as a doublet) 

confirmed that the particles were superparamagnetic in nature. The insert shows a characteristic profile 

of ferromagnetic particles.
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3.3.3 Amine terminated particles

Magnetic iron oxides produced by base precipitation can be coated by several suitable 

silanes that have two main features. First, they are able to adsorptively or covalently 

bind to the metal oxide, and second, they provide exposed amine groups for ligand 

immobilisation. Organosilanes of the general formula R-Si(OX)3  may be used, wherein 

(OX)3 represents a trialkoxy group, typically trimethoxy or triethoxy, and R represents 

any aryl, alkyl or aralkyl group.

The particles were contacted with silane whilst being homogenised. This was required 

to break down any aggregates and to ensure that particle agglomeration did not take 

place during the coating process with silane polymers. The silane was then cured onto 

the metal oxide surface in a cocktail of glycerol, solvent, acid and water. A full 

schematic reaction guide is shown in Figure 3-6. The silanisation reaction occurred in 

two steps. First, the silane monomers were hydrolysed in the presence of water to form 

silane polymers. Second, these polymers formed covalent linkages with the surface by 

association with the OH groups through dehydration. Adsorption of silane polymers to 

the metal oxide was also possible. An important aspect of the silanisation procedure was 

the dehydration method used for the binding of silane polymers to the particles. Glycerol 

(boiling point, 290 °C), miscible in both the organic solvent and water was used as the 

wetting agent. The glycerol in the reaction mixture ensured that the particles remained in 

solution once the excess solvent had evaporated. This prevented the supports from 

aggregating or clumping and suffering the potential cross-linking of particles that is an 

inherent problem associated with other silanisation techniques, employing air and/or 

oven dehydration techniques (Weetall, 1993; Josephson, 1987). Drying allows the 

silanised particles to come into close contact leading to inter-particle bonding such as 

cross-linking between silane polymers, van der Waals interactions and physical 

adhesion. The resulting aggregates have a small surface area per unit mass/volume and 

fast settling velocities (Hailing and Dunnill, 1979). After cooling, the slurry was washed 

in water and the presence of silane was determined by dissolving the supports in 

concentrated HCl. The appearance of a white insoluble polymer indicated that the 

particles were silane coated. A quantitative assessment of the exposed amine groups was 

made by using the TNBS assay (described in detail in section 2.6).
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Figure 3-6 Coating of magnetic particles with 3-aniinopropyltriethoxysilane (3-APTS).

Silane oligomers adsorb onto the particle and condense with surface hydroxyl groups aided by the 

evaporation of solvent. Free silanol may be left on the surface (adsorbed) or in the solvent.

A curing/dehydration step was required, in order to ensure that the silane polymers 

formed a stable link with the metal oxide core (Plueddem anns, 1991; Hailing and 

Dunnill, 1979). The profile for silane deposition at a curing tem perature of 110 °C is 

illustrated in Figure 3-7. Three distinct phases are present, evaporation, curing and 

heating. During the evaporation phase, the methanol was heated (in a glycerol mixture) 

from 25-100 °C, leaving layer(s) of silane polymers loosely adsorbed on the surface. 

The curing phase followed some 1-1 '/% hours later, where the silane polymers formed 

covalent linkages with hydroxyl groups located on the surface o f the support particles. 

Excess solvent, water, and silane monomers were evaporated during the final heating 

phase.
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Temperature profile o f silane coating at a curing temperature of 110°C.

Three distinct phases were present. During the evaporation phase, the excess solvent was evaporated 

leaving the particles in glycerol. The curing phase lasted for ~ 12 h and ensured that the silane 

monomers formed extensive linkages with neighbouring molecules. The final heating stage, was used to 

drive off excess solvent monomers. The mixture was then cooled and washed in copious amounts o f water 

to remove the glycerol and stored at 5 °C until required. The error bars represent a variance of ± 2  °C in 

temperature readings.

The change in surface amine density was investigated by varying the curing temperature 

during preparation of the silane coated particles (Table 3-3). The increase/decrease in 

the number of reactive amine groups on the surface of the support was quantified by 

reaction with 2,4,6-trinitrobenzenesulfonic acid (TNBS). From these results it can be 

implied, that a high curing temperature had a significant positive influence in increasing 

the number of free amine groups available for coupling.

Upon settling, the amine terminated particles produced with curing temperatures 

exceeding 130 °C formed a dense gel-like layer. This suggested that the particles were 

heavily coated with silane and that extensive cross-liking was taking place between 

neighbouring particles. To re-disperse these particles required vigorous agitation for
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long periods (~ 5 min). Silane coated particles produced at lower curing temperatures 

were stable, in that the particles did not irreversible compact upon settling, dispersion 

was also noticeably easier. For optimum silane coating, curing temperatures within the 

range of 110-120 °C were used.

Table 3-3 The relationship between curing temperature and surface amine groups.

Curing temperature (°C) Amine density (pmol g

100 1 4 0 +  8̂

110 2 0 4 +  18"

120 222 + 22"

130 261 ± 2 3 '’

140 224 ±  17'’

Footnote: “All values are given as mean ± sample standard deviation ( n = 3, "̂n = 5).

The exposed amine groups coupled to the iron oxide particles corresponded to 

approximately 1-1.8 molecule nm'^. Schrader (1971) had previously reported that 9 

molecules nm'^ equated to ~ 10 monolayers, although. Hailing and Dunnill (1979) argue 

that 1 molecule nm'^ was a sparse layer. Naviroj et al (1984) estimated the cross 

sectional area occupied by one molecule of aminopropylsilane to be in the region of 0.5 

nm^. This implied that closed-packed monolayer coverage of silane molecules was 

being achieved, although some of the reactive amine groups could be buried in the 

polymer layer but still accessible to TNBS (Hailing and Dunnill, 1979). Vandenberg et 

fl/., (1991), also stated that the silane groups could become electrostatically bonded to O, 

OH or the surface. In practice the method of depositing silane onto the surface of the 

particles was likely to have been composed of a film several nm thick, with free amine 

groups as well as bonds formed to the surface by electrostatic interactions.

3.3.4 Physical and magnetic properties of the amine terminated particles

The effect of the silane polymer coat on the physical properties of the base iron oxide 

material in terms of particle size is shown in Figure 3-8. The uncoated particle, 

approximately 60 nm in diameter represented agglomerations of a small number of 

crystals held together by electrostatic forces. Silane coating formed clusters comprising 

of hundreds of crystal monomers packed in an open structure of ~ 0.5 pm in diameter. 

These clusters behaved as a non-porous particle (see section 5.3.2 for further details). 

The magnetic properties of the iron oxide particles remained stable during the formation
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of amine supports, Ms remained constant as did He and Mr (Table 3-4). Mossbauer 

spectroscopy confirmed that superparamagnetism was not lost (data not shown).
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Figure 3-8 Particle size distributions before and after silane coating.

Size distribution o f the iron oxide crystals before (-------- ) and after silane coating.(.......... ).

Table 3-4 Summary of physical and magnetic properties o f iron oxide particles before and after

silane coating.

Material Particle size range* BET surface area Ms^ Mr*’ He*’

(pm) (m^g-’) (emu g'*) (emu g ’) (Oe)

Fe+^/Fe+^-l:2 0.05 110 41.7 4 40

Silane coated supports 0.5 100 41.6 5 52

Footnote: Particle size range was taken from Figure 3-8. Ms, Mr and He were taken from VSM profiles similar to Figure 3-2.
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3.4 Conclusion

A range of iron oxide particles was prepared with Fe '̂ /̂Fe '̂  ̂ ratios varying from 3:1 to 

1:5. The magnetic and physical properties of these particles were analysed using a 

variety of characterisation techniques with a view to finding a suitable particle for 

ligand/protein immobilisation. Iron oxide particles with a Fe '̂̂ /Fe '̂  ̂ ratio of 1:2 were 

deemed to have an acceptable balance of high surface area and magnetic strength. These 

particles were superparamagnetic in nature and possessed no magnetic memory, thereby 

reducing inter-particle aggregation. A layer of 3-APTS was cured on the surface of these 

particles to create an open, non-porous structure of -  0.5 p.m in diameter.

These amine terminated particles were used as the base supports to which a number of 

ligands were subsequently immobilised and described in chapters 5 and 6 . Before 

investigating the use of these adsorbents in real processes, it was important to establish 

how they could be recovered from biological liquors. The next chapter (4.0) describes 

the capture of large quantities of the silane coated supports from a simulated batch 

adsorption process using high gradient magnetic separation.
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4. Collection of magnetic particles using High Gradient Magnetic 

Separation (HGMS)

4.1 Introduction

The collection of magnetic particles using HGMS technology is very similar to process 

chromatography or adsorption, and as such can be optimised in the same way. 

Optimising the performance of chromatography systems focuses on capturing the 

product of interest, to the highest yield as quickly and easily as possible, at the lowest 

cost. This entails determining the conditions that give the highest possible productivity 

(amount of product captured per unit volume of matrix and unit time) and economy. 

These process considerations can be made by examining the chromatographic 

breakthrough profiles of the product (Figure 4-1).

The curve in Figure 4-la and 4-lb shows the ratio of the concentration of product at the 

outlet of the bed (C*) to the concentration at the inlet (Co) as the sample is applied to the 

column. When the ratio has risen to 1, the bed is at equilibrium with the inlet stream, 

and no further adsorption occurs. Figure 4-la shows that the equilibrium bed capacity is 

reached after a certain amount of adsorbate has passed through the bed without being 

adsorbed. Figure 4-lb illustrates the useful binding capacity of the bed if the loading is 

terminated when breakthrough of the product of interest is detected. The actual loading 

capacity may have to be reduced even further to compensate for the unbound fraction 

still being present in the void volume of the column when breakthrough is detected.

Since the dynamic capacity of the column matrix is a function of the linear flowrate 

used during the sample application, sample loading capacity must be checked at 

different flow rates to reveal the optimum level that gives the highest productivity 

without excessive leakage of the product. A significant increase in flow rate during 

sample application will always give a decrease in dynamic binding. Even if dynamic 

capacity is significantly lower at a higher flowrate it can still be advantageous from a 

productivity point of view.

To process a specific batch size, the process can be run in cycles of loading and flushing 

with a lower sample loading at a higher flow rate. The lower sample loading capacity
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per cycle may be compensated for by the decrease in cycle time caused by decreased 

sample volume and increased flow rate. The usefulness of this approach depends on 

how many cycles have to be run for a specific batch size and on how large the sample 

application time is in relation to the rest of the cycle time (Pharmacia, Sweden). Other 

factors may also play a part. For example, where regulatory issues state that a column 

may only be used once, yield becomes of primary importance as the full capacity of the 

column is utilised under such conditions.

1.0

Equilibrium bed 
capacity

Adsorbate not 
adsorbed by bed

0.0

Time

L )  I  c a p a c i ty

Figure 4-1

Time

Breakthrough curves for determination of dynamic capacity.

The equilibrium bed capacity’ is reached after a considerable amount of material passes through the bed 

without being adsorbed (Figure 4-la). The useful binding capacity is obtained if the loading is 

terminated at breakthrough (Figure 4-lb). This prevents the loss of material through the effluent stream.
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Preliminary studies carried out by Pannu (personal communication on HGMS) using 

ferromagnetic matrices had shown that breakthrough could be delayed, and particle 

capacity increased by using high external magnetic fields. The column was operated on 

the basis of yield recovery, but without consideration for productivity. The use of 

random arrays of wires led to frequent channelling problems, as the matrix was not 

uniformly packed. Also, particle retention during flushing was high due to a 

combination of high residual magnetism and the natural filtration ability of the matrix. 

This required vigorous agitation for extended periods to release the particles during 

elution. Attempts to solve this problem have proved to be difficult. To date, successful 

industrial methods of releasing trapped magnetic particles from a canister have involved 

using a backflushing system (Arvidson, 1977), by intermittent intense scouring of the 

matrix by air and water jets (Bartnik et al, 1975) and by employing a demagnetising 

device. Alternatively, matrices of low magnetic susceptibility can be used, such as those 

made of aluminium or stainless steel (type 300), but this will be at the expense of 

loading capacity (Riley & Watson, 1976).

The work described in this chapter relates to identifying a suitable matrix in terms of 

yield, productivity and flushing ability. Both ferromagnetic and paramagnetic matrices 

were used to capture amine-terminated particles from water under a range of conditions. 

The particles were then flushed from the canister to determine the ease with which they 

could be recovered. After establishing which matrix had desirable characteristics, trials 

were conducted using yeast homogenate to simulate a feed containing particulate matter 

and fouling substances in order to evaluate the likely performance in a real environment.

84



____________________________ 4 .0  Collection o f  m a ^ etic  particles using High Gradient M agnetic Separation (HGMS)

4.2 Experimental Procedure

4.2.1 High Gradient Magnetic Separation (HGMS)

The HGMS device used in these studies consisted of a variable field bipole 

electromagnet (Tesla Engineering Ltd., Storrington, UK) controlled via a 20 V (650 A) 

DC transformer (Drake Transformers Ltd., Wickford, UK). During operation, water was 

circulated from the mains system to keep the coils cool. Each pole magnet had a surface 

area of 30 cm(D x 10 cm(w) x 4.2(d) cm. The collection canister was constructed of 

Perspex and had a working volume of 22 cm^ (3.2 cm in diameter x 2.7 cm in length; 

Figure 4-2). The distribution plates were also made of Perspex and present at either end 

of the canister. Each plate was drilled with holes of variable sizes (from 1-3 mm in 

diameter). A notable design feature was the use of conical ends to prevent particles build 

up in the dead space.

 Butterfly dip

Coniod ends

Rubber sed  

Distribution plate

Matrix5.7 cm 2.7 cm

S ecuring rock

1.5 cm

0.6 cm

4 cm 3.2 cm

Figure 4-2 Side and top view o f the collection canister. (Diagram is not drawn to scale).
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4.2.2 Matrices

Two types of matrices were used for this study:

1) Expanded metal (Knitmesh). The mesh (supplied by Knitmesh, Clwyd, Wales) was 

rolled as tightly as possible into a cylindrical shape and cut to completely fill the 

working volume of the canister.

2) Wool mesh. The fibres were woven into a sheet and needle punched to form a semi 

rigid structure (donated by Bearkert, Zwevegem, Belgium). Discs of 3.3 cm were cut 

from the sheet and stacked upon one another within the canister.

A summary of the magnetic properties of the matrices obtained from VSM profiles 

(Figure 4-3), and physical data supplied by the manufacturers is given in Table 4-1.

Table 4-1 Summary o f magnetic and physical data o f the matrices used fo r  the HGMS studies.

Material Stainless Strand Canister® Saturation Coercivity^ Remnant
steel type diameter

(|im)
voidage magnetisation^'^ 

(emu g ’) (Oe)
magnetisation’’ 

(emu g ')
Expanded

metal
Paramagnetic

Knitmesh
304 150 0.95 0 0 0

Ferromagnetic
Knitmesh

430 150 0.94 75 150 3.9

Wool mesh
Ferromagnetic

wool
430 30 0.94 95 220 12.5

Footnote: “A canister voidage of less than 0.94 may lead to physical and magnetic particle entrapment within the matrix (Watson, 
personal communication on HGMS matrices). ‘’Derived from VSM profiles (Figure 4-3). ‘’Saturation magnetisation was 
extrapolated at a field o f 0.6 T.

4.2.3 Collection of magnetic supports using HGMS

After matrix packing, the canister was placed between the poles of the electromagnet. 

The lines were primed with water and trapped air bubbles removed from the canister by 

gentle agitation. Magnetic slurry (consisting of amine terminated particles) was diluted 

to 5 mg mL'^ and well mixed for a period of 5 min using an overhead stirrer (Citenco, 

Herts, UK). The field strength was varied from 0.1-1 T by altering the voltage and 

current supply to the electromagnet, and measured with the aid of a portable gaussmeter 

700 (Trilec Instruments Ltd., Wiltshire, UK). The suspension was then transferred to the 

canister against gravity at linear flowrates varying from 2.5-10.0 m h'  ̂ (2-8 L h’’) using 

a peristaltic pump (Watson and Marlow Ltd., Falmouth, UK). Processing of the slurry 

was stopped as soon as visible breakthrough of particles from the canister occurred. At
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this point a washing buffer (water) was used to remove any residual non-bound 

magnetic particles. The external field was deactivated and the particles were flushed 

from the canister at 8  L h'  ̂ (10 m h'^). Once no more particles were observed to escape 

from the bed, agitation was applied on a light, moderate or hard level to remove any 

remaining particles. Samples were collected at regular intervals (1-3 min) throughout 

the process using a fraction collector (Pharmacia LKB 2211 Superrac, St. Albans, 

Herts., UK). The volume of each sample was recorded and the magnetic particle content 

determined by atomic adsorption (see section 2.6). An experimental layout is shown in 

Figure 4-4.
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VSM profiles o f matrices used in HGMS trials.

Profiles were obtained fo r the (a) paramagnetic Knitmesh, (b) ferromagnetic Knitmesh and (c) 

ferromagnetic woven pad.
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4.3 Results and Discussion

4.3.1 Matrix screening and optimisation studies

Experiments were conducted to measure the breakthrough volume under a range of conditions 

to identify which matrix would be appropriate for large-scale HGMS trials. Three types of 

matrices were evaluated, a paramagnetic and ferromagnetic knitted mesh and a ferromagnetic 

woven pad. All tests were carried out using the amine terminated magnetic supports at a 

concentration of 5 mg mL’  ̂ (the likely level at which the particles would be recovered from a 

batch adsorption using HGMS).

The build up and breakthrough of magnetic particles from the bed was typical of standard 

absorbents/filters in chromatography columns. Particles first collected on the matrix at the inlet 

of the canister and moved slowly along the bed. Breakthrough occurred once the particle front 

had progressed by ~ 90 % of the length of the canister. As the adsorbents were visible through 

the Perspex walls as a black particulate suspension, it was possible to visually detect 

breakthrough. During a typical run the initial suspension leaving the canister contained no 

particles. This was followed by a sharp breakthrough of adsorbents and a rapid increase until 

the adsorbent concentration at the inlet was similar to the outlet (Figure 4-5).

0.8

0.6

0.4

0.2

0.0 »
0 300100 150 200 25050

V d u n n e  (m L )

Figure 4-5 A typical breakthrough profile o f magnetic adsorbents during HGMS.

Amine terminated particles (5 mg mU') were captured at a linear flowrate o f 2.5 m h'‘and 1 T field, using 

the paramagnetic matrix.
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4.3.2 Paramagnetic Knitmesh matrix

The first matrix to be evaluated was the paramagnetic Knitmesh. Figure 4-6a shows the 

breakthrough isotherms of the matrix, at field strengths of up to 1 T and when 

processing the slurry at linear velocities of ~ 2.5, 5 and 10 m h '\  Maximum particle 

capture of ~ 0.56 g was achieved at a velocity of 2.5 m h'  ̂using a 1 T field. However, 

increasing the field above 0.4 T only had a marginal effect in terms of particle recovery. 

Like most adsorption techniques, there were two modes of operation, on the basis of 

productivity or yield. Figure 4-7 shows the variation in yield and productivity with 

linear flowrate for the paramagnetic matrix under maximum particle capture conditions 

(i.e. 2.5 m h'  ̂ and IT). Also shown in the same figure are profiles for the ferromagnetic 

Knitmesh and woven pad. These matrices will be discussed in later sections (4.3.3 and 

4.3.4). When loading at low linear flowrates using the paramagnetic Knitmesh, yield 

capacity was maximised (0.56 g), but the productivity was low (1.8 mg s'^) with respect 

to particle capture at high linear flowrates (> 5 m h'^). An increase in linear velocity to 

10 m h '\  translated into an 4.7 fold increase in productivity to 8.5 mg s '\  but the yield 

fell by 46 % to 0.3 g. Which strategy is chosen, (yield or productivity) depends upon a 

number of factors including, processing time, downtime between cycles, and the 

economics of the process.

After breakthrough, the supports were flushed from the canister at 10 m h'  ̂ (Figure 4- 

6g). A maximum recovery of 40 % was achieved when particle recovery was carried out 

at the highest linear flowrate (10 m h'^) and lowest magnetic field (0.1 T). Such 

conditions ensured that the supports were evenly dispersed throughout the bed and there 

were no regions of high particle density. In theory, all of the supports should have been 

released because the magnetisation of the matrix was poor (Table 4-1). However, due to 

the physical orientation of the Knitmesh matrix (wrapped up tightly in a roll), flow 

channels through the bed were severely restricted. Therefore, the natural filtration ability 

of the bed was high and a large proportion of particles were physically retained (Figure 

4-8a). Light agitation was sufficient to release the remaining particles.

4.3.3 Ferromagnetic Knitmesh matrix

As expected, an improvement in performance was obtained using the ferromagnetic 

matrix of the same dimensions as the paramagnetic material (Table 4-1). Maximum 

particle capture of 2.0 g was achieved when utilising a linear flowrate of 2.5 m h'  ̂ and a
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magnetic field of 1 T. In practice there was no benefit in using an applied field in excess 

of 0.2 T (Figure 4-6b). The suspension flow was found to decrease markedly towards 

the end of the loading phase, as the canister became full. After dismantling the canister 

and thoroughly examining the bed, it was found that the inlet portion of the matrix was 

severely blocked. A significant percentage (50 %) of the holes of the distribution plate 

were also densely packed with magnetic supports. Unchecked, particle build up of this 

form can disrupt the flow distribution within the bed, increasing the possibility of 

channelling and premature breakthrough. At high flow rates the matrix was less prone to 

blockages, although, there still was some particle settling (< 20 %) within the 

distribution plate. As with the paramagnetic Knitmesh, there was a trade off between 

productivity and yield (Figure 4-7). Between 2.5-5 m h '\  a fall in yield capacity was 

compensated by an increase in productivity. When the linear flowrate was increased 

further, from 5 to 10 m h '\  the yield remained constant even though the productivity 

went up by 3 fold. Therefore, if loading was operated on the basis of productivity, a 

linear flowrate of at least 10 m h'  ̂ could be used without suffering a significant loss in 

yield. It is difficult to say whether the yield and productivity would follow the same 

pattern if particle capture was attempted at linear velocities above 10 m h '\  This was 

because the flow through the canister was becoming increasingly unstable due to the 

pulsating feed generated by the peristaltic pump. Changing to a displacement pump may 

have solved this problem.

Less than 5 % of the particles were recovered using passive flushing techniques, 

irrespective of the linear flowrate or field strength used for particle capture (Figure 4- 

6h). An inspection of the matrix after flushing revealed areas of high particle build up 

particularly at the inlet. As with the paramagnetic matrix, the packing orientation 

resulted in a significant proportion of the particles being physically retained (Figure 4- 

8a). This problem was compounded due to particle retention as a result of the residual 

magnetisation of the matrix at zero field (see Table 4-1 and Figure 4-3b). Agitation 

released the remainder of the particles with varying degrees of success. Between 0.1-0.2 

T moderate to hard agitation was required. At field strengths exceeding 0.2 T, hard 

agitation was required. It was also evident that a small proportion (~ 20 %) of these 

eluted supports were aggregated when viewed to the naked eye. This was surprising 

given the superparamagnetic nature of the particle, but can be explained by the length of
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time the supports were exposed to a saturating magnetic field and the ‘sticky’ nature of 

the outer silane coat.

4.3.4 Ferromagnetic woven pad

The third type of matrix assessed was a ferromagnetic woven pad as frequently used in 

industrial HGMS devices. Maximum particle capture of ~ 3.25 g at IT and 2.5 m h'̂  

(Figure 4-6c) was over 40 % greater than using the ferromagnetic Knitmesh (2.0 g), and 

over 600 % greater than the paramagnetic Knitmesh (0.56 g). A field strength of 0.1 T was 

sufficient to recover the majority of the particles from the suspension. This was lower than 

for the ferromagnetic knitted mesh (0.2 T), and at this stage the canister capacity was also 

100 % higher (1.5 g). Unlike the knitted material, the fibres of the woven pad were needle 

punched to form a semi rigid structure. When packed and compressed into the canister, the 

matrix formed a uniform structure, which improved the flow distribution through the bed. 

This reduced channelling to the same extent as the knitted material. As with the Knitmesh 

matrix (ferromagnetic), the suspension flow started to decrease as the canister became full, 

but this was limited to processing slurry at low linear flowrates (< 5 m h *). This was caused 

by particle settling within the distribution plate rather than blockages in the bed. These 

restrictions were eliminated by transferring the slurry at higher linear velocities (> 5 m h‘*).

Like the ferromagnetic Knitmesh, the residual magnetism of the woven pads at zero field 

was high (Table 4-1), although the flushing characteristics were not as poor (Figure 4-5i). 

This was almost entirely due to the open orientation and construction of the matrix (Figure 

4-8b). Varying degrees of agitation were required to release the remainder of the particles. 

Up to 0.2 T, weak agitation was required, between 0.2-0.4 T, moderate agitation was 

required, and moderate-hard agitation was used above 0.4 T. In order to allow for easier 

flushing, the external field can be restricted to 0.2 T (or lower). Under such conditions, the 

influence of the linear flowrate on yield becomes more pronounced, when compared to 

particle capture at 1 T (Figure 4-7). In particular, there was a more dramatic fall in yield 

capacity at high linear velocities (5-10 m h ').

The paramagnetic Knitmesh matrix clearly had superior flushing characteristics. However, 

the yield capacity was far too low and would require a number of cycles of loading and 

flushing to process the same amount of material as the ferromagnetic matrices. Of the two 

ferromagnetic matrices tested, the woven mesh outperformed the knitted mesh in all aspects 

and was chosen for all future HGMS trials.
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Figure 4-6 Performance o f expanded metal and wool matrices in HGMS trials.

Fig. 4-6a, b and c show the particle capture to breakthrough at linear flowrates o f 2.5 m h ' (^),  5 m h ‘ ( * )  and 10 m h'̂  ( ^ ). Fig. 4.6d, e and f  show the time taken to achieve 

breakthrough and Fig. 4-6g, h and i show the fraction o f particles eluted by passive flushing only. This was followed by agitation fo r  complete recovery.
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Figure 4-7
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Variations in yield and productivity with respect to linear flowrate fo r particle capture 

using paramagnetic and ferromagnetic matrices.

The yield capacity of the paramagnetic Knitmesh (^),  ferromagnetic Knitmesh (^ )  and ferromagnetic 

woven pad (^ )  were obtained from Figure 4-5 (a, b and c respectively) at 1 T, and at 0.2 T for the 

ferromagnetic woven pad  f ̂  j. Productivity was calculated by dividing the yield capacity with the time 

taken to achieve breakthrough from Figure 4-5 (d, e and f) fo r  the paramagnetic Knitmesh (O),  

ferromagnetic Knitmesh (O ) and ferromagnetic woven pad (^ )  at IT, and at 0.2 T fo r the ferromagnetic 

woven pad  fVj. Yield becomes more sensitive to changes in linear flowrate when particle capture was 

carried out at 0.2 T ) compared to 1 T ( using the ferromagnetic woven pad.

9 4
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Inlet

Construction and orientation o f the Knitmesh and woven pad matrices.

(a) Top diagram shows the configuration o f the Knitmesh material when it is inserted into the canister. 

Flow through the matrix and physical particle entrapment was high due to the lack of clear flow  

channels. When using the ferromagnetic Knitmesh material, particle retention was even greater due to 

the residual magnetisation o f the matrix, (b) The bottom diagram shows the woven pad matrix. The pads 

were stacked upon one another and compressed inside the canister. Flow through the bed was easier due 

to open flow  channels, and physical particle retention was not as high as the ferromagnetic Knitmesh 

matrix.
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4.3.5 Effect of viscosity and solid matter on particle capture using the 

ferromagnetic Knitmesh matrix.

Homogenised yeast (1-20 %) was used to evaluate the effect of viscosity and solid 

matter on the capture and flushing characteristics using the ferromagnetic woven pad 

matrix (Figure 4-9). The build up and breakthrough of particles from the bed was clearly 

visible through the canister despite the opaque colour of the feed. As expected, particle 

capture was dependent upon the concentration of homogenised yeast. A ~ 27 % fall in 

capacity was recorded when processing 20 % yeast homogenate at a linear velocity of

2.5 m h'  ̂ and 0.6 T field (maximum particle capture conditions), when compared to 

particle recovery in water alone (Figure 4-9a). At higher velocities the reduction was 

more severe, with a 40 % and 70 % fall in particle capture at linear flowrates of 5 m h'̂  

and 10 m h'  ̂ respectively (at 0.6 T field; Figure 4-9b and 9c). Breakthrough times were 

also reduced in proportion (Figure 4-9d, 9e and 9f). Blockages in the distribution plate 

were minimal and limited to feeds transferred at a low linear flowrate (2.5 m h’’) 

through the bed, and when the percentage homogenate was low (0-5 %).

The reduction in capacity associated with processing high concentrations of yeast 

homogenate had a beneficial effect on the flushing characteristics (Figure 4-9g, 9h and 

9i). This was because of the solid components in the homogenate acting as a barrier 

between magnetic particles and the matrix during capture, and helped to explain the low 

matrix capacity. By increasing the distance between the particles and wires, the solid 

fragments reduced the interaction between neighbouring particles, and particles and 

wires, which prevented large aggregates from forming. This improved the passage of the 

magnetic supports through the bed and allowed for easier flushing when the applied 

field was deactivated. The remaining particles were easily dislodged by applying light 

agitation at low field strengths (< 0.2 T), and moderate agitation at medium to high field 

strengths (> 0.2 T).
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Figure 4-9 The effect o f yeast homogenate concentration on particle capture using the ferromagnetic woven pad matrix.

Amine terminated particle (5 mg mL^) were captured in water f ■ j, 1 % yeast ( •  j, 5 % yeast (^),  1 0 % yeast ('^ ) and 20 % yeast (^ )  homogenates. Figure 4-9a, b and c illustrates 

the profiles o f particle capture until breakthrough. Figures 4-9d, e and f  show the time taken until breakthrough and Figures 4-9g, h and I show the particle recovery using passive 

flushing. Agitation was applied to remove the remaining particles.
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4.4 Conclusion

Although, the use of a paramagnetic matrix clearly had superior passive flushing 

characteristics, the loading capacity was up to 80 % lower. This would require 

significantly more cycles of loading and flushing to process the same amount of material 

compared to the ferromagnetic matrices, a process that was laborious given that 

automation was minimal. The use of ferromagnetic matrices to release magnetic 

particles was also far from ideal. Agitation was required to release the majority of the 

particles trapped within the canister. On scale-up agitation becomes difficult, requiring 

complicated ancillary equipment leading to higher costs. Alternatives are available such 

as the use of coils that vibrate upon introduction of a sinusoidal wave alternating current 

or reciprocating canisters, one is loaded while the other one is flushed (Riley and 

Hocking, 1981). However, these devices increase the complexity of the system and 

reduce the appeal of using HGMS. Of the two ferromagnetic matrices tested, the woven 

mesh outperformed the knitted material in all aspects and was chosen for all future 

HGMS trials.

A number of conclusions can be drawn to aid particle capture and elution during 

HGMS. First, it is beneficial to determine the trade off point between productivity and 

yield. Second, maximum particle capacity has to be sacrificed for ease of elution. Given 

that agitation is inevitable during elution, the issue is how to reduce the intensity and 

duration. Using the lowest possible magnetic field strength (< 0.2 T) will reduce the 

exposure of the particles to high field gradients and the residual magnetisation of the 

matrix. Also, a linear flowrate of no less than 5 m h'  ̂ should be used to prevent a high 

packing density and to increase productivity. This would be at the expense of yield. 

Third, a reduction in capacity when seeking recovery from high percentage homogenate 

is not necessarily a disadvantage given that flushing becomes easier.

The next chapter describes the preparation of dye adsorbents from the amine terminated 

magnetic particles and their subsequent use in recovering dehydrogenase enzymes from 

yeast homogenate. Large scale recovery of dye adsorbents using HGMS is also 

described.
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5. Recovery of dehydrogenase enzymes using magnetic dye adsorbents

5.1 Introduction

There is an incentive to introduce affinity separation techniques earlier in downstream 

processing due to their superior selectivity and recovery capabilities. Most affinity 

separations tend to occur in columns of packed adsorbents which are not effective at 

handling feedstocks containing cellular debris and fouling substances (Hearle, 1997). 

Severe operational difficulties arise as a result of particulate matter settling within the 

voids of the adsorbent bed. This leads to the formation of a ‘mat’ or ‘plug’ of solid 

materials at the inlet of the column which increases the pressure drop across the bed and 

reduces throughput. Attempts have been made to circumvent these limitations. Progress 

has been made in areas such as fluidisation with the development of expanded bed 

adsorption (Johansson et al, 1996; McCreath et al, 1985). However, even here porous 

supports are prone to fouling in crude protein liquors and are subsequently difficult to 

regenerate (Munro et al, 1977; Eveleigh, 1978; Hailing and Dunnill, 1979, 1979a, 

1980). There is evidence to suggest that non-porous matrices are more resistant to 

fouling and easier to clean once fouled. These matrices are therefore potentially more 

compatible with particulate and foulant feedstreams (Munro et al, 1977; Hailing and 

Dunnill, 1979, 1980). However, in order to obtain a comparable surface area to typical 

porous supports for ligand immobilisation, the dimensions of a non-porous particle have 

to be very much smaller, and their separation from cell debris again presents a problem.

Magnetic separation allows the recovery of such small particles in the presence of 

biological solids. Early work on protein purification using magnetic adsorbents was 

examined by Dunnill and Lilly (1974), and by Robinson et a l (1973), in the field of 

enzyme immobilisation. Since then the majority of published work has focused on 

immobilised enzymes and cell sorting applications (Hailing and Dunnill, 1980; Kronick 

and Gilpin, 1986; Sonti and Bose, 1993). Relatively little has been published on protein 

purification using magnetic affinity adsorbents and the majority of this work has 

involved porous magnetic adsorbents (Dunnill and Lilly, 1974; Ennis and Wisdom, 

1991; Mosbach and Anderson, 1977; Whitesides et al, 1983). The application of 

magnetic adsorbents was further discouraged by the lack of suitable generic ligands. 

Classical ligands such as antibodies and lectins were not attractive on a large scale due 

to their low binding capacities on immobilisation and their poor stability upon
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regeneration. In contrast, the use of large scale pseudo or general affinity ligands, such 

as immobilised metal chelates and synthetic dyes is becoming increasingly popular 

given that they are stable, inexpensive, reusable, have a large capacity, and their 

preparation is relatively easy to scale-up. In addition some of these ligands can tolerate 

sterilisation which is important in pharmaceutical use.

Recent work in the department of Biochemical engineering at UCL, has shown that 

magnetic particle based affinity supports are an attractive option for eliminating steps in 

downstream processing (O’Brien et al, 1994; 1996; Morgan, 1996). To date the work 

has been mainly on a small scale and has involved preparation of magnetic dyes and 

metal chelates. More recently, studies on pilot scale high gradient magnetic separation 

have also begun.

The aim of this chapter is to describe the manufacture of magnetic dye affinity supports, 

and the subsequent use of these adsorbents in recovering dehydrogenase enzymes from 

yeast homogenate. The starting material for the preparation of the dye adsorbents was 

the amine terminated superparamagnetic iron oxide particles as described in chapter 3.0. 

The binding capacity, elution conditions, the kinetics of the adsorption, and the 

regeneration conditions were investigated on an analytical scale before pilot scale 

preparative trials were attempted using HGMS.
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5.2 Experimental Procedure

Immobilised magnetic dye particles were prepared in four stages starting with the amine 

terminated particles (described in detail in section 3.2). A schematic diagram of the 

preparation of these adsorbents is shown in Figure 5-1.

Step 1 - Polyglutaraldehyde coating

Polyglutaraldehyde was grafted onto the silane coated particles by a method of Hailing 

and Dunnill (1979), and O’Brien (1996). Amine terminated magnetic support particles 

(final particle concentration 5.7 mg mL'^) were added to glutaraldehyde (2 %) and 

stirred using an overhead mixer. The pH of the slurry was rapidly adjusted and 

maintained at pH 11 by the addition of 1 M NaOH for a period of 60 min. The 

polyglutar aldehyde coated particles were magnetically recovered and washed 

extensively with copious amounts of water by cycles of settling, separation and re

suspension until no glutaraldehyde was detected (by Tollens reagent, as described in 

section 2.6), followed by 1 L of 1 M NaCl and 2 L of water.

Step 2 - Epichlorohydrin activation

An adaptation of the method reported by Scoble and Scopes (1996) for Sepharose 

supports was used to couple epichlorohydrin to the polyglutaraldehyde coated particles. 

To the support particle (10 g), 10 mL of epichlorohydrin, 40 mL of 5 M NaOH and 

0.286 g of sodium hydrogen tetraborate (NaBH4) were added and mixed using a bottle 

mixer (Reax 2, Heidolph, Germany) for a period of 3 h at room temperature. The final 

reactant concentrations were - 25 mg mL'^ particle concentration, 25 |iL mL'  ̂

epichlorohydrin, 0.5 M NaOH and 0.67 mg mL'^ NaBH4 . The epichlorohydrin activated 

particles were magnetically recovered and washed with eight 1 L volumes of water and 

two 1 L volumes of 20 mM KH2PO4 (pH 6 .8 ) in 1 M NaCl.

Step 3 - Amine capping.

The epoxide activated supports were magnetically recovered and re-suspended in 200 

mL of distilled water. To the supports, 160 mL of 17.5 % ammonium hydroxide (pH 11) 

was added followed by 240 mL of distilled water, (the final ammonium concentration 

was 7 % v/v) and agitated on a bottle mixer for 15 h at room temperature. Excess 

ammonium was removed by extensive washing with distilled water.
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Step  4  - D ye  cou p lin g

To the ammonium activated support particles (25 mg mL'*), Cibacron Blue F3G-A (30 

mM) was added followed by NaaCOs (0.5 M, pH 9.5) The dye mixture was agitated on a 

bottle mixer for 12 h at room temperature. The particles were magnetically recovered 

and sequentially washed in water, 1 M NaCl in 25 % ethanol, water, 1 M NaCl in 0.2 M 

KH2PO4 (pH 7) and distilled water by cycles of magnetic recovery, mixing and re

suspension. The dye coated particles were stored in 0.2 M KH2PO4 (pH 7) at 4 °C until 

required. Typically, the dye density was in the region of 50 pmol g'*.
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Figure 5-1 Scheme for preparation of non-porous magnetic dye adsorbents.
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5.2.1 Binding studies using dye adsorbents

For adsorption isotherms, lactate (LDH), malate (MDH) and alcohol (ADH) 

dehydrogenases ( -  0-15 |xM) were prepared in binding buffer (50 mM Tris-HCl, pH

6.5). Approximately 2 mg of magnetic dye adsorbents were added to 1 mL aliquots of 

enzyme (-0-15 |liM) and incubated for 2 h at 5 °C on a vibrating shaker (IKA VXRS17, 

Janke & Kunkel GmbH, Germany). The supports were magnetically recovered and the 

supernatant assayed for remaining enzyme and protein (as described in Section 2.6). 

Elution isotherms were obtained by adsorption of LDH (Co = 2 |iM, the amount of 

enzyme required to saturate the adsorbents, C%at) with 2 mg of dye particles. The loaded 

supports were washed with binding buffer and the enzyme eluted by incubating twice in 

0.1-2 M NaCl (50 mM Tris-HCl, pH 6.5) followed by 1 % PEI (50 mM Tris-HCl, pH

6.5) for 20 min on a vibrating shaker at 5 °C. After each wash, the supports were 

magnetically separated and the supernatant assayed for enzyme and protein. For binding 

kinetics, several dye adsorbent preparations (2 mg) were incubated with the enzyme (Co 

= 2 |iM, LDH; Co = 3|iM, MDH). At regular intervals the magnetic supports were 

recovered and the supernatant assayed for enzyme activity and protein content.

5.2.2 Recovery and elution of dehydrogenase enzymes using dye adsorbents

Bakers yeast (5 % w/v) resuspended in binding buffer (50 mM Tris-HCl, pH 6.5) was 

homogenised (Gaulin Micron Lab 40 homogeniser, Lubeck, Germany) at 1200 bars (2 

passes). The solid components were removed by centrifugation (Beckman Instruments, 

High Wycombe, UK) at 10,000 g for 10 min in order to obtain a clarified liquor. LDH 

(final concentration 2 |LiM) was added to a 1 mL sample of homogenate (2 % w/v) and 

well mixed. All solutions were kept on ice or stored at 4 °C until required, and all 

dilutions were carried out in binding buffer. The dye adsorbents were washed twice in 

binding buffer and resuspended at 4 mg m L'\ Equal volumes (0.5 mL) of the dye 

adsorbents and yeast homogenate were transferred into a third eppendorf (1 mL), sealed 

and mixed on a vibrating shaker for 2 h at 5 °C. Control samples were prepared with no 

dye adsorbent, with the volume made up by the binding buffer. After incubation, the 

adsorbents were magnetically separated and the supernatant stored on ice. This was 

subsequently analysed for LDH, MDH and protein content. The loaded adsorbents were 

sequentially washed in binding buffer (0.5 mL) to remove unbound or loosely bound 

protein followed by the elution buffer, 2 M NaCl (50 mM Tris-HCl pH 6.5; 0.5 mL). 

The fractions were stored on ice and analysed for enzyme and protein content. Spent
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supports were regenerated by incubating with 0.5 mL of 5 M Urea in 0.5 M NaOH for a 

period of 5 min on a vibrating shaker. Typically three cycles were carried out before the 

adsorbents were washed with 0.1 M KH2PO4 (containing 0.1 % sodium azide) and 

stored at 5 °C.

5.2.3 Recovery of dehydrogenases from yeast homogenate (1-20 % w/v)

Recovery of LDH in yeast homogenate (1-20 % w/v) was undertaken in a similar 

manner as before (section 5.2.1). Packed bakers yeast (40 % w/v) in binding buffer (50 

mM Tris-HCl, pH 6.5) was homogenised at 1200 bars (2 passes). Solid components 

were removed by centrifugation at 10,000 g for 10 min to obtain a clarified lysate. A 

range of concentrations (2, 4, 10, 20 and 40 % w/v) of clarified and unclarified yeast 

homogenate were prepared by diluting the stock solution with binding buffer. LDH 

(final concentration of 2 |iM) was added to 1 mL of each sample and mixed by 

vortexing. The dye adsorbents were washed twice in binding buffer and resuspended at 

4 mg m L'\ Equal volumes (0.5 mL) of the dye adsorbents and yeast sample were 

transferred into a third eppendorf (1 mL), sealed and mixed on a vibrating shaker for 2 h 

at 5 °C. After incubation, the adsorbents were magnetically recovered and the 

supernatant aspirated and analysed for LDH, MDH and protein content.

5.2.4 Preparative scale recovery of dehydrogenase enzymes using HGMS

A cell suspension comprising of 5 % (w/v) packed bakers yeast in 50 mM Tris-HCl (pH

6.5) was homogenised at 1200 bar (2 passes), and stored at 5 °C. LDH (final 

concentration of 1 pM) was added to a 1 % dilution of the homogenate (1 L) and well 

mixed using an overhead stirrer for a period of 10 min. Approximately 1.7 g of dye 

affinity particles were then added to the homogenate and mixed for a further 30 min. 

The canister and ancillary lines of the HGMS system were primed with running buffer, 

50 mM Tris-HCl (pH 6.5), and entrapped air bubbles were removed by applying gentle 

agitation. The magnetic field was set at 0.1 T with the aid of a portable gaussmeter 700. 

The suspension was transferred to the canister against gravity at a linear flowrate of 5 m 

h'  ̂ (4 L h'^) using a peristaltic pump. Samples were collected at regular intervals using a 

fraction collector. Loading was halted when particle breakthrough was visually 

observed. The trapped adsorbents were sequentially washed in buffer (50 mM Tris-HCl, 

pH 6.5) and elution reagent (2 M NaCl, 50 mM Tris-HCl, pH 6.5). To improve 

clarification and desorption efficiencies, each eluant was loaded and recycled with the
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adsorbents in an independent recycle loop (see section 5.3.8 for further details). 

Following elution, the electromagnet was deactivated and the magnetic adsorbents were 

flushed from the canister at 10 m h'  ̂ (8 L h'^) using agitation to dislodge the dye 

adsorbents. The canister was dismantled and the matrix was thoroughly washed to 

remove any physically entrapped support particles. The residual magnetic adsorbents 

were pooled together and a batch elution step was performed using elution reagent to 

ensure maximum recovery of the target molecule. The samples were assayed for LDH, 

MDH protein and magnetic adsorbent content as described in section 2.6.
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5.3 Results and Discussion

5.3.1 Equilibrium adsorption isotherms

A series of batch experiments were carried out to determine the binding capacity and 

affinity of adsorption of several dehydrogenases for the dye supports. The recovery of 

purified enzymes was first attempted in binding buffer, before a complex system 

containing contaminating proteins and solid fouling components (such as lipids, 

colloidal matter, cellular debris etc.) was investigated. A quantitative assessment of the 

results was obtained by fitting the data to the Langmuir isotherm (Equation 1-4).

Where Qmax and kj are the maximum capacity and the dissociation constant of the 

adsorption interactions respectively.

The test proteins were LDH, MDH and ADH which are known to bind to Cibacron Blue 

F3G-A (Boyer & Hsu, 1993). Equilibrium adsorption isotherms for these enzymes are 

plotted in Figure 5-2a. The lines represent best fits in accordance with the simple 

Langmuir model, where Q* is the amount of protein adsorbed per gram of support at 

equilibrium, and C is the free enzyme concentration at equilibrium. The amount of 

enzyme needed to saturate the dye adsorbents (C *sat) for LDH, MDH and ADH were ~2 

|iM, ~3 |xM and ~4 pM respectively. The Scatchard plot (Scatchard, 1949), confirmed 

that the binding of protein to the adsorbents was adequately represented by the simple 

Langmuir model (Figure 5-2b).
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Figure 5-2 Adsorption isotherm (a) and scatchard plot (b) binding o f LDH, MDH and ADH to

magnetic dye particles.

Magnetic dye adsorbents were separately mixed with various concentrations (0-15 fM ) o f lactate ('■j, 

malate (^ )  and alcohol f •  j dehydrogenases fo r 2 h at 5 °C. Uptake (Q*) o f enzyme was calculated as the 

difference between initial (Co) and equilibrium concentrations (C*) o f enzyme per gram o f magnetic dye 

adsorbent. Figure 5-2a shows that the amount o f LDH, MDH and ADH required to saturate the 

adsorbents (C*) were ~2/jM, 3juM and 4jjM respectively. Figure 5-2b confirms that the binding confers to 

Langmuir’s adsorption theorem.
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Langmuir constants Qmax and kj derived from Figure 5-2a and 5-2b are summarised in 

Table 5-1. Qmax was highest for LDH followed by MDH and ADH at 123 mg g"\ 120 mg g" 

' and 110 mg g'̂  respectively. Adsorption was significantly stronger for LDH than either 

MDH or ADH as indicated by the lower value for the kj (0.08 |iM versus 0.15 |xM and 1.2 

pM respectively). This in turn was reflected in the tightness of binding, which is given by 

the initial slope of the adsorption isotherm (i.e. Qmax kj'^). Binding was 2 fold greater for 

LDH than MDH and more than 17 fold greater than ADH. The high affinity of Cibacron 

Blue for LDH and MDH has been well documented (Boyer & Hsu, 1993). Reported values 

for the dissociation constants of blue dyes for pig heart lactate dehydrogenase varied from 

0.1-7.2 pM (Clonis and Lowe, 1980). Similar binding and purification parameters were 

observed for malate dehydrogenase (O’Carra, 1981). The difference in affinity of Cibacron 

Blue for the various enzymes is dependent upon the protein-ligand interaction. Cibacron 

Blue has been reported to bind to a structure occurring in LDH and MDH (and in some 

kinases) known as the dinucleotide binding fold. This area consists mainly of hydrophobic 

amino acids, therefore providing a hydrophobic pocket where the nucleotide binding site is 

located (Thompson et al, 1975). Circular dichroism studies have shown that Cibacron Blue 

F3G-A is able to insert aromatic rings into these pockets, which provides some specificity 

(Edwards & Woody, 1979). In contrast, the affinity of Cibacron Blue for ADH was poor, 

with association constants reported to be in the lower range of utilisable binding strengths 

(Mattiasson and Ling, 1986). The binding of ADH to Cibacron Blue F3G-A differs from 

that of LDH and MDH as it does not bind to the dinucleotide fold of this enzyme (Bielmann 

et a/., 1979). This was considered to be a special case of specific enzyme-dye interaction, 

the dye imitates the adenosine moiety and not the whole nucleotide. This leads to a weaker 

interaction between the enzyme and dye. Further investigation using ADH was therefore 

dropped from the study at this stage due to its weaker binding.

Table 5-1 Adsorption equilibrium characteristics fo r dehydrogenase recovery using

magnetic dye adsorbents.

Adsorption isotherms were obtained for LDH, MDH and ADH in binding buffer as described in the text 
and shown in Figure 5-2. The data was fitted to the Langmuir adsorption isotherm of the form o f Eqn. (1- 
4) and the parameters for the maximum capacity o f the adsorbent, and the dissociation constant of
the adsorbent-protein complex determined. ________________________ _____________________________

Langmuir constants LDH M DH ADH

Qmax (mgg-') Ï23 Ï2Ô ÏÏÔ

kd(pM ) 0.08 0.15 1.20

Initial slope (Q^ax kd‘‘) 1618 837 92
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5.3.2 Binding kinetics

In any system it is important to examine the binding kinetics and the concentration of 

support required to achieve a high level of enzyme adsorption from the bulk phase. In 

separate experiments, the dye supports (2 mg) were incubated with 2 |iM of LDH and 3 

|0,M of MDH, the amount of enzyme required to saturate the dye adsorbents (C*sat; 

Figure 5-3). In both cases, equilibrium binding was achieved within minutes. Such rapid 

binding kinetics confirmed that the adsorbents were behaving as non-porous supports, 

thus avoiding typical problems associated with porous particles such as diffusional 

limitations and poor transmission through pores. The working capacity of dye adsorbent 

for LDH and MDH under the conditions of these experiments was near the maximum 

capacity of the supports, at -125 mg g'̂  and 100 mg g"' respectively.
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Figure 5-3
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Batch uptake profiles o f LDH and MDH from binding buffer using magnetic dye 

adsorbents.

LDH ( • )  and MDH (■ ) were contacted with dye adsorbents and recovered over a period o f 2 h. The 

insert shows the binding capacity of the dye adsorbents for LDH and MDH at equilibrium.
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5.3.3 Elution isotherms

Elution isotherms were obtained by using LDH as the test enzyme. LDH was recovered 

from the dye adsorbents by desorption using NaCl and polyethylenimine (PEI). PEI is an 

ionic polymer that has been shown to form very strong interactions with Cibacron Blue 

F3G-A (Galaev and Mattiason, 1994). The interaction between the dye and polymer is 

stronger than that for the dye and enzyme. Therefore, the strength of the dye protein 

interaction can be exploited for the displacement of protein bound to the matrix. Galaev 

et al, (1995), found that PEI was more efficient than 1.5 M KCl for the elution of LDH 

(from porcine muscle extract) from a Blue Sepharose column.

Batch elution steps were employed to determine the optimum removal conditions. Five 

washes were used in total, the first two washes were with the binding buffer (50 mM 

Tris-HCl, pH 6.5), the next two with 0-2 M NaCl (50 mM Tris-HCl, pH 6.5), and the 

final wash to remove any remaining protein was with 1 % PEI (50 mM Tris-HCl, pH

6.5). Table 5-2 illustrates the enzyme eluted at each stage. Enzyme elution was 

negligible in the first two washes using the binding buffer. LDH elution using NaCl was 

gradual and dependent upon the ionic strength of the elution buffer, with maximum 

enzyme release of 59 % achieved using 2 M NaCl (50 mM Tris-HCl, pH 6.5). However, 

there was no clear breakthrough curve. With 1% PEI the total amount of enzyme eluted 

increased to between 80-93 %.

The relatively poor elution by the two salt washes can be attributed to the strong 

interaction between LDH and dye support, as indicated by the low dissociation constant 

(kd). Higher enzyme recovery would have been possible by employing affinity elution 

techniques to specifically interact with the desired protein. Nucleotide cofactors such as 

NADH, NAD" ,̂ ATP, and AMP have all been reported to specifically elute 

dehydrogenases (and other proteins such as kinases) from immobilised Cibacron Blue 

F3G-A (and other reactive dyes). However, any increase in elution efficiency in terms of 

increased yield and protein purification has to take into account the considerably higher 

cost and lability of the biospecific eluant (Pearson et al, 1986). A more economical 

option would be to use a lower concentration of the substrate analogue in combination 

with a salt elution buffer (Scopes, 1982).
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Table 5-2 Recovery of LDH from dye adsorbents using NaCl and PEL

After batch adsorption, the loaded samples were washed sequentially with binding buffer (50 mM Tris- 
HCl, pH 6.5; wash 1 and 2), then twice with NaCl elution buffer (wash 3 and 4) and finally with 1% PEI

Elution Buffer 

NaCl 

(M)

Bound

(mg)

xlO^

Unbound

(mg)

xlO'^

Wash 3 

(mg) 

xlO^

Wash 4 

(mg) 

xlO'^

Wash 5 

(mg) 

xlO'^

Overall Recovery 

(%)

0.1 272 14 7 6 200 80

0.2 266 20 16 15 190 85

0.4 264 22 35 25 161 85

0.6 267 19 56 33 138 87

0.8 266 21 73 35 112 85

1.0 267 19 78 38 114 88

1.25 270 16 84 63 101 93

1.5 266 20 87 58 84 88

2.0 272 14 100 60 54 81

Footnote: LDH recovery in first two washes using binding buffer (50 mM Tris-HCl, pH 6.5) was negligible.

5.3.4 Effects of dye support and LDH concentration on adsorption behaviour

The results of batch binding experiments in which both the dye adsorbent and LDH 

input concentrations were varied systematically are presented in Figure 5-4. The particle 

concentrations required to adsorb 50 % of the enzyme present at initial concentrations of 

2, 4 and 8 |xM were estimated as 0.8, 1.7, and 2.1 mg m L '\ while near complete 

removal (i.e. > 95 %) of LDH from solution required particle concentrations in excess of 

2, 9 and 18 mg mL'^ respectively. At low adsorbent to LDH concentration ratios the 

measured binding capacities far exceeded those expected for complete monolayer 

coverage (estimated at 100-200 mg LDH g'^) and were indicative of multilayer 

adsorption. For example, at particle concentrations of 0.2 mg mL*̂  and 0.5 mg mL * and 

an input LDH concentration of 8 |iM, the binding capacities were 1250 mg g'̂  and 750 

mg g'  ̂ respectively^ (Figure 5-4). At particle concentrations in excess of 2 mg mL'* the 

binding capacities at all three LDH input concentrations tested (2, 4 & 8 |xM) were 

consistent with monolayer binding.

 ̂ It is unlikely tht the determined capacities are artefacts (for example, due to inaccuracies in measuring 
low particle concentrations) because similar findings have been noted for 4 other magnetic particle based 
affinity separation systems, employing the same basic support structure but functionalised with different 
small synthetic ligands, (personal communication Owen R.T.Thomas, to be published).
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Ejfect o f concentration o f dye adsorbents upon uptake o f LDH.

2 jjM  (Oj, 4 pM  and 8 fiM (Oj o f LDH in 50 mM Tris buffer (pH 6.5) was contacted with dye 

adsorbents (0-18 mg mL'') for one hour, before free enzyme levels were measured (C*). The insert shows 

the binding capacity (Q*) o f the adsorbents at different particle loadings. Binding capacity at low particle 

concentrations was indicative o f multilayer adsorption.

5.3.5 Recovery of LDH in yeast homogenate

The next series of experiments focused on recovering dehydrogenase enzymes from 

crude samples of yeast homogenate. Initial studies undertaken by Pannu (1995) had 

shown that the recovery of endogenous dehydrogenases from unclarified yeast 

homogenate was unsatisfactory. Pannu (1995) speculated that this may have been due to 

the poor performance of the dye coated adsorbents in a real system. The affinity of ADH 

for the dye ligand in the yeast homogenate was found to be low. MDH and LDH 

exhibited a higher affinity for Cibacron Blue dye but were present in low concentrations, 

therefore the true potential of the support under the fouling conditions could not be 

determined.

In this experiment, it was decided to add LDH to the yeast suspension in order to 

recover a sufficient amount of specific protein using the dye adsorbents (Pannu,
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personal communication on LDH recovery using dye adsorbents). LDH was an ideal 

candidate to be ‘spiked’ into the homogenate. It was present in negligible quantities in 

yeast and would simplify the mass balance calculations, compared to adding MDH, 

which was present in detectable amounts. LDH was added to unclarified and clarified 

yeast suspension (1 %) at a concentration of ~5 % of the total soluble protein content, a 

realistic level for the recovery of proteins in an homogenate. Endogenous MDH 

represented less than 1 % of the total soluble protein level. The unclarified homogenate 

contained 48.6 U mL^ LDH, 9.1 U mL"  ̂ MDH and 1.3 mg mL'^ total protein. Starting 

concentrations for the clarified yeast homogenate were similar at 48.2 U mL'^ LDH, 8.9 

U mL'^ MDH and 1.2 mg mL'^ total protein. The magnetic adsorbents were added to the 

samples of clarified and unclarified yeast homogenate and mixed for 30 min at 5 °C. 

The bound species was considered to be the protein difference before and after the 

addition of dye adsorbents. Yields and purification factors obtained for this process are 

summarised in Table 5-3.

The recovery and elution of dehydrogenases using the dye adsorbents were similar in 

both clarified and unclarified environments. Approximately 85 % of the added LDH and 

76 % of endogenous MDH were recovered. After elution, up to 10 % of LDH and 15 % 

of MDH remained bound to the support - an indication of the strength of binding. The 

binding buffer wash removed between 7-8.4 % of the enzymes with a low purification 

of up to 4 fold. The first salt wash eluted 60-65 % of the LDH with a purification factor 

of 6.9-7.3 fold, and 50-55 % of the MDH with a purification factor of 5.7-6.2 fold. The 

second salt wash eluted 3.5-7 % of the enzymes with a purification factor ranging from 

15-20 fold for LDH and 11-12 fold for MDH.

It was not possible to obtain a completely purified sample of LDH because of the nature 

of the ligand. Cibacron Blue F3G-A is a pseudo-affinity ligand and as such will 

specifically interact with a number of proteins with accessible NAD^, ATP or AMP 

binding sites (Scopes, 1982). Therefore, competitive binding would occur between LDH 

and yeast enzymes such as MDH, ADH, phosphofructokinase (PFK), AMP kinase etc. 

(Chase and Drager, 1992). Furthermore, proteins are also known to exhibit strong ‘non

specific’ interaction with reactive dyes. Dyes have been reported to interact with 

proteins via ionic and hydrophobic interactions (Boyer & Hsu, 1993; Galaev and 

Mattiasson, 1993; section 1.7.2).
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Purification of the dehydrogenase enzymes may have been improved by using an elution 

gradient to remove more of the non-specifically bound protein. However, this is difficult to 

perform on large scale separations, and a better alternative would be to use a step elution 

profile. Shielding of the adsorbents to reduce non-specific binding may also improve 

recovery and purification factors. Galaev and Mattiasson (1994) developed a method of 

reducing non-specific binding by shielding the dye ligand with an inert, water soluble non

ionic polymer that did not interact with the protein. They studied the interaction of several 

water soluble polymers with Cibacron Blue F3G-A. Polyvinyl pyrolidone (PVP) was found 

to suitably shield dye adsorbents and reduce non-specific binding. As a result, higher 

recoveries of the bound proteins were obtained in smaller elution volumes (Garg et al., 

1996).

An interesting development was the high level of protein adsorption taking place from the 

bulk phase (Q*protein ~ 328-366 mg g '\  Table 5-3). This implied that multiple layers of 

proteins were being adsorbed by the supports, as found when working with high [LDH] to 

[dye adsorbent] ratios (see section 5.3.4). This probably led to a deterioration in the quality 

of the eluant, given that only the first layer would be specifically adsorbed, with the 

remaining layers non-specifically bound to the support. The overall protein recovery in the 

eluant was low indicating that a significant proportion remained adsorbed to the support. 

This would have shielded the dye particles in subsequent recovery stages, thereby reducing 

the level of specific binding. Dean (1981), reported that dye matrices easily accumulate 

lipids, lipoproteins, nucleic acids and hydrophobic molecules on repeated use. Regeneration 

was possible by incubation with 5 M Urea in 0.5 M NaOH followed by re-equilibration 

with the binding buffer. This removed most of the physically and electrostatically bound 

protein. Highly acidic regeneration reagents (e.g. > 1 M HCl) were avoided as the iron core 

would corrode and dissolve under such conditions. Three five minute cycles were employed 

and the supports were then stored in phosphate buffer containing 1 % sodium azide to 

prevent bacterial contamination.

Following regeneration the dye adsorbents were used to recover LDH from a 1 % yeast 

homogenate in identical experiments to the first, a process that was repeated twice and 

summarised in Table 5-4 and Table 5-5. The main points to note are that the recovery 

yields and protein purity were similar after the first regeneration cycle, but significantly 

lower after the second regeneration cycle. Combined with the fall in binding capacity after 

each cycle, suggests that either proteins remained bound to the support following
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regeneration, or the ligands were being stripped off during either adsorption or 

regeneration.

Over the three cycles, the recovery and elution profiles of MDH and LDH were similar in 

both clarified and unclarified yeast homogenates. This implied that the solid components 

present in the unclarified environment played no part in the adsorption process, and do not 

have to be removed prior to using magnetic affinity separation. This overcomes one of the 

most serious problems that prevent the use of affinity separation techniques with early stage 

liquors.

Table 5-3 Recovery o f ‘added’ LDH and endogenous MDH from a clarified and unclarified

sample of yeast homogenate using dye adsorbents.

LDH was spiked into the yeast samples and well mixed for a period of 30 min. Dye adsorbents were then added to the suspension 
and mixed for a further period of 30 min. The adsorbents (2 mg) were magnetically extracted and the protein adsorbed was 
calculated from the enzyme concentration difference before and after batch adsorption. The ‘loaded’ supports were washed 
sequentially in 50 mM Tris-HCl (pH 6.5) followed by 2 M NaCl, 50 mM Tris-HCl (pH 6.5). Eluted samples were analysed for

Activity

(Units)

Protein

(ug)

Specific Activity 

(U m g')

Purification

Factor

Yield

(%)

Unclarified‘LDH Q ’acüvity = 20650 U g ’ Q  protein — 367 mg g

Homogenate 48.6 ±  1.2 1300.0 ±10.6 37.4 ±  2.0 (1.0) (100.0)

Bound 41.3 ± 0 .4 733.2 ± 3 4 .2 84.9 ±  0.9

1st wash 4.1 ± 0 .1 36.6 ± 0 .2 1 1 1 .9 ± 4 .3 3.0 ± 0 .1 8.4 ± 0 .3

1" salt 29.2 ±  1.1 106.9 ± 6 .9 273.4 ± 7 .1 7.3 ± 0 .2 60.1 ± 2 .3

2™* salt 3.1 ± 0 .4 4.0 ± 0 .2 776.7 ± 7 2 .6 20.8 ± 1.9 6.4 ±  0.9

Clarified-LDH Q'acüvity =  2 0 8 0 0  U  g - ' Q  protein = 328 mg g

Homogenate 48.2 ±  1.2 1215.6 ±12.6 39.7 ±  1.2 (1.0) (100.0)

Bound 4 1 .6 ± 0 .1 655.1 ± 8 .4 86.3 ± 0 .2

1st wash 3.9 ± 0 .1 22.8 ± 3 .4 172.3 ± 2 2 .7 4.3 ±  0.6 8.1 ±0 .1

1" salt 3 1 .6 ± 1 .3 116.5 ± 9 .7 272.0 ± 1 1 .8 6.9 ±  0.3 65.6 ±  2.6

2"" salt 3.4 ± 0 .3 6.0 ± 0 .9 586.7 ± 4 2 .8 14.8 ± 3 .6 7.1 ± 0 .7

Unclarified-MDH Q  activity = 3450 U g * Q  protein = 367 mg g

Homogenate 9.1 ± 0 .6 1300.0 ± 1 0 .6 7.0 ± 0 .8 (1.0) (100.0)

Bound 6.9 ± 0 .1 733.2 ± 3 4 .2 75.2 ± 0 .8

1st wash 0.7 ± 0 .1 36.6 ± 0 .2 18.0 ± 0 .4 2.6 ± 0 .1 7.2 ± 0 .1

1'' salt 4.6 ± 0 .1 106.9 ± 6 .9 43.7 ±  1.7 6.2 ± 0 .2 50.6 ±1.2

2"^  salt 0.3 ± 0 .1 4.0 ± 0 .2 80.7 ± 1 8 .7 11.5 ± 2 .7 3.5 ± 0 .6

Clarified-MDH Q'acüvity = 3500 U g-’ Q  protein — 328 mg g

Homogenate 8.9 ± 0 .6 1215.6 ±  12.6 7.3 ± 0 .6 (1.0) (100.0)

Bound 7.0 ± 1 .4 655.1 ±  8.4 78.9 ± 4 .0

1st wash 0.6 ± 0 .1 22.8 ± 3 .4 24.3 ±  0.9 3.3 ± 0 .5 6.3 ± 0 .2

1" salt 4.8 ± 0 .4 116.5 ± 9 .7 41.7 ± 6 .8 5.7 ± 0 .1 54.2 ± 6 .2

2 ""  salt 0.5 ± 0 .3 6.0 ± 0 .9 79.4 ±  30.9 10.8 ± 7 .0 5.5 ± 4 .4

Footnote: All values are given as mean ±  sample deviation (n = 3).
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Table 5-4 Recovery o f dehydrogenase enzymes from yeast homogenate using magnetic dye

adsorbents f2"‘* cycle).

The dye adsorbents were regenerated using 5 M Urea (0.5 M NaOH) and re-equilibrated before re-use. 
After batch binding, the adsorbents were recovered and sequentially washed with in 50 mM Tris-HCl (pH
6.5) followed by 2 M NaCl, 50 mM Tris-HCl (pH 6.5). Eluted samples were analysed for remaining

Activity

(Units)

Protein

(ug)

Specific Activity 

(U mg ')

Purification

Factor

Yield

(%)

Unclarified-LDH Q protein — 2 9 5  mg g

Homogenate 48.3 ± 1.3 1210.6 ± 17.6 39.9 ± 2 .3 (1.0) (100.0)

Bound 39.4 ± 4 .2 590.2 ± 44.2 81.6 ± 7 .8

1st wash 4.6 ±0.1 33.8 ± 8 .6 146.5 ± 4 1 .2 3.7 ± 1.0 9.5 ±0.1

1" salt 26.4 ± 1 .8 88.2 ± 6 .5 302.1 ± 3 8 .4 7.6 ± 1 .0 54.7 ± 3 .9

2"" salt 2.4 ± 1.0 3.7 ± 0 .6 628.0 ± 238 .0 15.7 ± 6 .0 5.0 ± 2 .0

Clarified-LDH Q protein — 307 mg g

Homogenate 46.8 ± 1.3 1094.2 ± 18.2 42.8 ±2 .1 (1.0) (100.0)

Bound 38.8 ± 0 .6 613.4 ±  19.2 80.3 ± 1 .2

1 wash 2.9 ±0.1 24.4 ± 1.6 119.5 ± 11.7 3.0 ± 0 .3 6.0 ± 0 .2

salt 32.4 ± 4 .8 95.1 ± 15.2 341 .8± 4 .1 8 .6 ± 0 .1 67.1±9.9

2"̂  salt 3.5 ± 0 .6 5.3 ± 1.1 664.3 ±21.1 16.6 ± 0 .5 7.3 ± 1.3

Unclarified-MDH

Homogenate 10.2 ± 0 .6 1210.6 ± 17.6 8.5 ± 0 .8 (1.0) (100.0)

Bound 7.7 ± 0 .5 590.2 ± 30.0 75.1 ±5.1

wash 1.0 ± 0 .3 33.8 ± 8 .6 29.2 ± 0 .8 3.5 ±0.1 9.7 ± 2 .5

U' salt 5.3 ± 0 .3 88.2 ± 6 .5 59.9 ± 2.4 7.1 ± 0 .3 51.5 ± 3 .4

2"“ salt 0.5 ± 0 .0 3.7 ± 0 .6 128.7 ± 11 .6 15.2 ± 1 .7 4.6 ± 0 .3

Clarified-MDH

Homogenate 9.9 ± 0 .6 1094.2 ±  18.2 9.0 ± 1 .0 (1.0) (100.0)

Bound 8.3 ±0.1 613.4 ± 19 .2 80.7 ± 1.2

1®‘ wash 0.6 ± 0 .0 24.4 ± 1.6 23.6 ± 0 .2 2.8 ±0.1 5.6 ± 0 .3

salt 5.3 ±0.1 95.1 ± 15.2 56.8 ± 7 .7 6.7 ± 0 .9 5 1 .6 ±  1.3

2"“ salt 0.6 ± 0 .0 5.3 ±1.1 108.0 ± 21 .8 12.8 ± 2 .6 5.4 ±0.1

Footnote: All values are given as mean ± sample deviation (n = 3)
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Table 5-5 Recovery of dehydrogenase enzymes from yeast homogenate using magnetic dye

adsorbents (3'̂ '̂  cycle)

The dye adsorbents were regenerated using 5 M Urea (0.5 M NaOH) and re-equilibrated before re-use. 
After batch binding, the adsorbents were recovered and sequentially washed with in 50 mM Tris-HCl (pH
6.5) followed by 2 M NaCl, 50 mM Tris-HCl (pH 6.5). Eluted samples were analysed for remaining

Activity

(Units)

Protein

(ug)

Specific Activity 

(U m g'S

Purification

Factor

Yield

(%)

Unclarified-LDH Q protein = 236 mg g

Homogenate 47.2 ± 1 .2 1081.8±21.5 43.6 ±2.1 (1.0) (100.0)

Bound 28.5 ±4.1 471.1 ±11.9 60.4 ± 8 .8

wash 5.2 ± 0 .3 45.1 ± 1 .7 114.5 ± 2 .8 2.6 ±0.1 11.0 ± 0 .7

salt 23.7 ± 1.2 79.5 ± 8 .7 398.3 ± 22 .0 7.8 ± 0 .5 50.3 ± 2 .6

2"‘*salt 2.3 ± 0 .2 4.7 ± 0 .6 477.0 ± 22 .8 10.9 ± 0 .5 4.8 ± 0 .4

Clarified-LDH Q protein = 146 mg g

Homogenate 46.6 ± 1 .2 932.9 ±21 .2 50.0 ± 1.5 (1.0) (100.0)

Bound 34.7 ± 2 .9 292.5 ± 17 .4 74.1 ±6.1

wash 5.6 ± 0 .2 50.9 ±3.1 110.4 ± 10.7 2.3 ± 0 .3 11.9 ± 0 .4

T‘ salt 19.5 ± 3 .9 67.4 ± 3 .9 296.7 ± 66.6 6.3 ± 1 .6 42.3 ± 8.3

2"“ salt 1.9 ± 0 .6 3.3 ± 0 .9 576.9 ± 38 .6 12.1 ±0.1 4.0 ± 1.2

Unclarified-MDH

Homogenate 10.5 ± 0 .2 1081.8±21.5 9.7 ± 0 .9 (1.0) (100.0)

Bound 7.6 ± 0 .2 471.1 ± 11 .2 72.7 ± 1.8

1 St wash 0.9 ±0.1 45.1 ± 2 .6 20.2 ± 0 .3 2.1 ±0.1 8.7 ± 0 .3

salt 1 .5± 0 .1 79.5 ±2.1 19.3 ± 7 .6 2.0 ± 0 .8 14.6 ± 0 .2

2"̂ * salt 0.2 ± 0 .0 4.7 ± 0 .2 50.0 ± 6 .7 5.1 ± 0 .7 2.3 ±0.1

Clarified-MDH

Homogenate 10.9 ± 0 .2 932.9 ± 21 .2 10.8 ± 1 .6 (1.0) (100.0)

Bound 8.2 ± 0 .3 292.5 ± 17.4 78.1 ± 3 .0

1st wash 0.9 ±0.1 50.9 ±3.1 17.6 ± 2 .0 1.8 ± 0 .2 8.5 ± 0 .5

T‘ salt 1.4 ± 0 .2 67.4 ± 3 .9 20.2 ± 3.5 2.1 ± 0 .4 12.8 ± 1.7

salt 0.2 ± 0 .0 3.3 ± 0 .9 60.0 ± 3.0 6.2 ± 0 .3 1.8 ± 0 .5

Footnote: All values are given as mean + sample deviation (n = 3)
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5.3.6 Binding kinetics in unclarified yeast homogenate

A series of batch experiments were carried out using magnetic dye adsorbents to recover 

‘spiked’ LDH (1 |liM) from unclarified yeast homogenate, in order to establish whether 

the binding kinetics would be affected by the presence of suspended solids. The uptake 

of MDH was also closely monitored. Figure 5-5 shows that equilibrium binding was 

achieved within minutes and the majority of the enzymes were recovered from the 

liquor. Similar binding kinetics were obtained when using purified enzymes (section 

5.3.2), hence it can be concluded that the binding kinetics were unaffected by the solid 

matter.

1 .0 * .

0.8
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0.0
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Figure 5-5

Time (min)

Batch uptake profiles of LDH and MDH from yeast homogenate.

Profiles were obtained fo r 'added’ LDH ( • )  and endogenous MDH (■ )  recovery from yeast homogenate 

(1 %) using the dye adsorbents. The binding kinetics were unaffected by the presence of solid and fouling 

matter.
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5.3.7 Recovery of dehydrogenase enzymes in viscous homogenates

Although there was no evident interference of solid matter with the dye adsorbents, it 

was important to examine higher concentrations of yeast homogenate. The level of solid 

components required to interfere with the selective adsorption of the target molecule 

(LDH) was identified by comparing LDH recovery from up to 20 % unclarified and 

clarified yeast homogenate. An indication of competitive binding was established by 

monitoring the uptake of MDH (Figure 5-6). In both environments at low homogenate 

concentrations, approximately 80 % of the endogenous LDH and MDH were recovered 

by the adsorbents. The recoveries gradually fell until less than 25 % of the enzymes 

were adsorbed in 200 g L'  ̂ of yeast (20 % w/v). It is clear that the influence of the 

suspended solids on the recovery of LDH/MDH was negligible, as the profiles of LDH 

and MDH uptake in the clarified and unclarified homogenates were very similar. The 

same findings were found when LDH was recovered from 1 % clarified and unclarified 

yeast homogenate (see section 5.3.5).

The selectivity of adsorption was established by dividing the percentage of LDH and 

MDH recovered by the amount of protein adsorbed (Figure 5-7). A value greater than 

one would indicate selective adsorption. The plots show that even though the adsorption 

was taking place at working [protein] to [particle] ratios that favour multilayer binding, 

pseudo-specific binding was still possible giving effective purification factors for LDH 

typically between 1.25-1.75 for LDH and for MDH between 1.1-1.5. This is in line with 

the higher affinity of Cibacron Blue for LDH than MDH as indicated by the Langmuir 

constants (Table 5-1). The results clearly indicate that even within such a challenging 

environment, LDH and MDH were still able to bind immobilised dyes relatively 

quickly, before the particle surface was masked by a non-specific blanket of protein and 

other contaminants. Overall, the performance of the adsorbents in selectively recovering 

proteins from environments containing solids was encouraging, and proof of the 

resilient nature of these supports to fouling.
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Figure 5-6
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Selective adsorption o f dehydrogenases from crude yeast homogenates using magnetic 

dye particles.

Experiments were conducted with (a) unclarified and (b) centrifugally-clarified cell homogenates. The 

homogenates contained ~ 10 Units o f LDH; 850 Units o f MDH and 120 mg o f  soluble protein per gram 

of original packed weight yeast cell. Magnetic dye adsorbents were employed at a concentration o f 2 mg 

m L ‘. Samples were analysed for LDH, MDH, (^ ) and total soluble protein, (^).
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Selectivity o f endogenous dehydrogenase adsorption from crude (a) unclarified and (b) 

centrifugally-clarified yeast homogenates.

Numerical values fo r selectivity o f adsorption o f LDH j and MDH  j were obtained from the data 

presented in Figure 5-6. A ratio greater than 1 indicates selective adsorption.
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5.3.8 Purification of dehydrogenase enzymes from yeast homogenate using HGMS

A preparative scale purification of LDH from unclarified yeast homogenate was carried 

out by using HGMS technology. The main design parameters for this experiment were 

obtained from the laboratory studies. From the binding capacity of the adsorbents and 

the dehydrogenase titre in the homogenate, the quantity of adsorbents required to 

recover the target molecule was calculated. The kinetics of binding for protein 

adsorption was fast, with equilibrium binding taking less than 1 min (section 5.3.6). 

This was unlikely to change in a preparative scale purification. However, the increase in 

volume of liquor on scale-up (from 1 mL to 1 L) and the change in mixing equipment, 

from a bench mixer to an overhead stirrer employing a six blade rushton turbine may 

possibly affect the rapid affinity adsorption. Therefore, the contact time between the 

adsorbent and homogenate was increased to 30 min. The washing and elution conditions 

were adopted unchanged from the laboratory scale purification. An indication of the 

likely recovery yields and protein purification was estimated from the laboratory studies 

(see Table 5-3).

A profile of the preparative scale purification of yeast dehydrogenases using HGMS is 

shown in Figure 5-8. The dye affinity particles were mixed into the homogenate for a 

period of 30 min, and the suspension applied to the canister until particle breakthrough 

was visually observed. In Figure 5-8 a sharp rise in soluble protein at the start of the 

loading phase corresponded to the protein not adsorbed by the affinity particles in the 

batch adsorption phase. Given that sufficient dye particles were present in the 

homogenate, the presence of LDH and MDH at a level of approximately 18 U mL'* and 

8  U mL^ respectively in the residual stream implied that the enzyme adsorption process 

was not complete. Possible reasons for this include, an inferior batch of dye supports, 

and/or the change in LDH suppliers. The specific activity of the purified LDH enzyme 

added to the homogenate for the HGMS studies (-315 U mg'^) was significantly lower 

then that used in the small scale studies (-800 U mg"^). Poor mixing upon scale-up may 

also have contributed to the lower binding capacity of the matrices, and no baffles were 

used in the mixing vessel to create a homogeneous environment, but this would have 

had limited implications because of the low viscosity of the mixture. Nevertheless, the 

recovery was sufficiently high to evaluate if the process was a success. Breakthrough of 

particles was observed after -  800 mL of yeast suspension had been processed. At no 

stage did the column block or become unstable due to the solid matter within the feed
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Stream. Particle build up through the matrix appeared to be fairly uniform, as observed by 

the progressive increase in bed height during capture, and the lack of channelling. At the 

end of the load phase a washing buffer comprising of 50 mM Tris-HCl (pH 6.5) was 

applied to the bed to remove any loosely bound non specific proteins, or physically 

entrapped debris. Entrapment using this system was inevitable given that non-magnetic 

solid matter easily became impinged by particles settling upon one another, during the 

collection of magnetic supports in the canister. In such conditions the passing of a washing 

buffer would do little to dislodge and release the trapped solids. Preliminary tests also 

showed that the liquid was not penetrating the aggregate (comprising of clusters of 

adsorbents and suspended solids) during the elution phase to release the adsorbed proteins 

(Pannu, personal communication on HGMS). Instead it was contacting the outer surface of 

the aggregate. Incorporating a recycle loop (indicated by recycle loop on Figure 5-8) solved 

both of these problems. Figure 5-9 shows the complete operation of the recycle loop. The 

first stage was to remove any non-specifically bound protein in the wash phase. The 

canister and recycle loop were loaded with washing buffer and isolated so that a closed 

independent circuit was created. The external magnetic field was deactivated and the 

particles were flushed from the canister so that they flowed in the washing buffer and 

around the recycle loop. This broke down any aggregates which may have formed during 

adsorption to the matrix, released any physically entrapped fragments and dislodged loosely 

bound non-specific protein. The external magnetic field was activated and the particles 

were re-captured in the canister, the washing buffer containing the solid fragments and 

desorbed proteins was then collected and analysed. Figure 5-8 shows that this fraction 

contained less than 0.1 mg mL * soluble protein. LDH and MDH were detected, but at a 

very low concentration (< 10 U mL’*). The specific bound material was eluted by washing 

the adsorbents with 2 M NaCl (50 mM Tris-HCl, pH 6.5) using the recycling loop as before 

(indicated by recycle loop 2 in Figure 5-8). Adsorbed LDH and MDH were eluted with a 

peak activity of ~ 90 U mL’* and ~ 18 U mL * respectively, with a soluble protein content of 

~ 0.4 mg mL *. Upon closer examination of the effluent fractions, there appeared to be no 

residual particulate matter as indicated by the lack of a brown coloration (magnetic 

particles) or turbidity (cellular debris). A second elution step was applied in a similar 

manner to the first (using recycle loop 3). The LDH, MDH and soluble protein content of 

this fraction were significantly lower than the first sample at 18 U mL’*, 3 U mL * and 0.05 

U mL * respectively.

123



5.0 Recovery o f dehydrogenase enzymes using magnetic dve adsorbents

Load WcBh Elute Flush

2.0

140

120

100£

c

o
□: 0.8 
0 
z
O 0.6
V
CO

0.4

AA0.2

1400
0.0

0 400 1200200 600 800 1000 1600 1800

O
j:

20

18

16

14 03
c

12

10

0.
8

6 (§
3

4

2

0

Volume (mL)

Figure 5-8 Profile o f recovery o f dehydrogenase enzymes from crude yeast homogenate using dye affinity particles and HGMS technology.

The dye adsorbents were contacted with the yeast homogenate in a batch recovery step. The supports were transferred to the canister a t 4 L  h'̂ , and particle loading was halted once 

breakthrough was observed. The canister was washed with binding buffer incorporating recycle loop 1. The canister was then loaded with elution buffer to desorb the protein from  

the dye supports in a two stage process using recycle loops 2 and 3. The spent particles were flushed from the canister at 0 T and 8 L h'̂ , using agitation to remove any physically 

entrapped particles. Samples collected during the trial were analysed for total protein ('•), LDH MDH (^ )  and support particles (D).
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Figure 5-9
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The recycle loop was used to break down aggregates to release entrapped particles and to aid protein desorption from the loaded supports. The complete 

operation was as follows:

Phase I - Particles were captured in canister

Phase 2 - Once particle loading was complete, a washing/elution buffer was passed through the canister and recycle loop.

Phase 3 - The magnetic field was deactivated and the particles were recycled in the elutant for a period of 2-5 min

Phase 4 - The magnetic field was activated and particles were re-captured in the canister, the desorbed proteins and solid fragments remained in the elutant.

Phase 5 - The canister and recycle loop were flushed with fresh washing/elution buffer (repeat of phase 2)

Phase 6 - Repeat phase 3 (if necessary, otherwise the adsorbents can be removed by flushing).
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After the bound proteins were eluted, the particles were flushed from the canister by 

deactivating the external magnetic field (flush phase). A small quantity of particles (2.7 

%) were recovered by passive flushing, the majority (- 84 %) were recovered at a 

maximum concentration of ~ 9.5 mg mL'^ using gentle agitation (Table 5-6). After the 

canister was dismantled a further 1 0  % of the spent adsorbents were recovered in two 

batch washes. All the residual adsorbents were pooled together and washed in elution 

buffer to ensure complete removal of the adsorbed species. This fraction was found to 

contain insignificant amounts of protein. In total over 97 % of the magnetic adsorbents 

were recovered from the canister.

Table 5-6 Particle flushing data from purification o f yeast dehydrogenase using HGMS.

The dye loading and flushing profile is shown in Figure 5-8. All modes of flushing were carried out at 
zero Tesla and 8 L h * (4 m h ’). The canister was dismantled and a batch recovery step was carried out on

Stage Particle recovery (g) Particle recovery (%)

Particle loading until breakthrough 1.68 (100.0)

Particles lost in effluent stream during loading 0.01 1.0

Passive Flushing 0.05 2.7

Agitated flushing 1.42 84.4

Batch recovery - 1 0.09 5.3

Batch recovery - 2 0.07 4.2

Total supports recovered 1.64 97.3

Footnote: The recovery was less than 100% due to errors in the assay.

The purification of LDH and MDH using HGMS is summarised in Table 5-7. 

Approximately 60 % of the LDH and 53 % of the MDH present in the homogenate were 

adsorbed. Of this, 40 % of the LDH and 28 % of the MDH were recovered in the first 

elution wash with a purification of 7.9 fold and 5.6 fold respectively. Recovery of these 

enzymes in the second sample was significantly lower, although the protein purity was 

similar to that obtained in the first sample. Of the bound species 46 % of the adsorbed 

LDH and 32 % of the adsorbed MDH were recovered in the washes.
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Table 5-7 Purification table o f the recovery of LDH and MDH from crude yeast homogenate using dye adsorbents and HGMS.

In this experiment ‘added’ LDH and endogenous MDH were recovered from a sample of unclarified yeast homogenate using magnetic dye adsorbents in a batch 
adsorption step. The loaded particles were recovered from the homogenate using HGMS separation. The method is described in detail in the text and the profile

Activity Total Protein Specific activity Purification factor Yield

(U) (mg) (U mg*) (%)

LDH Q * a c d v ity =  12416 U g-’ Q  protein ~ 257 Ilig g

Homogenate 34912.6 1093.1 31.9 (1.0) (100.0)

Adsorbed 21107.6 436.6 - - 60.4

r'W ash 586.5 15.7 37.3 1.2 1.6

Eluate 13373.7 54.7 251.6 7.9 39.4

Eluate 1711.9 7.2 236.2 7.4 4.9

MDH Q *activity = 2584 U g'̂ Q  protein — 257 Illg g

Homogenate 8269.0 1093.1 7.6 (1.0) (100.0)

Adsorbed 4392.8 436.6 - - 53.1

r'W ash 79.6 15.7 5.1 0.7 > 1.0

Eluate 2323.1 54.7 42.4 5.6 28.1

2"*̂  Eluate 344.7 7.2 47.5 6.3 4.2

Footnote: The ‘loaded’ supports were washed in 50 mM Tris-HCl (pH 6.5) followed by elution buffer, 2 M NaCl, 50 mM Tris-HCl (pH 6.5).
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The purification of LDH and MDH was monitored qualitatively by analysing the protein 

content of various samples by SDS-polyacrylamide gel electrophoresis (Figure 5-10). 

Tracks 2, 3 and 4 show bands that represent control samples of ADH, MDH and LDH 

respectively. Track 5 shows the yeast sample before the addition of LDH, and track 6  

shows yeast homogenate after the addition of LDH. Track 7 corresponds to the effluent 

stream leaving the column. Complete removal of LDH and MDH was not achieved as 

indicated by the presence of their respective bands. The first wash released very little 

protein of any form (track 8 ). The elutant (2 M NaCl, 50 mM Tris-HCl, pH6.5; track 9) 

released a significant quantity of LDH as indicated by the intensity of the band. Other 

protein bands are also present due to the lack of selectivity of the chosen ligand and non

specific nature of the elution buffer.
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Figure 5-10 Analysis by SDS gel electrophoresis of the purification of LDH and MDH from yeast 

homogenate using magnetic dye adsorbents and HGMS technology.

The tracks were as follows: cell extract before addition of LDH (Track 5); cell extract after the addition of 

LDH and before batch adsorption (Track 6); cell extract after batch adsorption using dye supports (Track 

7); wash using Tris buffer (Track 8); f  elution wash using 2 M NaCl (Track 9); 2''‘‘ wash elution wash 

using NaCl (Track JO). The molecular weight markers (tracks I and 12) were: phosphorylase b (rabbit 

muscle), 94 000; albumin (bovine serum), 67 000; ovalbumin (egg white), 43 000; carbonic anhydrase 

(bovine erythrocyte), 30 000; trypsin inhibitor (soybean), 20 000; a-lactalbumin(bovine milk), 14 400. 

ADH marker (Track 2); MDH marker (Track 3) and LDH marker (Track 4).
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5.3.9 Comparison between the laboratory and preparative scale purification of 

yeast dehydrogenase

A comparison between the laboratory and preparative scale protein purification of LDH 

and MDH is shown in Table 5-8. The variation in specific binding capacity of the dye 

adsorbents was because of the difference in sourced LDH. The laboratory scale 

experiments were undertaken with LDH with a specific activity of 800 U m g '\ whereas 

the LDH used for the preparative scale experiment had a specific activity of 315 U m g'\ 

A direct comparison can be made by examining the binding capacity (Q*protein)- This was 

found to be approximately 30 % lower on scale-up at 257 mg g '\  and was reflected in the 

overall percentage of LDH and MDH recovered from the homogenate.

The elution efficiency obtained in the preparative scale purification was poor in 

comparison to the laboratory scale purification, with a fall of at least 20 % in both LDH 

and MDH yield recoveries. This was the result of a combination of factors. First, the use 

of NaCl as the elution buffer was not ideal given that recoveries of dehydrogenase 

enzymes were moderate at best in the laboratory studies (see section 5.3.3 and 5.3.5). 

Second, upon scale-up, the environment the elution buffer was used in became 

considerably more challenging. As the dye adsorbents collected on the matrix, they too 

became magnetic, thereby encouraging further magnetic supports to bind and in the 

process entrapping non-magnetic cellular components. The elution buffer was not able to 

effectively penetrate these densely packed clusters in order to release the adsorbed 

species. However, the incorporation of a recycle loop went some way to improve the 

elution environment. As discussed earlier (section 5.3.5), the recovery yields and 

purification may have been higher if either a elution/step gradient was used to remove 

more of the non-specifically bound protein, or a biospecific eluant (NAD" )̂ had been 

employed alone, or in combination with a salt elution buffer (see section 5.3.3).

The poor elution recoveries were not reflected in the quality of the dehydrogenase 

enzymes. This can be accounted for by the different collection and adsorption mechanism 

used in the two experiments. On a laboratory scale, the adsorption of protein from the 

homogenate and subsequent recovery of dye supports was undertaken as a batch process. 

On a preparative scale, the adsorption of proteins was initially carried out as a batch 

process. However, the collection of supports in the canister led to a high density of 

ligands on the ferromagnetic matrix, thereby creating an environment similar to a
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conventional packed bed column. The flow of homogenate through the canister enabled 

weakly non-specific bound proteins to be displaced by the strongly binding LDH/MDH 

molecules present in the passing liquor (Scopes et a l, 1992). This also prevented the 

supports from building up multiple layers of non-specifically bound proteins as found in 

the laboratory studies (see section 5.3.5), and explained the lower protein binding 

capacity (Q*protein) on scale-up.

Table 5-8 Comparison o f laboratory and preparative scale purification o f LDH and MDH.

The laboratory scale purification of LDH/MDH is described in detail in section 5.3.5 and recorded in Table 
5-3. The preparative scale purification is described in section 5.3.8 and listed in Table 5-7.

Laboratory scale purification Preparative scale purification

LDH MDH LDH MDH

Q  activity (U g ) 20650 3450 12416 2584

Q*protein (mg g ') 367 367 257 257

Adsorbed (%) 85 75 60 53

Elution efficiency (%) 60 51 40 28

Purification factor 7.3 6.2 7.9 5.6

Specific activity (U mg ') 273 44 252 42

5.4 Conclusion

Dye affinity adsorbents were successfully prepared by using the amine terminated 

supports as the base particles. These adsorbents were found to have a high affinity for 

LDH, MDH, ADH and other yeast proteins (as indicated by the level of competitive 

binding). The rapid (< 1 min) removal of LDH from yeast homogenate confirmed that the 

behaviour of the supports was typical of non-porous particles.

The primary function of these adsorbents was to recover specific proteins from crude 

biological liquors. This was demonstrated by the successful recovery of LDH (and MDH) 

from unclarified yeast homogenate. The solid and fouling matter present in the 

homogenate evidently played no part in the adsorption process, which is a significant 

advantage in downstream processing, as this affinity separation technique can be used 

prior to removal of debris, leading to lower downstream processing costs.

The amine terminated supports are extremely flexible and can immobilise a wide range of 

ligands and protein. The immobilisation of an enzyme to these particles is particularly
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appealing as it creates a mechanism of recovering and re-using the supports after 

enzymatic activity. The next chapter describes the preparation of lysozyme coated 

magnetic particles and their use in lysing M. lysodeikticus cells.
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6. Preparation of Ivsozvme coated magnetic particles (LMP)

6.1 Introduction

Mechanical methods of cell disruption such as homogenisation (Harrison, 1991), 

sonication and bead milling (Ogez et al, 1989) are very efficient and easy to scale up, but 

are unable to achieve selective release. In addition, these methods generate high shear 

stress and heat, which may damage the target molecule to be recovered. A more gentle 

approach is to use a hydrolytic enzyme such as lysozyme to specifically cleave 

peptidoglycan found in the outer membrane and release the contents of the periplasm 

(Neu and Heppel, 1964; French, 1996; French et al, 1996). The problem with using 

lysozyme is that it will contaminate the product stream. This will increase the 

contaminant load on subsequent downstream processing stages, which may require 

further purification stages for its removal. Immobilisation of lysozyme onto a suitable 

carrier may be a solution to the problem. Advantages of immobilisation include the 

possibility of repeated use, stabilisation of the enzyme and easy reaction control. 

Disadvantages include, difficulty in preparation, inactivation of the enzyme, and 

preparation cost (Mueda et al, 1997). Lysozyme has been immobilised onto several 

carrier supports including, soluble polymers such as dextran and Ficoll (Asenjo, 1978), 

cellulose fibre and polyacrylamide beads (Datta et al, 1973), chitosan, silica gels, non- 

porous glass beads (Crapisi et al, 1993), hollow fibres (Lee and Ku, 1994), soluble- 

insoluble polymers (Chen and Chen, 1996) and non-porous magnetic supports (Hailing et 

al, 1979).

The use of soluble polymers was not considered ideal as a result of subsequent 

difficulties associated with recovery from crude homogenates. Nor were insoluble 

carriers any better due to specific activities of less than 10 % of the free enzyme. This 

was believed to be caused by the low diffusion rate of cells within the pores of the 

carriers, and a combination of lysozyme orientation on the support and steric hindrance, 

caused by the surrounding support structure (Hailing et al, 1979). Similar problems were 

associated with using hollow fibres (Lee & Ku, 1994). Recently, the use of soluble- 

insoluble carriers has been shown to offer a high specific activity (41% of the free 

enzyme) and easier recoverability from suspensions.
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The aim of this chapter is to outline a suitable method of preparing magnetic supports 

immobilised with hen egg lysozyme. The immobilised lysozyme content of these 

particles was quantified on the basis of lysis activity against M. lysodeikticus cells. This 

required modifying the standard lysozyme assay used by Munro (1976). The stability of 

the lysozyme coated magnetic particles was closely monitored over a period of 3 months, 

to determine the extent of lysozyme leakage and inactivity.
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6.2 Experimental Procedure

6.2.1 Adsorption studies using lysozyme

Adsorption isotherms were obtained by incubating polyglutaraldehyde coated magnetic 

particles (prepared as described in section 5.2, step 1) with lysozyme in either 0.1 M 

sodium borate (pH 9), or a complex buffer comprising of 10 mM immodazile, 50 mM 

KCl and 10 mM NaCl (pH 7; Munro 1976). The polyglutaraldehyde particles (2 mg) 

were incubated with 1 mL lysozyme (0.05-10 mg mL'*) on a vibrating shaker at room 

temperature for a period of 24 h. The particles were recovered using a magnetic rack and 

the supernatant assayed for remaining enzyme activity and protein content as described in 

section 2 .6 .

6.2.2 Preparation of LMP

Approximately 1 g of polyglutaraldehyde particles were incubated with 200 mL of hen 

egg lysozyme (1.25 mg mL'^) in 0.1 M sodium borate (pH 9). The suspension was well 

mixed using a bottle shaker for a period of 24 h. The LMP were magnetically recovered 

and sequentially washed in 0.1 M sodium borate (pH 9) and 50 mM phosphate buffer (pH 

7.5), by cycles of magnetic extraction and resuspension. This was continued until no 

lysozyme was eluted as determined by enzyme and protein assay.
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6.3 Results and discussion

6.3.1 Preparation of LMP

LMP were prepared by the methods described by Munro (1976). The enzyme 

concentration difference before and after coupling was considered to be the immobilised 

capacity. A higher immobilisation yield was obtained when lysozyme was coupled in the 

sodium borate buffer (Qmax = 135 mg g"'), than the complex buffer (Qmax = 90 mg g '; 

Figure 6-1). Moser et al, (1998), stated that the use of borate was an absolute 

requirement for lysozyme immobilisation, as increased activity of several fold could be 

obtained compared to other buffers of the same ionic strength and pH.

200

150

'CD
100

b

0 200 600400 800

Figure 6-1

C*(]LtM)

Isotherms for the adsorption of lysozyme onto polyglutaraldehyde particles.

Lysozyme was immobilised using a borate f ■ ) and a complex buffer ( •  ) over a period of 24h. The 

lysozyme immobilised onto the particles was calculated from the enzyme concentration difference before 

and after coupling.
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6.3.2 Assay development

The standard lysozyme assay (Locquet et al, 1968) used by Munro (1976), was found to 

be unsuitable for measuring the activity of immobilised lysozyme. Small aliquots (5 mL) 

were withdrawn at regular intervals from a suspension comprising of carrier particles and 

M. lysodeikticus cells at room temperature. The particles were separated by either gravity 

or magnetic separation and the absorbance of the clarified supernatant was measured at 

650 nm. Enzyme activity was obtained from a plot of absorbance versus time. 

Preliminary data from this assay gave fluctuating readings due to the residual fine 

particles remaining in the supernatant. Although the particles were not visible to the 

naked eye, they made a significant contribution to the absorbance at 650 nm of the cell 

suspension. This assay was modified to allow the activity of immobilised lysozyme to be 

obtained without requiring magnetic/gravity separation. The change in absorbance of the 

suspension (cells and LMP) was measured at 450 nm (50 readings in 1 min) and 

compared to a range of control samples to take into account autolysis, the presence of 

solid particles and lysozyme leaching of the support. The immobilised activity was also 

obtained in an agitated environment. The LMP were incubated with M. lysodeikticus on a 

vibrating shaker and at regular intervals the absorbance of a small aliquot was 

immediately measured at a wavelength of 450 nm and compared to control samples. 

Although, the modified methods were similar they involved measuring the lysozyme 

activity in two different environments. To illustrate this point, the activity of a set of 

lysozyme standards was measured in stationary and agitated surroundings. The improved 

mass transfer characteristics generated in the agitated system led to a higher lysozyme 

specific activity when compared to the activity of an equivalent sample in the still 

environment (Figure 6-2).
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F igu re 6-2  Lysozyme standard curve obtained in stationary and agitated conditions.

The activity o f free lysozyme in the still environment ( •  ) was obtained by incubating the enzyme with M. 

lysodeikticus cells and measuring the rate o f change in absorbance at 450 nm. In an agitated system ( ■ ), a 

suspension comprising of lysozyme and M. lysodeikticus cells were mixed using a bench shaker. At regular 

intervals, the absorbance o f a small aliquot was measured. A higher activity was obtained in the agitated 

environment due to improved mass transfer. Each data point is the average o f three experiments. The error 

bars represent the standard deviation in the mean.

6.3.3 Immobilised activity of LMP in a agitated environment

A study was undertaken to investigate the variation in immobilised lysozyme activity of 

the LMP with the degree of agitation provided by a bench mixer (Figure 6-3). The 

immobilised activity increased to a plateau at 1600 rpm, at which point the particles were 

in a well mixed environment. Little or no rise in immobilised activity was recorded at 

agitation speeds between 100-900 rpm, due to the slow and erratic motion of the agitator. 

A more stable and uniform movement would have resulted in a linear rise until 

saturation. Lysis due to the physical presence of solid particles occurred in proportion to 

the degree of agitation. High agitation speeds caused the environment to become 

increasingly turbulent which accelerated lysis due to particle-cell attrition. Lysozyme that 

had leached off the LMP particles was measured at the end of the experiment by 

magnetically extracting the supports and measuring the activity of the suspension. The
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activity was found to be low and probably due to residual LMP, indicated visually by the 

light brown colouration of the mixture. Both factors were taken into account when 

calculating the immobilised lysozyme activity by agitation.
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Variation in immobilised lysozyme activity with agitation.

Lysis due to LMP (■ ), solid particles (excluding lysozyme; • )  and lysozyme leakage off support (^ )  was 

recorded using the modified assay. Lysis due to the LMP was adjusted to take into account the presence of  

solid particles and leakage from the support. Each data point is the average o f two experiments. The error 

bars represent the variance in the analysis.

6.3.4 Comparison of immobilised lysozyme activity in a stationary and agitated 

environment

A comparison of the lysis activity of the LMP at a concentration of 5 mg m L'\ in a 

passive and well mixed environment (at 1500 rpm) is recorded in Table 6-1. The results 

show that less than 5% of the lysozyme immobilised on the particles were active against 

M. lysodeikticus cells in the stationary environment. Munro (1976) and Hailing and 

Dunnill (1979), reported similar findings using Ni-NiO-lysozyme and Ni-BSA-Lysozyme 

particles. Munro (1976), associated the low catalytic activity to diffusional limitation and 

steric hindrance of the surrounding structure. The use of spacer arms, which have been 

successful in reducing steric hindrance problems in affinity chromatography are a
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possible solution to this problem (Munro, 1976). In an agitated system (1500 rpm) the 

activity of immobilised lysozyme was significantly higher at ~ 72 % of the free enzyme 

level (Table 6-1). The remaining lysozyme was orientated so that the active site was 

either buried/inhibited by the polyglutaraldehyde or inactivated due to steric hindrance.

Table 6-1 Immobilised activity o f LMP in a stationary and agitated environment.

Environment Immobilised activity (U mg ’) Immobilised activity (%)

Stationary 258.3 < 5.0

Agitated 4655.2 72.0

The difference in immobilised lysozyme activity obtained from two versions of the same 

assay was associated with the environment. Agitation or mixing created a homogeneous 

suspension that improved mass transfer, as noted earlier with the assay of the lysozyme 

standards (section 6.3.2). Agitation also prevented the particles from settling to the base 

of the vessel as found by Munro (1976). Furthermore, it should be noted that the iron 

supports (0.7 |iM) used in this study were smaller and lighter than the nickel particles (5 

p,m) used by Munro (1976), and are not likely to settle as fast. This was helpful, as the 

energy in the form of agitation required to keep the particles suspended was lower. It was 

also possible that substrates were unable to gain access to the lysozyme active site due to 

the orientation of the enzyme when adsorbed to the support. Agitation created movement 

that can aid M. lysodeikticus cells in positioning for entry to an active site, or by virtue of 

its momentum to forcibly gain access to a restricted opening.

Moser et ai, (1988), reported that it was possible that the attraction between immobilised 

lysozyme silica particles and M. lysodeikticus could lead to co-sedimentation in the 

cuvette, thus simulating a higher activity. Munro (1976), reported similar observations 

using the nickel particles. Since the LMP content in this system was low, it would only 

account for a small proportion of the activity. However, a more reliable method of 

identifying if the particles were capable of lysing cells needed to be developed. Detecting 

the release of an intracellular protein after lysis is a more definitive study and is the topic 

of the next chapter (7.0).
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6.3.5 Stability of LMP

The stability of the LMP was monitored by measuring the amount of lysozyme lost by 

deactivation or leaching. Small aliquots (1 mL) were withdrawn from the storage 

container at regular intervals over a 3 month period. The activity was measured in both a 

passive and agitated mode. Figure 6-4, shows that the specific activity decreased by ~ 25 

% in a agitated environment over 90 days from 2300 U mL*’ to 1500 U mL *. This loss 

was attributable to inactivation and progressive leaching of lysozyme from the adsorbent. 

A similar loss in activity was recorded using the conventional lysozyme assay. For long 

term use the LMP can be stored in 0.05 M NaiCOs, 0.1 % NaNg until required.
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Stability o f LMP over a period o f 3 months.

A small quantity o f supports ( 1 mL) were withdrawn at regular intervals over a three month period and 

washed in Na2COs (0.05 M) before the immobilised activity was measured. Immobilised activity o f LMP 

was measured using the agitated (■ ) and conventional ( •  j lysozyme assay. The error bars represent the 

variance in the analysis (n = 3 ( ^ ), n = 2 ( ^ )).
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6.4 Conclusion

Previously, particles immobilised with lysozyme were shown to be inactive in lysing M. 

lysodeikticus cells (Munro, 1976; Hailing and Dunnill, 1979). This may have been due to 

the conditions under which the lysozyme immobilised supports were examined. The 

lysozyme magnetic particles (LMP) used in this study were shown to be active in lysing 

M. lysodeikticus cells when in a well mixed environment, primarily because of the 

improvement in mass transfer. However, there was the possibility of sedimentation 

between the LMP and the cells occurring in the cuvette, thus simulating lysis activity. 

Therefore, a more conclusive method of determining if the particles are capable of lysing 

cells was required.

The next section (7.0) is a continuation of the work presented in this chapter. The LMP 

will be used to lyse E. coli cells in order to release periplasmic a-amylase. The success of 

the supports will be compared against the conventional release method of using free 

lysozyme.
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7. Release of periplasmic g-amvlase from E. co//cells using LMP

7.1 Introduction

Secretion of recombinant proteins into the periplasm is known to have advantages over 

extracellular and intracellular expression systems. Protection is provided from the air- 

liquid interface within bioreactors and from proteolytic attack - only 7 out of the 25 

known cellular proteases are present in the periplasmic space which contains between 4-8 

% of the total cell protein (Swamy and Goldberg, 1982; Baneyx and Georfiou, 1991). 

This means that subsequent purification steps can be greatly simplified as fewer 

contaminating proteins and cellular components are present.

Numerous small scale periplasmic release methods have been developed, but they do not 

easily translate into efficient large-scale processes. Chemical methods include the 

addition of Triton X-100, guanidine-hydrochloride (Naglak and Wang, 1990), chloroform 

(Ames et ai, 1984) and glycine (Ariga et ai, 1989). However, most of these chemicals 

are not inert and may denature or degrade the recombinant protein as well as affecting 

subsequent downstream purification processes. Physical release mechanisms such as 

osmotic shock (Beacham, 1979), freeze thaw (Johnson and Hecht, 1994) and heat 

treatment (Tsuchido et al, 1985) are difficult to scale up. Mechanical release methods 

such as homogenisation and bead milling (Ogez et al, 1989; Harrison, 1991) are easy to 

scale up but unable to achieve selective periplasmic release. Biological techniques that 

use lytic agents such as lysozyme are able to selectively release proteins, but contaminate 

the product stream. Of these methods lysozyme treatment (occasionally with osmotic 

shock) is widely used for periplasmic release. Many variants of these methods have been 

reported with different degrees of success.

Large scale enzymatic release of alpha-amylase from Escherichia coli was achieved by 

French et al, (1996), using a combination 0.5 mg mL'^ lysozyme, 20 % sucrose and 1 

mM EDTA. Lysozyme is the usual component of enzymatic lysis mixtures for E. coli, 

and catalyses the degradation of N-acetylmuramic acid-N-acetylglucosamine (NAM- 

NAG) bonds in the rigid cell wall peptidoglycan. The EDTA destabilises the outer 

membrane by chelating Mĝ "̂  ions allowing the lysozyme to penetrate the 

polypeptoglycan layer and hydrolyse the NAM-NAG bonds. This causes the cell wall 

peptoglycan to break up and form spheroplasts that readily release the contents of the
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periplasm. (Witholt et al, 1976). Sucrose is used to induce mild osmotic shock. Pierce et 

al, (1997) optimised the ingredients to allow a five-fold reduction in lysozyme 

concentration, a 25% decrease in sucrose consumption and a 75 % reduction in 

incubation time to be made.

A potential difficulty associated with the use of lysozyme is that it will contaminate the 

product stream, which may require further purification steps for its removal. Periplasmic 

lysis using T4 lysozyme with an engineered poly-histidine tail allowed enzyme recovery 

from the lysate in a one-step purification using Immobilised Metal Affinity 

Chromatography (IMAC), permitting the reuse of the enzyme (Sloane et al, 1996). 

However, the presence of EDTA in the lysis mixture chelated the metal ions bound on 

the supports reducing the binding capacity of the target protein and contaminating the 

process stream with metal ions (Pierce, 1997).

In this study, hen egg lysozyme has been immobilised onto sub-micron non-porous 

magnetic supports to allow for the periplasmic release of a-amylase from Escherichia 

coli cells, and prevent subsequent contamination of the product stream. The periplasmic 

release was compared with using lysis buffers comprising of lysozyme or LMP, sucrose 

and EDTA. Factors examined included lysozyme concentration, the effects of agitation 

and the time taken for lysis. Large scale release using High Gradient Magnetic Separation 

(HGMS) is also described.
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7.2 Experimental Procedure

7.2.1 Strains and plasmids

E. coli K12 bacterial strains JM107 containing the plasmid pQR126 were constructed by 

J. Ward, UCL (unpublished). The plasmid encodes an a-amylase derived from 

Streptomyces thermoviolaceus CUB74, and was stored at -70 °C in 20 % (v/v) glycerol.

7.2.2 Growth media

7.2.2.1 Complex medium

‘Terrific Broth’ flasks (TB, Tartof and Hobbs, 1987) were composed of (g L'*): KH2PO4, 

2.3; K2HPO4, 3.78; bactotryptone, 12; yeast extract, 24; kanamycin, 0.01; glycerol, 4 mL 

L \

7.2.2.2 Defined medium

Defined medium was composed of (g L'^): Glycerol, 30; MgS0 4 , 2.16; (NH4)S0 4 , 10; 

KH2PO4 , 0.64; Na2HP0 4 , 2.16; NaCl, 2.5; FeS0 4 .7 H2 0 , 0.2; citric acid, 0.2; thiamine, 

0.05; kanamycin, 0 .0 1 ; trace element solution was composed of (g L'^): CaCh, 1 0 ; 

H3BO3 , 4; MnCl2 .4 H2 0 , 2; ZnS0 4 .7 H2 0 , 2; CUSO4 .5 H2O, 0.4; C0 CI2 .6 H2O, 0.4; 

NaMo0 4 .2 H2 0 , 0.2. The glycerol and MgS0 4 .7 H2 0  were autoclaved separately, and the 

kanamycin and thiamine were filter sterilised (0.2 pm) into the fermenter. The remaining 

salts were sterilised in situ.

7.2.3 Microbial cultivation

7.2.3.1 Complex medium

E. coli JM107 pQR126 cells were reactivated by growing overnight on nutrient agar 

plates containing 0.5 % potato starch and 0.02 g L'  ̂ kanamycin. A single colony was 

suspended in 100-500 mL ‘Terrific Broth’ containing 0.01 g L^ kanamycin and grown 

for 18 h at 37 °C and 200 rpm in a reciprocating incubator (Adolf Kiihner AG, Schweiz, 

Switzerland).
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7.2.3.2 Defined medium

E. coli JM107 pQR126 sterile medium was transferred onto a nutrient agar plate. A few 

cells were scraped off and the liquid was pipetted into a 2 L shake flask containing 500 

mL of medium. The culture was grown at 37 °C for 24 h in an orbital shaker at 200 rpm. 

The bioreactor (7 L, Inceltech, Pangboume, UK) containing 4.5 L of defined medium was 

inoculated with a 5 % (v/v) inoculum from a defined medium shake flask culture. The 

cells were grown at 37 °C and pH 7 and controlled with 4 M NaOH. The DOT was 

maintained above 40 % and cultivation was stopped when the carbon source had been 

exhausted.

7.2.4 Determination of a-amylase location

Whole culture samples (12 g L'^) were harvested by centrifugation at 10,000 g and the 

supernatant (referred to as the extracellular fraction) was removed. The periplasmic 

contents were then released by various lysis techniques described below.

7.2.5 lysozyme treatment

7.2.5.1 Standard lysis

The standard lysis method was a modification of that used by French et al, (1996) and 

Pierce et al, (1997). The cell pellet was resuspended in 0.4 mL buffer containing 20 % 

(w/v) sucrose, 0.5 mg mL'^ hen egg white lysozyme and 1 mM EDTA and mixed on a 

vibrating shaker at room temperature for a period of 10 min. At this point 0.4 mL of ice 

cold reverse osmosis (RO) water was added to the mixture and incubated for a further 10 

min on the shaker. The cells were harvested by centrifugation at 10,000 g for 10 min to 

yield the periplasmic fraction. The remaining pellet was resuspended in 50 mM Tris-HCl 

(pH 7.5) and sonicated in 30 s bursts at 8 [Lm amplitude (Soniprep 150, MSB Ltd., 

Crawley, UK) followed by centrifugation at 10,000 g for 10 min at room temperature to 

yield the cytoplasmic fraction. Samples were analysed for amylase, lysozyme and, soluble 

protein as described in section 2.6.
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7.2.5.2 Treatment using Lysozyme magnetic particle (LMP)

The free lysozyme in the lysis buffer was replaced with an equivalent amount of LMP. 

Following lysis at room temperature, the particles were recovered by using a magnetic 

rack and the remaining suspension was harvested at 10,000 g for 10 min to yield the 

periplasmic fraction. The pellet was resuspended in 50 mM Tris-HCl (pH 7.5) and 

sonicated to obtain the cytoplasmic fraction, as described earlier (in section 7.2.5.1).

7.2.5.3 Large scale fractionation

After growth, 5 L of E. coli culture was divided into three equal portions and harvested 

by centrifugation at 10,000 g. The cell paste from one portion was resuspended using 250 

mL of 0.5 mg mL'^ lysozyme, 20 % sucrose and 1 mM EDTA, another portion minus the 

lysozyme was used for the control. These samples were stirred using an overhead mixer 

at 200 rpm for 10 min. An equal portion of ice cold RO water was added and mixed for a 

further 10 min. Following centrifugation at 10,000 g, the periplasmic fractions were 

removed and the remaining concentrates resuspended in 50 mM Tris-HCl (pH 7.5). The 

cytoplasmic fractions were recovered following sonication. Samples were analysed for a- 

amylase, protein content and residual lysozyme.

7.2.5.4 Cell lysis using LMP and recovery by HGMS

Cell paste from the final portion was re-suspended using 250 mL of LMP (0.5 mg mL'^), 

20 % sucrose, and 1 mM EDTA and mixed at 200 rpm for 10 min at room temperature. 

After the addition of cold RO water the suspension was mixed for a further 10 min.

The canister and ancillary lines of the HGMS system were primed with running buffer 

comprising of 50 mM Tris-HCl (pH 7.5), and entrapped air bubbles were removed from 

the system by gentle agitation. The magnet field was set at 0.2 T with the aid of a 

portable gaussmeter 700. The suspension of LMP and cells were then transferred to the 

canister against gravity at a flowrate of 8 L hr'  ̂ (10 m h'^) using a peristaltic pump. 

Samples were collected at regular intervals (1-2 min) using a fraction collector. 

Breakthrough of LMP was observed by visual means at the point when the particle slurry 

was seen to emerge from the top of the canister. Tris-HCl (50 mM, pH 7.5) was used to 

wash the canister to remove any residual cellular material trapped within the matrix. The
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magnetic field was deactivated and the particles were flushed from the canister at 8 L hr'* 

using agitation when required. The canister was dismantled and the matrix thoroughly 

washed to remove any residual particles. The various samples were assayed for a- 

amylase, protein, lysozyme and LMP content.

7.2.6 Regeneration of LMP

LMP were incubated in either sodium hydroxide, hydrochloric acid, diethylamine, 

isopropyl alcohol, 1 % Triton X I00 or a combination of the reagents. The particles were 

sequentially washed in water followed by the cleaning buffer (x2) for a period of up to 10 

h on a vibrating shaker. The washings were assayed for lysozyme leakage.
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7.3 Results and discussion

7.3.1 Amylase release using free lysozyme and LMP

Figure 7-1 shows the a-amylase release achieved by different components of the lysis 

mixture. Maximum periplasmic release of 52 U mL'^ was obtained when using the 

standard lysis buffer comprising of 0.5 mg mL'^ lysozyme, 20 % sucrose and 1 mM 

EDTA as previously reported by French et al, (1996) and Pierce et al, (1997). After 

inducing osmotic shock by the introduction of water in the second part of the lysis 

protocol, an increase in periplasmic a-amylase was recorded (95 U mL'*), but 

significantly higher protein release led to a fall in specific activity from 400 U mg'* to 

150 U mg'*. Water was also beneficial as it reduced problems associated with 

clarification of sucrose mixtures by decreasing the viscosity of the resulting liquor. This 

improved subsequent clarification stages by increasing the centrifugation efficiency for 

spheroplast and cellular fragments (Pierce, 1996). The lysis buffer containing lysozyme 

and sucrose mix released similar amylase levels after osmotic shock (75 U mL'*), 

although, the specific activity was lower due to the high protein release (100 U mg'*). 

Release using other combinations of lysis buffers was poor, suggesting that sucrose was 

an essential ingredient in order to obtain the maximum benefits of osmotic shock. Pierce 

et ai, (1997), suggested that a sucrose concentration of at least 15 % was required to 

allow lysozyme to effectively penetrate into the cell and subsequently hydrolyse the 

peptoglycan layer.

Replacement of free lysozyme with LMP released less than 20 % of the a-amylase (10 U 

mL'*) before osmotic shock and ~ 50 % (48 U mL'*) afterwards. Combinations excluding 

any one of the three major components gave poor release levels. In general, the lower 

amylase release titres when compared to using free lysozyme could be attributed to the 

aggregation between LMP and cellular fragments, which occurred during the lysis. 

Muraki et al, (1988), stated that conditions of low ionic strength and pH created 

electrostatic forces between positively charged lysozyme (isoelectric point 11) and the 

negatively charged cell (Salton, 1976). Therefore, strong attractive forces would be 

expected in the relatively low pH and ionic strength of the lysis buffer used in this study. 

This would favour the adsorption of LMP (and lysozyme) to cell wall peptoglycan. The 

bound material would act as a barrier and inhibit lysis.
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Figure 7-1

Lysis com position

The effect of varying lysis mixture ingredients on the titre and purity of a-amylase 

released from E. coli JMI07 pQR126 cells.

Release was achieved by using combinations of 0.5 mg mL'' lysozyme (L), 0.5 mg niL'' LMP, 20 % sucrose

(S) and I mM EDTA (E). Water was added to induce osmotic shock. Amylase release I I and residual 

free lysozyme (^ ) or eluted lysozyme from using LMP j was measured before and after osmotic shock 

and specific activity’ I I was calculated from protein release.

Low levels of lysozyme were detected in the periplasmic wash when using either of the 

first two lysis mixtures containing free lysozyme and sucrose (before the addition of 

water). These low lysozyme levels may be associated with the use of sucrose, which 

made the assay less stable due to the high viscosity of the mixture. After the addition of 

water, the amount of lysozyme detected was significantly higher due to a reduction in 

viscosity and/or the effects of osmotic shock. In general, the amount of lysozyme detected 

in the periplasmic fractions varied between ~ 0.001 and 0.05 mg mL'*. This represented 

up to 20 % of the total free lysozyme, the remainder was electrostatically bound to the
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peptoglycan layer (Pierce at aL, 1997). This was advantageous for selective release using 

free lysozyme as it would reduce the burden on subsequent downstream processing 

stages, although, inefficient and costly as the enzyme cannot be recovered for re-use. 

Lysozyme that had leached off the LMP and contaminated the process stream was at 

undetectable levels in the periplasmic mixture. This reduced the overall protein load in 

the process stream and resulted in a higher amylase specific activity when compared with 

using free lysozyme. There was also a possibility that non-specific protein adsorption was 

taking place from the bulk phase using these supports, given the charged nature of 

lysozyme under the conditions of the lysis. Thus, the specific activity of a-amylase was 

200 U mg'^ using LMP as opposed to 150 U mg'^ using free lysozyme in the full lysis 

buffer also containing sucrose and EDTA.

A number of external factors can influence lysis including treatment time, agitation rate 

and lysozyme concentration (Pierce et al, 1997). The effects of these three factors on 

enzyme release were examined using LMP and compared with free lysozyme. Ways of 

reducing aggregation are examined in sections 7.3.5 and 7.3.6.

7.3.2 Time dependence of periplasmic lysis using LMP

An important consideration on the periplasmic release titres was the contact or incubation 

time of the lysis buffer with the cells. Figure 7-2 shows the release of periplasmic a- 

amylase over a 20-min period using lysozyme and LMP. The release of a-amylase 

appears to be immediate when using free lysozyme. Similar findings were reported by 

Pierce et al, (1997). There was a deterioration in specific activity from 150 U mg'* to 85 

U mg'* at 20 min, due to the release of cytoplasmic protein into the periplasmic fraction 

as a result of the continued breakdown of the cell. Pierce (1996) reported that free 

lysozyme would still be able to actively breakdown cell wall polypeptoglycan when 

immobilised to cellular fragments, leading to the continued cell lysis.

The release of amylase was gradual when using LMP, titres increased from 70 U mL * to 

100 U mL * over a 20 min period. During this interval, the aggregate size increased 

considerably until they could be seen to the naked eye. These aggregates reduced the 

active surface area available for cell lysis. Therefore, it was decided to keep the lysis 

incubation time below 1 0  min in all further experiments, even though this would be at the 

expense of higher amylase release. A significant reduction in specific activity was
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recorded at 20 min, for reasons associated with cell breakdown as previously discussed. 

A higher lysozyme contamination level was recorded in the process stream when using 

free lysozyme in the lysis buffer. This led to a higher protein load and consequently a 

lower amylase specific activity across all time bands when compared to using LMP.
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Figure 7-2 Ejfect o f lysis time on periplasmic release and purity o f a-amylase from E. coli cells.

Amylase release I 1 and either free lysozyme {^ )  or leached lysozyme from LMP ( • )  were measured 

in the periplasmic fraction after osmotic shock. Specific activity’ I I was calculated from protein 

release. The error bars represent the variance in the average (n=3).

7.3.3 Effect of agitation on periplasmic release of a-amylase

Agitation was important to ensure that the suspension was m ixed to homogeneity, and the 

beneficial limits also needed to be established. The use of free lysozyme in the lysis 

buffer did not require any form of vigorous mixing to facilitate periplasmic release 

(Figure 7-3). Amylase titres and specific activity were fairly constant irrespective of 

agitation rates, at approximately 110 U m L'' and 150 U mg'* respectively. Titres were 

also constant at ~ 75 U m L '' when using LMP, although, there was a more noticeable
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increase in protein release as indicated by a reduction in specific activity from 250 U mg'* 

to 200 U mg ' at agitation rates in excess of 750 rpm. The physical presence of solid 

particles in a turbulent environm ent may reduce cell integrity due to particle-cell attrition, 

and enhance lysis/cell breakage. The effect of this was greater at higher agitation rates. 

Similar conclusions were drawn when using the LMP to lyse M. lysodeikticus cells (see 

section 6.3.3). However, m ixing was essential to ensure that the particles were adequately 

dispersed and did not settle or form a passive non-moving layer in the viscous lysate 

mixture. As before, the specific activity of periplasm ic a-am ylase was higher at all 

agitation intervals using LM P over free lysozyme, due to a com bination of lower 

lysozyme contamination levels in the process stream, and possible protein adsorption 

from the bulk phase.
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Figure 7-3 Ejfect o f agitation on the titre and purity o f periplasmic a-amylase from E. coli cells.

Agitation was applied fo r  a total o f 20 min before amylase release I I. and free lysozyme (—■— ) or 

eluted lysozyme from LMP ( •  ) were measured in the periplasmic fraction. Specific activity’ I I was

calculated from protein. The error bars represent the variance in the average (n=3).
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7.3.4 Effect of lysozyme concentration on periplasmic a-amylase release

There is an incentive to limit the use of lysozyme in order to reduce costs and to lower 

contamination levels in the process stream. The aim of this study was to determine the 

lowest concentration of lysozyme that could be used in the lysis buffer, before a-amylase 

release would be negatively affected. Amylase release was fairly constant (at -70-80 U 

mL'^) when using between 0.125-1 mg mL'* of free lysozyme (Figure 7-4). There was a 

slight decrease in specific activity when using lysozyme concentration in excess of 0.5 

mg mL'* due to subsequent contamination in the process stream. The lysozyme content 

can be reduced to the lower limit without a significant loss in a-amylase release (0.125 

mg mL'*). At this level 5 mg of lysozyme per gram of dry cell weight was used, which 

was similar to the levels quoted by Pierce (1997).

Periplasmic release using low LMP concentration (0.125 mg mL'*) was less effective 

than using free lysozyme at the same concentration as indicated by the low amylase 

release (30 U mL'*). The rapid inactivation of LMP due to electrostatic binding of cell 

wall polypeptoglycan reduced the surface ligands available for lysis. Therefore, at low 

LMP concentrations fewer particles needed to be inhibited to significantly affect the 

performance. The specific activity of a-amylase remained fairly constant at -200 U mg'* 

when using between 0.125-0.25 mg mL * LMP. At higher concentrations (> 0.25 mg mL' 

*), the specific activity dropped from 200 U mg'* to 160 U mg'*, because of the greater 

impact of particle-cell attrition, but this was still 30 % greater than when free lysozyme 

was used. The concentration of LMP can be reduced from 0.5 mg mL * to 0.25 mg mL * 

( 1 0  mg of lysozyme per gram of dry cells) without affecting the recovery or purity of 

periplasmic a-amylase.
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Figure 7-4

Lysis oomposition

Ejfect of lysozyme concentration on the release and purity of periplasmic a-amylase 

from E. coli cells.

Up to I mg mU' of either free lysozyme or LMP was used to release periplasmic amylase . Specific 

activity F I was calculated from protein release and amylase I I and residual free lysozyme (^ ) or

eluted lysozyme from LMP (*  ) were measured after osmotic shock. The error bars represent the variance 

in the average (n=3).

7.3.5 Use of NaCl to increase lysozyme recovery

Pierce et ai, (1997), and O’Brien (1996) reported that the use of high ionic strength 

buffers weakened the electrostatic interactions between lysozyme and cell wall 

polypeptoglycan allowing easier dissociation and recovery. It may also reduce selective 

amylase release by preventing lysozyme from hydrolysing the NAM-NAG bonds in the 

peptoglycan layer. In the following series of experiments, lysis was carried out in 0.02 M 

phosphate buffer (pH 7.7) containing upto 0.5 M NaCl, to evaluate whether the 

aggregation between LMP and cellular fragments observed in previous trials could be 

prevented.
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LMP aggregation was minimal (as visible to the naked eye) when using 0.5 M NaCl, 

however, release levels were only at 2 0  % of the original level, that is when using no 

NaCl (Figure 7-5). A similar pattern was observed when using free lysozyme, although, 

a noticeable reduction in amylase titre was not observed until the lysis was conducted in 

0.25 M NaCl. The high osmotic potential created by using the salt buffer has also been 

reported to result in lysis of the cell spheroplasts alone (Pierce, 1996). This explained the 

high protein release and consequently the lower specific activity of amylase when using 

0.5 M NaCl. Given that particle aggregation still occurred when using LMP and 0.5 M 

NaCl (albeit to a lesser extent), it was unlikely that incubation with higher concentrations 

of NaCl would be beneficial, due to expected low amylase release.
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Figure 7-5 Ejfect o f NaCl on the release and purity o f periplasmic a-amylase fo r  E. coli cells.

NaCl was used to prevent particle aggregation by reducing the electrostatic interaction between lysozyme

]  release was measured in the periplasmic fraction andand cell wall polypeptoglycan. Amylase 

specific activity L was calculated from protein release. Residual lysozyme from using free lysozyme 

( * )  or LMP f •  ) was measured after osmotic shock in the periplasmic fraction. The error bars represent 

the variance in the average (n=3).
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7.3.6 LMP regeneration

The failure to prevent or reduce the size of the LMP aggregates during lysis required 

compounds capable of breaking the structure whilst maintaining high ligand levels. A 

variety of reagents were evaluated for this purpose either individually or in combination, 

such as hydrochloric acid, isopropyl alcohol, sodium hydroxide, diethylamine and Triton 

X I00. In total, three washes were employed, phosphate buffer followed by two washes in 

the regeneration buffer for a period of 2 h each. Eluted lysozyme along with the activity 

and support condition after regeneration is recorded in Table 7-1. Hydrochloric acid at 

either strength (50 or 100 mM), IP A and any combinations with Triton X I00 failed to 

reduce the size of aggregate and increase adsorbent activity. Furthermore, up to 23 % of 

the immobilised lysozyme was stripped from the magnetic supports by the hydrochloric 

acid wash, and aggregation reduction was minimal using IPA. The use of sodium 

hydroxide and diethylamine reduced the size of the aggregates after two washes, but the 

particles were still larger (visible to the naked eye) than fresh LMP. Leakage was upto 7 

% of the lysozyme immobilised to the support, and the activity of the recycled particles 

was poor. The addition of 1 % Triton X I00 to sodium hydroxide and diethylamine 

further decreased the size of the aggregate, and in doing so increased the mobility of the 

supports and activity after regeneration.

Table 7-1 Comparison o f regeneration buffers on the activity and physical state o f spent LMP.

LMP were regenerated by using diethylamine, NaOH, HCI, NaOH, IPA and Triton X I00. The amount of 
lysozyme lost in the regeneration process along with the extent of aggregation was monitored throughout 
the process.

Reagent Activity after regeneration 

(%)

Eluted lysozyme 

(%)

Aggregation

50 mM NaOH (pH 12) 8.8 ± 2 .9 5.5 ± 0 .2 Small

100 mM NaOH (pH >12) 7.3 ± 0 .9 7.4 ± 0 .9 Small

50 mM NaOH + 1 % Triton 18.5 ±0.1 7.1 ± 0 .4 Small

50 mM HCI (pH 1) 15.3 ± 6.6 Large

100 mM HCI (p H < l) 22.7 ± 1.0 Large

50 mM HCI + 1 % Triton 14.7 ± 2 .4 Large

50 mM Diethylamine (pH 12) 5.1 ± 0 .4 6.3 ± 0.4 Small

100 mM Diethylamine (pH 12) 4.7 ±0 .3 6.8 ±0.1 Small

50 mM Diethylamine + 1 % Triton 16.4 ±3 .3 7.2 ±0 .5 Small

30 % IPA 0.6 ±0.1 Large

Footnote: Particles were regenerated for a period of 2 h on a vibrating shaker. Activity after regeneration was measured using the 
modified lysozyme assay and eluted lysozyme was measured using the standard lysozyme assay. Aggregation was quantified on a 
visual basis as seen to the naked eye. *No activity data after regeneration was recorded because the particles were highly aggregated 
and did not give stable assay readings. All values are given as mean ± sample standard deviation (n = 3).
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The next series of regeneration cycles focused on using both sodium hydroxide and 

diethylamine in combination with 1 % Triton X I00 over a period of 10 h in order to 

further increase the immobilised activity. The activity of the resulting particles along with 

a control sample is summarised in Table 7-2.

Table 7-2 Activity o f LMP after regeneration using sodium hydroxide and diethylamine in

combination with Triton XIOO.

Reagent Time" Activity after regeneration Control

(h) (%) (%)

50 mM NaOH, 1 % Triton 1 23 ± 1.5 90 ± 4 .6

3 45 ± 1.0 82± 4 .1

5 42 ± 1.9 62 ± 5 .9

10 37 ± 3.0 57 ± 2.0

50 mM Diethylamine, 1 % Triton 1 18±  1.1 90 ± 2.4

3 41 ±4 .7 86 ± 4.2

5 40 ± 1.0 78 ± 1.6

10 41 ± 4 .2 61 ± 3 .2

Footnote: “Particles were regenerated twice for a period of x h on a vibrating shaker. Immobilised lysozyme activity after
regeneration for spent LMP and the control samples were measured using the modified lysozyme assay. All values are given as mean 
± sample standard deviation (n = 3).

After two 1 h washes in the regeneration buffer, the particles were still aggregated and only 

-20 % of the original activity was detected, the control sample showed 90 % of the 

original activity. Longer regeneration periods reduced the particle size considerably and 

resulted in an increase in immobilised lysozyme activity to -  41-45 % after 6  h (2 x 3 h 

washes). The activity of the corresponding control sample fell to -  82-86 %. Thereafter, 

no improvement in performance was recorded in terms of immobilised activity using 

either of the regeneration buffers, and ligand leakage was also higher. Immobilisation of 

lysozyme to amine terminated supports using glutaraldehyde was a somewhat unstable 

link, which may account for the considerable ligand elution seen in the control sample. 

Leakage could be minimised or eliminated altogether if a more secure covalent 

immobilisation method was sought. These regenerated LMP (using 50 mM NaOH, 1 % 

Triton XIOO over 6  h) were used in subsequent trials in order to determine their 

usefulness in cell lysis.

Lysis was carried out with free lysozyme, LMP (freshly made and after 1 and 2 

regeneration cycles), and a series of control samples comprising of magnetic particles
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(MP) and sucrose/EDTA (Figure 7-6). The release of a-amylase was highest using free 

lysozyme followed by LMP, Sucrose/EDTA, and MP. As expected, low amylase levels 

were recorded in the control samples. After the first regeneration cycle, the release of a- 

amylase was reduced by over 30 % to ~ 29 U mL ^ whilst the specific activity increased 

to -300 U mg'\ A further 18 % reduction was recorded after the second regeneration 

cycle to -  24 U mL'% and the specific activity fell by 27 % to 220 U mg '. If this pattern 

was to continue, then the LMP would be completely inactivated within a few cycles. For 

reuse, the activity needs to be maintained at or near initial levels. The current problems 

limit the potential of these supports, to one or at most 2 cycles. The activity loss was 

attributable to a combination of particle aggregation, eluted lysozyme and fouling, all of 

which increased after each regeneration cycle.
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Figure 7-6 Periplasmic a-amylase release from E. coli cells using regenerated LMP.

The purity and amount of amylase I 1 released using regenerated LMP was compared with fresh LMP 

and a range of control samples. LMP were regenerated using 50 mM NaOH in J% Triton XIOO for a 

period o f 6 h  before re-use. Specific activity I I was calculated from protein release and residual free 

lysozyme (^ ) or eluted lysozyme from LMP (* )  was measured in the periplasmic fraction after osmotic 

shock. The error bars represent the variance in the average (n=3).
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7.3.7 Large scale release of periplasmic a-amylase and recovery using HGMS

Preparative scale release of amylase was attempted by using HGMS to recover the LMP 

after lysis. Most of the essential parameters required to design this experiment were 

obtained from the laboratory studies. The support concentration and the time taken for 

lysis were kept the same as the parameters set in the laboratory scale lysis. The agitation 

conditions were changed from a bench mixer to an overhead stirrer employing a rushton 

blade, and baffles were inserted into the vessel to ensure complete and thorough mixing 

of the viscous lysate.

A defined medium fermentation was used to produce the required amount of cell paste, 

rather than a complex medium fermentation due to the complexity of the latter process 

(French, 1996). Rapid growth rates leading to possible oxygen starvation of the culture, 

a-amylase leakage and excessive foaming are some of the problems associated with 

complex medium fermentations (Pierce, 1996).

Cell paste from the fermentation broth was divided into three equal portions. One portion 

was used to test the standard lysis buffer, and another part was used for the control buffer. 

The lysis buffer containing LMP was used on the third and final portion The amylase 

release obtained using the standard lysis buffer containing free lysozyme and the control 

buffer is summarised in Table 7-3.

Table 7-3 Summary o f release of periplasmic a-amylase using the standard and control buffers.

The broth from a defined medium fermentation was harvested and divided into three equal portions. One 
portion was resuspended using the standard lysis buffer comprising of 0.5 mg mL'' lysozyme, 20 % sucrose 
and 1 mM EDTA. Another part was resuspended in the control buffer made up of 20 % sucrose and 1 mM

a-amylase titre 

(U mL'')

Specific activity 

(U m g')

Standard lysis bulker

Periplasmic release 33.4 25.8

Control buffer

Periplasmic release 23.7 20.4

Earlier laboratory scale studies had shown that periplasmic release was noticeably lower 

when the lysis mixture did not contain lysozyme. Therefore, the amylase titre and specific 

activity obtained when using the control buffer was high (23.7 U m L '\ 20.4 U m g '\
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particularly when compared to the standard lysis buffer containing free lysozyme (33.4 U 

mL '; 25.8 U mg ').

The high amylase release obtained in the preparative scale lysis with respect to the titres 

obtained in the laboratory studies, was because of the difference in growth media. 

Complex medium was used to grow the E. coli cells in the shake flask, whereas defined 

medium was used for the fermentation. The relative ease with which E. coli cell lysis 

occurs in defined media containing only mineral salts has been well documented (Pierce, 

1996; Gray et al, 1972). This may be caused by nutrient exhaustion, given that better 

growth conditions are present in a fermenter compared to the oxygen-starved 

environment of the shake flask. Furthermore, the high ionic strength of the medium may 

create an osmotic potential that can destabilise the cell and release components (> 50 %) 

from the periplasm, despite the absence of lysozyme and other components of the lysis 

mixture (Pierce, 1996). However, the addition of a supplement of yeast extract (Harrison 

et al, 1996) or excess Mĝ "̂  (Leduc et al, 1982) to the defined medium has been reported 

to increase retention of a-amylase within the periplasm and to increase the periplasmic 

yield, selective release and productivity. In contrast, cells grown on complex medium 

require the presence of lysozyme to effectively release the majority of periplasmic 

amylase. The absence of lysozyme or any of the other key components of the lysis buffer 

was found to reduce the effectiveness of periplasmic release (Pierce, 1996; section 7.3.1). 

The rich nutrients present in complex medium such as yeast extract may also confer 

additional stability to the cellular structure and increase the production of a-amylase 

(French, 1996).

The lysis buffer containing LMP was used on the third portion of cell paste to release 

periplasmic amylase from E. coli. Once lysis was complete the magnetic supports were 

recovered from the bulk mixture at a flowrate of 8  L h'  ̂ using HGMS. Figure 7-7 shows 

the amylase release and specific activity of the process fraction as LMP were removed 

from the suspension. Periplasmic a-amylase levels increased rapidly to reach a peak of 

38 U mL'^ with a specific activity of 28 U m g'\ The titre was higher than predicted (from 

the laboratory scale studies), and compared favourably with the a-amylase release using 

the lysis buffer containing free lysozyme (Table 7-3). As found when using the control 

buffer, it was possible that the weaker cellular structure made the cell more prone to lysis. 

During the loading phase, the continual build up of LMP in the canister encouraged
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7.0  Release o f  periplasmic a-am vlase from E. coli cells using LMP

entrapment of solid debris and cells. Hence, a greater amount of contaminating protein 

was released into the process stream due to particle-cell collision and attrition, and a 

lower titre and specific activity were obtained at the end of particle loading (25 U mL'  ̂

and 20 U mg'^ respectively) than the start (38 U mL'^ and 24 U mg'^ respectively).
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Figure 7-7 Profiles o f amylase release after lysis using LMP and HGMS.

The lysis buffer comprised o f 0.5 mg mL'̂  LMP, 20 % Sucrose and I mM EDTA. During the load stage the LMP were recovered from the homogenate at 8 L using HGMS 

separation. The wash stage was used to flush any residual debris from the canister. Finally, The spent LMP were recovered from the canister at 0 T and 8 L h'̂  using passive and 

agitative flushing techniques (flush stage). Samples collected during the process were analysed for a-amylase and LMP ( ^). Amylase specific activity was calculated from  

protein release.
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After the LMP were recovered from the lysis mixture, a washing buffer comprising of 50 

mM Tris-HCl (pH 7) was applied to remove any protein or residual cellular debris 

trapped within the canister. The amylase titre of this fraction was low (5 U mL'^) but the 

specific activity was high (-40 U mg'^), primarily due to errors in measuring for low 

protein content (Figure 7-7). The magnetic field was deactivated and the particles were 

recovered from the canister (Table 7-4). Less than 1 % of the supports were collected 

using passive flushing techniques. When agitation was applied, a further 45 % of the 

particles were recovered with at a peak concentration of 6  mg m L'\ After dismantling the 

canister, a batch elution step was employed to remove the remaining particles (~ 44 %) 

from the matrix. These supports appeared to be aggregated and explained the high 

physical retention of the particles by the matrix. LMP retention was aided by the residual 

magnetism possessed by the matrix when the external magnetic field was deactivated. 

Increasing the voidage so as to expanding the free space within the matrix and lowering 

the external magnetic field to reduce residual magnetism effect, may alleviate these 

problems, but these solutions would be at the expense of particle loading in the canister.

Table 7-4 Particle flushing data from the lysis ofE. coli cells and subsequent recovery using

HGMS.

The LMP profile is shown in Figure 7-7. Flushing was conducted at zero Tesla and 8 L h \  Once particle 
removal from the canister was complete, a batch recovery step was carried out on the matrix to remove any 
physically entrapped supports.

Cycle Particle Recovery (g) Particle Recovery (%)

Particle loading until breakthrough 1.70 (100)

Particles lost in washing 0.13 7.6

Passive flushing 0.01 0.5

Agitated flushing 0.75 44.1

Batch recovery 0.74 43.5

Total recovered 1.64 95.9

Footnote: The recovery was less than 100% due to errors in the assay.

7.4 Conclusion

These studies indicate that LMP were able to facilitate periplasmic release of a-amylase. 

Although the titres were lower then those obtained using free lysozyme, the specific 

activities were higher. Also, residual lysozyme in the product stream was negligible, 

which reduced the contamination load on subsequent downstream processing steps. The 

conditions of the lysis buffer encouraged the LMP to electrostatically adsorb cell wall 

polypeptoglycan. This created aggregates, which inhibited lysis. All attempts to prevent
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or break the aggregates during or after lysis proved unsuccessful, and were reflected in 

the subsequent poor performance of the supports.

A direct comparison between the laboratory and preparative scale studies could not be 

made because of the different media compositions used in the growth of the organism. 

The change in medium was required, as complex medium fermentations to produce 

amylase are inherently unstable and difficult to control on a large scale. When grown on 

defined media, the cells were weakened and more susceptible to lysis. This resulted in 

similar amylase release levels using the lysis buffers containing free lysozyme, LMP and 

the control. The extensive aggregation between the supports and cellular material also 

highlighted potential problems associated with recovery of large clusters of particles from 

the collection canister during flushing sequences using HGMS.

Aggregation limited the potential of the LMP for this particular system, but it does 

highlight another potential use of the magnetic supports in an area other than affinity 

separation. The next chapter investigates the use of LMP as a conventional affinity 

adsorbent. The LMP will be used to recover Fv fragments from clarified E. coli lysate.
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8. Recovery of antibody Fv fragments using LMP

8.1 Introduction

Immunoaffinity chromatography is a highly specific technique capable of single-step 

purification. It is widely used for laboratory-scale work but rarely for industrial purposes 

because of the prohibitive cost of the monoclonal antibody (Mab) ligands. Another 

disadvantage of Mab is their large size, which tends to lead to low binding capacities 

particularly when immobilised on porous supports. This causes problems associated with 

poor activity and band spreading (Berry and Davies, 1992; Berry et al, 1991).

Typical Mabs have a molecular mass in the region of 150,000 (Mr), consisting of two 

identical heavy chains (Mr 50,000 each), and two identical light chains (Mr 25,000 each; 

Figure 8-1). Each chain has a variable light (V l) and heavy region (V h) at the amino end, 

which are responsible for antigen binding. The constant region at the carboxyl end is 

responsible for binding to cell receptors and complement fixation (Berry and Davies, 

1992). Antibody fragments that possess the antigen binding regions V l and Vh of the 

parent antibody but lack the other domains are known as Fv fragments (Mr 25,000).

N -term in i

VH ■ VL

F V f r c g n e n t

C - te r tT in d

Anti b o d /

Figure 8-1 Diagram o f antibody fragments.

On the antibody fragment, the constant regions (C) are drawn in black, the variable regions (V) in white 

and the complimentarily determining regions (cdrs) appear as three bands on the variable regions. 

Molecular masses: Antibody = 150,000; Fv fragments = 25,000; Vf/Vi fragment = 12,500.
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Antibody Fv particles are particularly appealing for use in immunoaffinity 

chromatography, as they can be manufactured at a lower cost using recombinant DNA 

technology compared with conventional antibody production in animal cell culture (King 

et al, 1993). Furthermore, immobilised Fv fragments have more binding sites per gram 

of protein than whole antibodies, and are sufficiently small to be immobilised within the 

pores of adsorbents without reducing the pore size to the extent caused by whole 

antibodies. Berry et al, (1992; 1994), immobilised Fv particles on porous silica in order 

to recover lysozyme from a mixture with serum. High efficiency separations over a 

number of cycles were possible with only a small loss in capacity.

Typical immunoaffinity matrices are only suitable for use in column chromatography. 

This requires a clarified liquor, and as mentioned in chapter 5.0, makes them unsuitable 

for use in feedstocks containing particulate matter. An alternative purification approach 

would be to use lysozyme coated magnetic particles (LMP) using batch recovery 

techniques. Although these adsorbents have been shown to be unsuitable for use in 

feedstocks containing E. coli matter due to extensive aggregation between the 

immobilised lysozyme and cell wall polypeptoglycan (see chapter 7.0), they do possess 

high specific surface areas and therefore have high binding capacities. LMP would be of 

particular benefit in recombinant systems other than E. coli where the Fv fragments are 

secreted into the broth (Boulding, personal communication on Aspergillus where the 

same Fv fragments are secreted). Purification would be achieved without requiring prior 

clarification, which may reduce the number of downstream processing stages required to 

achieve a purified product.

In the studies described in this chapter, the binding capacity of LMP for purified Fv 

fragments, the kinetics of adsorption, and the elution parameters were optimised on a 

laboratory scale, before preparative scale trials were carried out using HGMS. The steps 

involving the washing of the loaded supports and product elution were carried out in a 

packed bed mode incorporating the recycle loop, to maximise product concentration and 

recovery.
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8.2 Experimental Procedure

8.2.1 Preparation of lysozyme coated magnetic particles (LMP)

The preparation of LMP was previously described in detail in section 6.2.

8.2.2 Binding studies

Adsorption isotherms were obtained by incubating 2 mg of LMP with 1 mL of Fv 

fragments (1-40 |LiM) in binding buffer (50 mM Tris-HCl, pH 7.5). These were incubated 

together on a vibrating shaker at room temperature for a period of 1 h. The particles were 

magnetically recovered and the supernatant assayed for remaining antibody activity and 

protein content (as described in section 2.6). Elution characteristics were determined by 

adding 2 mg of fresh LMP to 1 mL of Fv fragments (Co = 8  pM, the amount of fragments 

required to saturate the supports, C*sat) and mixed on a vibrating shaker for 2 0  min at 

room temperature. The loaded supports were washed sequentially with 50 mM 

diethylamine (pH 10) and 50 mM diethylamine (pH 12.5). After magnetic separation, the 

supernatant was immediately neutralised by the addition of ~Vio volume of 2.0 M Tris- 

HCl (pH 7.5) and assayed for residual Fv activity and protein. Binding kinetics were 

obtained by incubating 2 mg LMP with 1 mL of Fv fragments (Co = 8  pM). At regular 

intervals the particles were magnetically recovered and the supernatant assayed for 

remaining antibody activity and protein content.

Whole medium samples were harvested by centrifugation at 10,000 g and the supernatant 

(referred to as the clarified lysate) was removed. The recovery of Fv fragments in 

clarified lysate and the binding kinetics were carried out in a similar manner to the 

recovery and kinetics of purified Fv fragments in binding buffer, as described above. The 

used LMP were regenerated by incubating the particles with 50 mM HCI for 1 min on a 

vibrating mixer. The adsorbents were magnetically extracted and re-equilibrated with 

binding buffer before re-use.

8.2.3 Recovery of Fv fragments using LMP and HGMS

A 10 L E. coli culture was harvested by centrifugation at 10,000 g for a period of 30 min 

at 5 °C. The clarified lysate was removed and the solid paste was discarded. 

Approximately 1.5 g of LMP was added to the clarified liquor and mixed for a further 30 

min using an overhead stirrer. The canister and ancillary lines of the HGMS device were
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primed with running buffer, 50 mM Tris-HCl (pH 7.5), and entrapped air bubbles were 

removed by applying gentle agitation. The magnetic field was set at 0.1 T with the aid of 

a portable gaussmeter 700. The suspension comprising of LMP in clarified lysate was 

transferred to the canister against gravity at a flowrate of 8  L h'  ̂ (10 m h'^) using a 

peristaltic pump. Samples were collected at regular intervals using a fraction collector. 

Once breakthrough of LMP was visually observed, the loaded supports trapped within the 

canister were washed with 50 mM Tris-HCl (pH 7.5) to remove any residual fragments. 

Two elution washes were employed, the first with 50 mM diethylamine (pH 10) to 

remove any non-specific bound protein, the second with 50 mM diethylamine (pH 12.5) 

to elute the Fv fragments. The various samples were immediately neutralised in Vio 

volume of 2 M Tris-HCl (pH 7.5). To improve clarification and desorption efficiencies, 

each eluant was loaded and recycled with the particles in an independent recycle loop 

(see section 5.3.8). Once elution was completed, the electromagnet was deactivated and 

the LMP were flushed from the canister at 8  L h'* using agitation when required. The 

canister was then dismantled and the matrix thoroughly washed to remove any residual 

particles. The spent LMP were pooled together and a batch elution step was performed 

using 50 mM diethylamine (pH 12.5) to ensure maximum recovery of the target protein. 

The samples were assayed for Fv fragments, protein, eluted lysozyme, LMP content and 

analysed by SDS-polyacrylamide gel electrophoresis (as described in section 2.6).
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8.3 Results and Discussion

8.3.1 Binding studies using LMP

Batch adsorption studies were carried out to determine the maximum capacity of the 

LMP for the antibody fragments. Purified Fv particles were used in these initial 

experiments to reduce interference from fouling components and to obtain the absolute 

capacity of the supports. An equilibrium adsorption isotherm for the binding of purified 

Fv fragments to LMP is shown in Figure 8-2. The line represents the best fit hyperbola 

(Langmuir isotherm model) to the data, where Q* is the Fv fragments adsorbed per gram 

of LMP at equilibrium, and C* is the liquid phase free Fv concentration at equilibrium. A 

Scatchard (1984) plot confirmed that the simple Langmuir model adequately described 

the binding of Fv fragments to LMP (insert Figure 8-2). Langmuir constants obtained 

from Figure 8-2 are summarised in Table 8-1. The maximum adsorbent capacity (Qmax) of 

78 mg of Fv fragments per gram of LMP, and the dissociation constant (kd) of 0.7 |xM 

compared well with previous studies undertaken by Morgan et ai, (1996), using IMAC 

magnetic particles for the recovery of monoclonal antibody fragments. There a binding 

capacity of between ~51.6-84.9 mg g'  ̂ was obtained with a kd of less than 1 |iM.
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Isotherm for the adsorption of pure Fv fragments.

Adsorption isotherms were obtained by incubating LMP with Fv fragments in Tris-HCl (50 mM, pH 7.5) at 

25 °C. Insert shows a Scatchard plot derived from the equilibrium plot o f Q* Vs. C* which confirmed that 

adsorption followed Langmuir’s theorem. The intercept on the y -axis is Q âx and on the x-axis the initial

slope is (Q C*'̂ ).

Table 8-1 Binding parameters o f LMP for Fv fragments.

Adsorption isotherms were obtained by recovering purified Fv fragments in Tris-HCl (50 mM, pH 7.5) as 
shown in Figure 8-2. The data obtained was fitted to Langmuir adsorption isotherms of the form in equation 
1-4 and the parameters for the maximum capacity of the adsorbent, Q̂ ax and the dissociation constant of the

Langmuir constants

Qmax (mg g ') 78

kd (itM) 0.7

Initial slope (Q^ax kd ') -111
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8.3.2 Influence of contaminating protein on LMP binding capacity

Recovery of purified Fv fragments was carried out in BSA, in order to determine the 

influence of contaminating protein on the binding capacity. Approximately 8  pM of 

purified Fv fragments, the amount of Fv particles required to saturate the adsorbents 

(C*sat), were spiked into BSA (0.01-2.5 %) and recovered using LMP (Figure 8-3). The 

binding capacity of the adsorbents was maintained at ~ 50 mg g'  ̂ irrespective of the BSA 

content. The ability of the LMP to extract Fv particles from an environment containing 

soluble fouling material was proof of the strong interaction and affinity that exists 

between the species and adsorbent.
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Figure 8-3 Isotherm for the adsorption o f pure Fv fragments in the presence o f BSA.

Approximately 8 /iM o f Fv fragments (final concentration) were spiked into 1 mL aliquots o f BSA (0-2.5 %) 

and recovered using 2 mg o f LMP. The concentration difference o f Fv particles before and after 

adsorption was considered to be the bound content.
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8.3.3 Reuse characteristics of LMP

The next stage was to establish the re-use potential of the LMP over a number of 

purification cycles. To simplify the regeneration process, initial tests were carried out 

using purified Fv fragments in a buffered system (50 mM Tris-HCl, pH 7.5; Table 8-2). 

Approximately 6 6  % of the fragments were absorbed to give a binding capacity in the 

region of ~ 50 mg g '\  which was similar to the capacities obtained in earlier studies using 

BSA (see section 8.3.2). Of the bound species, ~ 3.6 % of the fragments were recovered 

in the first wash (50 mM diethylamine, pH 10) and ~ 46 % in the second wash (50 mM 

diethylamine, pH 12.5). Recovery data from subsequent reuse of the adsorbents after 

regeneration, by cycles of adsorption and elution are also listed in Table 8-2. The binding 

capacity, purification factor and elution efficiency were broadly maintained when 

compared to the first cycle. A loss of ligand (i.e. lysozyme) occurred during the washing 

and regeneration cycles, but accounted for less than 3 % of the immobilised ligand.

The recovery of Fv fragments during a single purification cycle was in the order of 75 %, 

and similar to the levels quoted by Berry & Pierce (1993; 1992), for the recovery of 

lysozyme from Fv immobilised supports. If the residual bound fragments were to 

accumulate cycle upon cycle, then the adsorbents would become irreversibly saturated 

within 7 cycles. Given that there was no significant reduction in binding capacity 

following regeneration and ligand loss was minimal, the most likely reason was that the 

antibody fragments were inactivated or denatured due to the harsh elution conditions 

(Berry & Pierce, 1993). This was because the elution buffer disrupted the non-covalent 

interaction between the fragment and antigen, which is similar to the non-covalent 

interaction between the Vh and Vl part of the Fv fragment. Under such conditions the Fv 

fragments were less likely to completely renature, unlike scFV particles which have a 

linker peptide that keeps Vh and Vl sufficiently close to allow reassembly in the presence 

of a neutral buffer, such as 2 M Tris-HCl, pH 7.5 (Berry and Pierce, 1993).
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Table 8-2 Recovery of Fv fragments from a buffered system using LMP.

Purified Fv particles in Tris buffer (50 mM, pH 7.5) were recovered using LMP. After batch adsorption, the 
used supports were regenerated and re-equilibrated with binding buffer before the next cycle.______________

First cycle 

Fv fragments 

(mg)

Yield

(%)

Second cycle 

Fv fragments 

(mg)

Yield

(%)

Third cycle 

Fv fragments 

(mg)

Yield

(%)

Lysate 12.8 (100) 12.8 (100) 12.8 (100)

Adsorbed 8.5 66.5 8.4 65.5 8.2 64.3

Wash 0.4 3.6 0.3 2.1 0.5 4.0

Eluate 5.9 45.8 5.5 43.2 5.5 43.3

Footnote: The binding capacity of the adsorbents for the first, second and third cycles were 42.5 mg g \  42.0 mg g * and 41 mg g ' 
respectively.

8.3.4 Recovery of Fv fragments from clarified lysate using LMP

After establishing the basic adsorption parameters of the LMP using purified antibody 

fragments, the recovery of Fv fragments from clarified lysate was investigated. 

Unclarified systems were avoided, as earlier studies using LMP and E. coli had shown 

that the adsorbent surface rapidly became coated with cell wall polypeptoglycan leading 

to large aggregates (section 7.3.1). This would reduce the surface ligands available for 

binding and limit their use to one or two adsorption cycles. Also, the immobilised 

enzyme would have lysed the whole cell, thereby increasing the protein released and 

subsequently the downstream processing load.

The average binding capacity of the adsorbent for Fv fragments over the three cycles was 

~ 21 mg g'  ̂ (Table 8-3). This was lower than the binding capacity obtained using purified 

Fv fragments because of the low Fv titre in the lysate (Co = 0.4 |iM), A reduction in 

protein adsorption after each regeneration cycle led to an increase in eluted Fv specific 

activity from 0.21 mg g'  ̂ (first cycle) to 0.53 mg g'̂  (third cycle). This can be explained 

by the interaction between the unshielded adsorbent and the non-specific components 

present in the lysate. Any spaces between the ligand exposed polyglutaraldehyde, which 

was likely to non-specifically adsorb protein to the support. After each cycle less protein 

was adsorbed due to shielding from previously adsorbed components, and this served to 

increase selectivity. The only concern was that insufficient purification cycles were 

carried out to determine if there would be any long term impact on binding capacity or 

other parameters (such as kinetics), because of the accumulation of contaminating 

species. Furthermore, under the conditions of adsorption, the ligands were charged and
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likely to non-specifically adsorb proteins from the bulk liquor. Possible ways to increase 

the selectivity of the LMP include shielding with molecules such as BSA or cytochrome 

C (Barry & Pierce, 1992). Earlier studies have shown that BSA was suitable for such a 

purpose, as it did not interfere with the recovery of Fv fragments (section 8.3.2). The 

elution efficiency of ~ 65 % of the Fv fragments was similar to the figures quoted by 

Berry and Pierce (1994). As reported before (section 8.3.3), this was probably due to Fv 

dénaturation given that the binding capacity was not reduced in the subsequent adsorption 

cycles.

Table 8-3 Recovery of Fv fragments from E. coli lysate using LMP.

Fv fragments were recovered from clarified E. coli lysate using LMP. Following each batch adsorption, the

Purification table Fv fragments 

(mg)

Total

Protein

(mg)

Specific 

activity 

(mg m g ’)

Purification

factor

Yield

(%)

Lysate 0.065 0.365 0.018 (1.0) (100)

First Cycle Q*fv = 19.8 mg g '

Adsorbed 0.040 0.306 - - 60.2

Wash 0.001 0.019 0.049 2.7 1.4

Eluate 0.024 0.116 0.209 11.6 36.8

Second Cycle Q*fv = 22.2 mg g ‘

Adsorbed 0.044 0.285 - - 67.5

Wash 0.001 0.017 0.08 4.4 2.1

Eluate 0.031 0.066 0.473 26.2 47.3

Third Cycle Q * fv  = 21.9 mg g*

Adsorbed 0.044 0.223 - - 66.5

Wash 0.001 0.016 0.084 4.6 2.0

Eluate 0.029 0.054 0.528 30.0 43.4

8.3.5 Binding kinetics of LMP

The binding kinetics of Fv fragments in clarified E. coli lysate was compared to a 

buffered system, 50 mM Tris-HCl (pH 7.5), in order to establish the influence of 

contaminating protein (Figure 8-4). The results indicated that in both environments, 

equilibrium binding was reached within 1 min. Similar rapid adsorption was found using 

the same base particles (coupled with dye ligands) for the recovery of dehydrogenases 

from yeast homogenate (section 5.3.2).
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8.0 Recovery o f antibody Fv fragments using LMP

The insert in Figure 8-4 shows that the binding capacity of the LMP at equilibrium varied 

when the Fv fragments were recovered from a buffered system as opposed to the lysate. 

This difference was associated with the low Fv concentration in the lysate and possible 

non-specific protein binding.
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Ü

0.4

0.3

0.2
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50 150 2000 100

Figure 8-4

Time(min)

Batch uptake profiles fo r the adsorption o f Fv fragments in Tris buffer and clarified 

E. coli lysate.

The kinetic profiles were obtained by binding pure Fv fragments (■ ) in Tris-HCl (50 mM, pH 7.5) and 

from 5 mL (^ )  and 10 mL ( • )  of clarified E. coli lysate. The fraction o f antibody Fv fragments remaining 

(CVCoj was recorded over a period of up to 200 min. Insert shows the binding capacity (Q*) o f the 

adsorbent at equilibrium.

To completely recover Fv fragments from the lysate required longer incubation periods 

with the adsorbent. An alternative approach would be to increase the working capacity of 

the supports, as Q* in this experiment was significantly less than Qmax- Figure 8-5 shows 

that the binding capacity of the LMP is depended upon the free Fv concentration in the 

bulk liquor. Therefore, to utilise the full working capacity of the supports (Q*fv ~ 55 mg 

g'^) required a high FV concentration in the bulk phase at equilibrium (CVCo > 0.6). This 

is a common problem associated with batch adsorption techniques (Chase, 1994).
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Figure 8-5 Variation in binding capacity (Q*) with the fraction o f Fv fragments {C*/Co) remaining 

in the clarified E. coli lysate.

A small quantity o f LMP (2 mg) were incubated with clarified E. coli lysate ( 1 - 5 0  mL) containing Fv 

fragments (Co = 0.015 mg mL' )̂. After 30 minutes the particles were extracted and the free Fv 

concentration in the bulk phase was measured. The change in binding capacity o f the adsorbents was 

found to be dependent upon the free Fv fragments content in the bulk phase.

A  number of strategies can be adopted to increase the amount of Fv particles adsorbed 

from the liquor. Firstly, an excess amount of adsorbents can be used to remove a greater 

proportion of the target molecule. This would be an inefficient option due to the waste in 

ligand capacity, and expensive if the supports were not recyclable. Secondly, the 

adsorption strategy can be based on utilising the full working capacity of the adsorbents. 

This would require maintaining a high Fv concentration in the bulk phase (see Figure 8 - 

5), and would be possible by using a small quantity of dye adsorbents. The remaining 

fragments could be recovered by extracting the loaded supports from the liquor and 

replacing with fresh adsorbents, thereby increasing the Fv adsorption driving force. This 

makes the kinetics of adsorption similar to a packed bed column. The key decision is
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when to extract the loaded particles, on the basis of yield or productivity, and is similar to 

the principles of optimising packed bed columns (see section 4.1; Figure 8 -6 ).

1.0

b) Yield
Particles extracted 
on the basis o f equilibrium 
binding. Fresh adsorbents are added.

a) Productivity
Particles extracted 
on the basis o f  rate 
o f adsorption. Fresh adsorbents 
are added.

C*/Co

Add fresh LMP
Add fresh LMP

0.0

Time

Figure 8-6 Complete protein recovery from the lysate using cycles o f batch adsorption.

The diagram illustrates how to recover all the target molecules by using batch adsorption. Two modes of 

operation are possible, on the basis o f yield or productivity, a) Productivity basis - the loaded adsorbents 

can be extracted and replaced with fresh LMP when the rate of adsorption begins to slow, b) Yield basis - 

once equilibrium binding has been achieved the loaded adsorbents are extracted and replaced with fresh 

LMP.

Following adsorption at different Fv loadings, the supports were washed to elute the 

bound antibody fragments. The specific activity of the Fv particles increased from 0.134 

mg g'  ̂ to over 0.85 mg g'  ̂ when recovering from 1 mL and 50 mL of lysate respectively 

(Table 8-4). The excess ligand capacity available when the Fv content in the lysate was 

low (in 1 mL of lysate) enabled a greater amount of the non-specific protein to be 

adsorbed. This as explained earlier (in section 7.3.1) was due to the charged nature of 

lysozyme in the low pH and ionic strength lysate, which would favour electrostatic 

adsorption of non-specific components. However, when sufficient Fv fragments were 

available for adsorption (in 50 mL of lysate), they were able to preferentially bind to the 

ligand due to rapid affinity adsorption. A stronger affinity between species and ligand 

also ensured that the fragments were able to displace the non-specific components
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occupying the binding site, leading to higher purity upon elution. This suggested that it 

may be more beneficial to use several cycles of batch adsorption to recover the Fv 

antibody fragments from the lysate, rather than an excess of supports as suggested earlier.

A qualitative assessment of the recovery of Fv fragments can be made by reference to a 

SDS-PAGE electrophoresis gel (Figure 8-7). Track 7 shows the elution fraction using 

diethylamine (pH 12.5), where the starting Fv content (Co) in the lysate was low (1 mL 

lysate volume). The presence and intensity of bands other than the antibody Fv confirm 

that other proteins were non-specifically adsorbed. When the full Fv binding capacity of 

the LMP were utilised because of sufficient Fv fragments available for adsorption, the 

proportion of non-specific binding was reduced. Track 23 shows the eluant fraction from 

such a sample (50 mL lysate volume). The reduction in the intensity and number of bands 

when compared to the earlier fractions (e.g. Track 7), and the increase in intensity of the 

band corresponding to Fv fragments confirms that purity was high. In accordance with 

previous data, less antibody fragments were eluted than adsorbed (Table 8-4), this as 

explained before, was due to the dénaturation of the fragments.
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Table 8-4 Purification ofF v fragments from clarified E. coli lysate.

LMP were used to recover Fv fragments from 1, 2, 5, 10, 20 and 50 mL of clarified E. coli lysate. The LMP 
(2 mg) were added to the lysate and mixed for 30 min. The adsorbents were magnetically extracted and the

Purification table Fv fragments 

(mg)

Total Protein 

(mg)

Specific activity 

(mg m g')

Purification

factor

Yield

(%)

Lysate vol. 1 mL Q*fv =  5 .8  mg g ’

Lysate 0.015 0.949 0.016 (1.0) (100.0)

Adsorbed 0 .012 0.207 - - 76.3

Wash 0 0.031 0 .004 0.2 0

Eluate 0.011 0 .079 0 .134 8.4 70 .7

Lysate vol. 2 mL Q*fv =  10.9 mg g'1

Lysate 0.03 1.898 0.016 (1.0) (100.0)

Adsorbed 0 .022 0.295 - - 72.1

Wash 0 0.038 0 .003 0 .2 0

Eluate 0 .013 0.055 0 .239 15.0 43 .9

Lysate vol. 5 mL Q*fv =  24 .7  mg g 1

Lysate 0.076 4.744 0.016 (1.0) (100.0)

Adsorbed 0 .049 0 .324 - - 65.3

Wash 0.001 0 .036 0.021 1.4 1.0

Eluate 0 .038 0.108 0 .348 21 .8 49 .7

Lysate vol. 10 mL Q*fv =  40 .9  mg g 1

Lysate 0.151 0.016 (1.0) (100.0)

Adsorbed 0 .082 0 .399 - - 54.1

Wash 0 .004 0 .034 0.111 7 .0 2.5

Eluate 0.051 0 .102 0 .497 31 .2 33.6

Lysate vol. 20 mL Q*fv =  55 .6  mg g 1

Lysate 0.302 18.976 0.016 (1.0) (100.0)

Adsorbed 0 .112 0.778 - - 37 .0

Wash 0.005 0 .043 0 .114 7 .2 1.6

Eluate 0.071 0 .104 0 .678 42 .5 23 .4

Lysate vol. 50 mL Q*fv =  69 .5  mg g ’1

Lysate 0.756 47.441 0.016 (1.0) (100.0)

Adsorbed 0 .139 0 .977 - - 18.4

Wash 0 .008 0.041 0 .188 11.8 1.0

Eluate 0.073 0.085 0 .854 5 3 .6 9.6

Footnote; The loaded supports were washed with 50 mM diethylamine (pH 10) and the adsorbed species eluted with 50 mM 

diethylamine (pH 12.5).
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Figure 8-7 Analysis o f Fv fragment purification by SDS gel electrophoresis.

Samples from the purification procedure described in Table 8-4 were analysed by gel electrophoresis as 

described in the text. The tracks are as follows: cell extract before batch adsorption (tracks 3 and 15); cell 

extract after batch adsorption (Tracks 4,5,16 and 17); non-specific component wash from  1 mL batch 

adsorption using diethylamine, pH 10 (track 6); Fv wash from 1 niL batch adsorption using diethylamine, 

pH 12.5 (track 7); washings from non-specific and Fv wash from 2 mL batch adsorption (tracks 8 and 9 

respectively); washings from non-specific and Fv wash from 5 mL batch adsorption (tracks 10 and 11

respectively); washings from non-specific and Fv wash from 10 mL batch adsorption (tracks 18 and 19

respectively); washings from non-specific and Fv wash from 20 mL batch adsorption (tracks 20 and 21

respectively); washings from non-specific and Fv wash from 50 mL batch adsorption (tracks 22 and 23

respectively); Fv markers (track 2 and 14); The molecular weight markers (tracks 1,12,13 and 24) were: 

phosphorylase b (rabbit muscle), 94 000; albumin (bovine serum), 67 000; ovalbumin (egg white), 43 000; 

carbonic anhydrase (bovine erythrocyte), 30 000; trypsin inhibitor (soybean), 20 000; a-lactalbumin 

(bovine milk), 14 400.
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8.3.6 Purification of Fv fragments from clarified E. coli lysate using LMP and 

HGMS

On a preparative scale, LMP loaded with Fv fragments were recovered from clarified E. 

coli lysate by employing HGMS technology. As with the scale-up of the recovery of 

dehydrogenase enzymes using dye affinity supports (see section 5.3.8), the key design 

parameters for this experiment were obtained from the laboratory studies described in the 

previous sections (see sections 8.3.1-8.3.5), which were helpful in predicting the recovery 

and purity of the target molecule. All parameters were kept as those set in the laboratory 

studies, except for the mixing conditions, which were upgraded from a bench mixer to an 

overhead stirrer.

After batch binding for a period of 30 min at 5 °C, the mixture was applied to the canister 

at a flowrate of 8 L h'  ̂ which equated to a linear velocity of ~ 1000 cm h *. This 

compared favourably to the conventional purification method of using a packed bed 

column containing lysozyme -Sepharose supports. There, a typical velocity of ~ 300 cm 

h'* was used (Bracewell, personal communication on lysozyme - Sepharose packed bed 

columns used for Fv purification). The results are shown in Figure 8-8. The protein 

content of the lysate leaving in the effluent stream was fairly constant during the loading 

phase at 0.58 mg m L '\ No Fv particles were detected in the effluent stream. After LMP 

breakthrough, loading was stopped and a washing buffer comprising of 50 mM Tris-HCl 

(pH 7.5) was used to remove any residual protein or debris within the canister, with the 

aid of a recycle loop (see section 5.3.8 for further details). A 50 mM diethylamine (pH 

10) wash was used to remove the non-specific bound components followed by a 50 mM 

diethylamine (pH 12.5) wash to elute the adsorbed proteins. In both cases the recycle loop 

was used to improve the desorption environment. Fractions were obtained containing up 

to 0.4 mg mL'^ of Fv fragments and soluble protein. The final phase comprised of 

flushing the spent LMP from the canister at 8 L h '\  Approximately 5% of the total 

captured particles were recovered with passive flushing, whereas over 88 % of the 

supports with a maximum concentration of -3.4 mg mL'^ were released when agitation 

was applied (Table 8-5). The canister was taken apart and a further 3 % of the magnetic 

adsorbents were recovered in a batch separation. The removal of magnetic particles 

without dismantling the canister was not possible because of physical entrapment caused 

by the natural filtration effect of the matrix (see section 4.3.4 for further details). The 

residual adsorbents were pooled together and washed in elution buffer to ensure that as
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much of the adsorbed species was recovered. However, this resulted in the recovery of 

minimal Fv fragments (less than 0.1% of the total).

Table 8-5 Particle flushing data from purification ofFv fragments using HGMS.

The LMP loading and flushing profile is shown in Figure 8-8. Passive and agitated flushing was conducted 
at zero Tesla and 8 L h '\ The canister was dismantled and a batch recovery step was carried out to remove

Cycle Particle recovery (g) Particle recovery (%)

Particle loading to breakthrough 1.43 (100.0)

Particles lost in effluent stream during loading >0.01 0.2

Passive Flushing 0.07 5.1

Agitated flushing 1.28 88.6

Batch recovery 0.05 3.2

Total particles recovered 0.93 97.2

Footnote: The recovery was less than 100% due to errors in the assay.

The purification of Fv fragments can be analysed by reference to Table 8-6. A total of 62 

mg of Fv fragments were bound which was equivalent to an adsorbent loading capacity 

(Q*Pv) of ~ 42 mg g * of LMP. This represented ~ 60 % of the target molecules present in 

the supernatant. Of the original Fv fragments adsorbed, 13 % were recovered in the first 

elution phase with a specific activity of 0.93 mg mg'^ and a purification of over 51 fold. 

Some 40 % of the Fv fragments were eluted in the second elution step with a specific 

activity and purification factor of 0.98 mg mg'^ and 54.1 fold respectively. In total 90 % 

of the bound fragments were recovered from the adsorbent. Ligand (i.e. lysozyme) 

leakage accounted for less than 3 % of the total adsorbed lysozyme content. These results 

compared favourably with the purification factors and yields obtained using the 

conventional preparative scale packed-bed chromatography containing lysozyme- 

Sepharose supports (Bracewell, personal communication). The unadsorbed Fv fragments 

(~ 40 %) present in the lysate can be recovered by either regenerating the spent 

adsorbents or by adding fresh LMP. The mechanism of the process is given in section 

8.3.5.
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Figure 8-8 Profile of Fv fragments recovery from clarified E. coli lysate using LMP and HGMS.

The LMP were contacted with clarified E. coli lysate for approximately 30 min. The resulting mixture was transferred to the canister at 8 L h'\ where the magnetic adsorbents were 

retained. This was followed by a wash phase where the residual debris/soluble protein trapped within the voids of the LMP were flushed from the canister using 50 mM Tris-HCl 

(pH 7). The elute phase comprised of a wash with diethylamine pH 10, followed by a diethylamine, pH 12.5 wash to remove the adsorbed Fv particles from the supports. The final 

phase was used to remove the spent LMP from the canister at OT and 8 L h'̂ . A recycle loop was incorporated in the wash ( recycle loop 1) and elution phases ( recycle loops 2 and 

3) to improve clarification and desorption efficiencies. Samples collected during chromatography were analysed for total protein (O), Fv fragments (^  ) and LMP (^).

183



8.0 Recovery o f antibody Fv fragments using LMP

Table 8-6 Purification table o f recovery o f Fv fragments from clarified E. coli lysate using LMP and HGMS.

An experiment was carried out to purify Fv fragments from a clarified E. coli extract using LMP in a batch adsorption, and recovered by HGMS 
separation. The experiment is described in the text and the chromatogram from the run is shown in Figure 8-8. Samples collected during the purification

Purification table Fv fragments 

(mg)

Total Protein 

(mg)

Specific activity 

(mg mg ’)

Purification factor Yield

(%)

Fv Q * F v  = 4 1 .6 m g g ’ Q*protein = 136.0 mg g '

Homogenate 104.2 5746.9 0.02 (1.0) (100.0)

Adsorbed 62.5 204.0 - - 60.0

Eluate 13.7 14.6 0.93 51.5 13.1

2"*̂  Eluate 41.5 42.3 0.98 54.1 39.8

Footnote: L‘elutant wash - diethylamine (pH 10) and the 2" elutant wash - diethylamine (pH 12.5).
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The success of the purification process was illustrated by analysing the various samples 

by SDS-polyacyrylamide gel electrophoresis as shown in Figure 8-9. The second and 

third tracks show bands corresponding to lysozyme and Fv fragments respectively. 

Track 6 shows that little protein was released during the wash phase with Tris buffer. 

The first elution wash (track 7) shows a band that corresponds to Fv fragments. The 

intensity of the band corresponding to Fv fragments (track 8 - main fraction and track 9 - 

end of elution wash) and the lack of other bands verifies earlier data regarding the purity 

of the eluant from the elution wash. A qualitative impression of the purification factor 

can be seen by the barely visible bands corresponding to Fv fragments in the feed stream 

(track 4) compared to the main eluant fraction (track 8). The gel showed no evidence of 

the presence of lysozyme in the fractions and was verified by lysozyme activity assay.
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Figure 8-9 Analyses by SDS gel electrophoresis of the purification ofFv fragments from clarified 

E. coli lysate using LMP and HGMS technology.

The tracks were as follows: cell extract containing Fv fragments before batch adsorption (track 4); 

effluent stream leaving canister during HGMS (track 5); Buffer wash using 50 mM Tris-HCl (pH 7.4; 

track 6); non-specific elution using 50 mM diethylamine (pH 10; track 7); main eluant fraction from 

diethylamine pH 12.5 wash (track 8); end of eluant wash (track 9); Fv marker (track 3); lysozyme marker 

(track 2). The molecular weight markers for determining protein molecular weight (track 1 and 12).
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8.3.7 Comparison between laboratory and preparative scale purification of Fv 

fragments

A comparison of the preparative and laboratory scale purification of Fv fragments is 

given in Table 8-7. The binding capacity of the LMP (Q*protein) upon scale-up was 32 % 

lower at 136 mg g '\  However, the specific capacity of the adsorbents (Q *fv) was 

approximately the same at 41 mg g '\  The high specific affinity of the adsorbents may be 

explained by the different collection mechanism used on scale-up. In the preparative 

scale experiment, the build up of supports in the canister led to a high density of ligands. 

This enabled weakly bound non-specific proteins to be displaced by the Fv fragments 

present in the passing liquor, thereby increasing the selectivity of adsorption.

The overall percentage of Fv fragments adsorbed from the lysate and the elution 

efficiency were slightly higher in the preparative scale purification. This was in contrast 

to the observations made in the recovery and purification of LDH using HGMS (section 

5.3.9), where the percentage target molecule adsorbed was found to be dependent on 

Qprotein and the elution efficiency was significantly lower due to the poor elution 

environment and reagent. This may be because of the absence of suspended solids in the 

E. coli lysate and the high affinity of Fv fragments by the LMP.

The high specificity of the adsorbents was reflected in the quality of the Fv fragments in 

the main eluant. This was excellent, and over 48 % higher than that obtained in the 

laboratory scale purification, with a specific activity of 0.98 mg g"\ The purity on scale- 

up was significantly higher then that obtained for the recovery of dehydrogenases using 

dye adsorbents (see section 5.3.9). There the purity of the eluted proteins was similar to 

those obtained in laboratory studies. The reason behind this difference was associated 

with the specificity of the ligand. Lysozyme has a high affinity for a single molecule in 

the E .coli lysate, and as such was able to preferentially bind Fv fragments from the 

passing liquor. Whereas, the dye adsorbents were able to bind a whole range of yeast 

proteins, hence the target molecule (LDH) may not have necessarily displaced the non- 

specifically bound materials.
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Table 8-7 Comparison o f laboratory and preparative scale purification ofF v fragments.

The laboratory scale purification o fF v  fragments is described in sections 8.3.4 and 8.3.5 and recorded in

Laboratory scale Preparative scale

Q*fv (mg g ’) 40.9 41.6

Q protein (mg g  ) 199.5 136.0

Adsorbed (%) 54.1 60.0

Elution efficiency (%) 33.6 39.8

Purification factor 31.2 54.1

Specific activity (mg mg ’) 0.50 0.98

8.4 Conclusion

These studies have shown that it was possible to recover Fv fragments from clarified E. 

coli lysate using LMP. The maximum binding capacity (Q m ax) of 78 mg g'  ̂ and 

dissociation constant (kd) of 0.7 |iM compared favourably to conventional affinity based 

separations. The low Fv fragment titre in the clarified lysate presented problems 

associated with recovering the entire target molecule in a single batch operation, but this 

may be overcome by continuous batch adsorption from the lysate.

Preparative scale trials based on the laboratory studies were carried out using HGMS. 

High loading rates were possible compared with the conventional recovery method of 

using a lysozyme-Sepharose supports packed into a column. The specific binding 

capacity of the LMP was found to be higher than those obtained in analytical scale 

studies due to the adsorption of fragments in a packed bed mode following batch 

adsorption. This enabled Fv fragments of high purity to be obtained.

The final chapter summarises the main findings of this thesis and the future direction the 

work should take.
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9. Summary, Conclusion and Future work 

9.1 Summary

The merits of magnetic separations over conventional packed-bed chromatography have 

been argued in the literature for some years. However, despite the potential benefits, the 

use of magnetic separation remains limited to analytical rather than preparative scale 

applications. Part of the reason is associated with obtaining suitable adsorbents. Porous 

beads are prone to fouling from cellular debris and coupled with poor mass transfer 

often lead to poor recoveries. Since then non-porous magnetic beads with high binding 

capacities have been developed, and successfully used for a variety of affinity 

separations (O’Brien et al, 1994; 1996; Morgan, 1996). To date, the work has focused 

on establishing engineering principles on a small scale and has involved preparation of 

dyes and metal chelates based on very expensive commercially available magnetic 

particles. The next stage was to examine large scale production of uniform ‘in-house’ 

magnetic adsorbents and to undertake preparative scale separations using HGMS.

9.1.1 Preparation of magnetic adsorbents

Iron oxide particles are well suited as magnetic adsorbents due to their ease of synthesis, 

large surface area for immobilisation and strong response to a magnetic field. These 

particles were prepared from a precipitation reaction between iron salts (ferrous and 

ferric chloride) and a strong alkali (NaOH). Varying the ratio of Fe '̂ /̂Fe^  ̂ solutions 

prior to precipitation of the iron oxide crystals with alkali, had a pronounced affect on 

the physical and magnetic properties. Iron oxide particles with a high Fe^^ content 

resulted in smaller crystals that had a large surface area for ligand/protein 

immobilisation, but required high magnetic fields to induce a sufficient attractive 

response. This potentially made recovery from a viscous homogenate difficult. Iron 

oxide material with a low Fe^^ content was magnetically strong, but large in size, 

therefore the specific surface area was low.

A compromise between particle magnetisation and surface area was achieved when the 

ratio of Fe '̂ /̂Fe '̂  ̂ was 1:2. These iron oxide particles were identified to produce 

crystalline structures of ~ 12 nm in diameter and consisted of a magnetite and 

maghemite complex with a specific surface area of 110 m^ g '\  and a saturation 

magnetism of -40 emu g '\  They had no magnetic memory and are termed
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superparamagnetic, which allowed them to rapidly disperse when the magnetic field was 

deactivated. From the physical and magnetic data it was clear that uniform magnetic 

particles, 10 g batches or larger if required, could be consistently made.

The surface of the particles was functionalised with amine groups (-NH3) to facilitate 

the attachment of affinity ligands (Robinson et al, 1973). Silane monomers were 

deposited onto the iron oxide particles from an acidic glycerol mixture. The glycerol 

ensured that the particles remained in solution during the silane curing process. Had the 

particles dried out, irreversible aggregation would have taken place making the supports 

significantly larger, thereby reducing the surface area for protein capture. After silane 

coating, the supports consisted of clusters of non-porous amine terminated particles of -  

0.5 pm diameter.

9.1.2 High gradient magnetic collection

Before large scale protein adsorption trials were attempted, it was important to gain 

experience of the collection system and establish the main operating parameters. Large 

quantities of amine terminated magnetic supports were recovered from solution by using 

High Gradient Magnetic Separation (HGMS). Particle capture took place in a Perspex 

canister (22 cm^) containing a stainless steel wire matrix. The matrix amplified the 

external magnetic field to create strong local field gradients that attracted and retained 

the magnetic supports on the wires.

A series of experiments were performed to identify which type and configuration of 

matrix would be most suitable for particle capture. Each matrix was assessed in terms of 

yield capacity, productivity and flushing characteristics. The ferromagnetic matrix 

(woven pad configuration) satisfied all the criteria, and was chosen over a paramagnetic 

material. The benefit of using the ferromagnetic matrix was in terms of high yield 

capacity, but this was at the expense of the ease of particle removal from the canister 

during flushing. Agitation was required to remove the majority of the supports, of which 

a small proportion was aggregated. These problems were minimised by using magnetic 

fields of less than 0.2 T and linear flowrates of at least 5 m h '\  This reduced the 

residence time the particles were exposed to high field gradients, whilst maintaining 

high productivity and yield capacity.
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A series of experiments were then carried out with yeast homogenate in order to identify 

any potential problems associated with processing viscous feeds containing suspended 

solids. As expected, the particle capacity of the matrix was dependent upon the 

concentration of the homogenate. Processing 20 % yeast homogenate under maximum 

particle capture conditions (i.e. magnetic field, 0.6 T; linear flowrate, 2.5 m h'*) was 

found to decrease the capacity of the matrix by 27 %, compared with particle recovery in 

water (control system). The positive aspect of feedstreams with high solids content was 

the improved passive flushing capabilities of the matrix. The solid matter in the 

homogenate acted as a barrier between collecting particles and the wire matrix. This 

prevented particles from coming into close contact with each other and the wire matrix, 

thereby reducing aggregation and allowing easier passage through the matrix.

The future of HGMS collection as a recovery mechanism for biological feedstreams is 

clearly promising. However, further research is required, particularly in the area of 

matrix development. New matrices are required with high magnetisation, but low 

residual magnetism. As a temporary solution to compensate for the high magnetisation 

of the matrix, a weaker magnetic particle can be engineered by increasing the Fe^  ̂

content during particle synthesis. The higher surface area of these particles would also 

offset the decrease in capture efficiency during HGMS collection.

9.1.3 Recovery of dehydrogenase enzymes from yeast homogenate using dye 

magnetic adsorbents

Dye pseudo-affinity matrices (-50 pmoles g'*) were made from the amine-terminated 

material and used to recover dehydrogenase enzymes from a buffered system and from 

crude yeast homogenate. Binding was described by the simple Langmuir model in terms 

of binding capacity (Q*) and dissociation constant (kd)- The maximum binding capacity 

(Q m ax) for the dye matrices for lactate, malate and alcohol dehydrogenases in 50 mM 

Tris-HCl (pH 6.5) were approximately 123 mg g '\  120 mg g'̂  and 110 mg g'̂  

respectively. The affinity of the dye adsorbents was high for LDH and MDH, and 

reflected in the low values of kd at 0.08 pM and 0.15 pM respectively. Due to a different 

dye-protein interaction, the affinity of Cibacron Blue for ADH was poor at 1.2 pM 

(Biellmann et al, 1979). The non-porous nature of the supports was demonstrated by 

the rapid adsorption of the protein in a buffer/homogenate. Within minutes, equilibrium
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binding was achieved and the majority of the target enzyme had been removed from the 

system.

The next series of experiments focused on recovering dehydrogenase enzymes from 

yeast homogenate. Purified LDH was added to both clarified and unclarified samples of 

crude yeast homogenate in order to recover a realistic amount of specific protein from a 

fouling environment. Cellular debris and other fouling components in the unclarified 

system did not affect the recovery of LDH, which was similar to the adsorption in the 

clarified homogenate. Therefore, allowing the use of this affinity technique with crude 

liquors.

The adsoiption of dehydrogenase enzymes from crude yeast homogenate was transferred 

from the laboratory to the pilot plant by employing HGMS technology. Over 60 % of 

LDH and MDH were successfully adsorbed from the suspension. However, there were 

some difficult issues. The continuous build up of dye supports in the canister produced 

compacted clusters that also contained biological solid matter. This created a 

challenging environment in which to elute the protein, and was overcome by 

incorporating a recycle loop. The canister and recycle loop were loaded with buffer and 

isolated so that a closed independent circuit was created. The recirculating liquor broke 

down large aggregates and released entrapped fragments as well dislodging the bound 

protein. Using this system, approximately 46 % of the LDH and 32 % of the MDH were 

recovered with a maximum purification factor of 7.8 and 5.6 fold respectively.

9.1.4 Preparation of Lysozyme Magnetic Particles (LMP)

The potential of immobilising enzymes to magnetic particles is as an exciting prospect 

because it allows for the enzyme to be recovered after use. With this idea in mind, 

lysozyme was coupled to the amine terminated particles using a polyglutaraldehyde 

fixing agent and used to lyse Micrococcus lysodeikticus cells. The catalytic activity of 

the supports against M. lysodeikticus was found to be low in a stationary environment 

(with an immobilised activity of < 5 %) due to poor mass transfer. In an agitated 

environment, the immobilised activity was significantly higher (75 %). However, there 

were some concern regarding electrostatic interactions between the cells and the 

support, which may have led to co-sedimentation in the cuvette thus simulating a higher 

activity (Moser et ai, 1988). To ascertain whether these supports were able to lyse cells
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required more reliable data, such as the subsequent release of intracellular proteins. This 

is discussed in more detail in the following section.

9.1.5 Periplasmic release of a-amylase from E. coli using LMP

Previous studies undertaken by French (1994), had shown that it was possible to use a 

lysis buffer comprising of lysozyme (0.5 mg mL'^), sucrose (20 %) and EOT A (1 mM) 

to release periplasmic a-amylase from Escherichia coli cells. A potential difficulty 

associated with the use of lysozyme was that it contaminated the product stream 

requiring further purification steps for its removal. Pierce et al, (1997) optimised the 

buffer ingredients to allow a five-fold reduction in lysozyme, a 25% reduction in 

sucrose, and a 75 % reduction in incubation time to be made. Detectable levels of 

lysozyme were still recorded in the process stream, even though a large amount was 

electrostatically immobilised to cell wall polypeptoglycan in the effluent fraction. In 

order to reduce contamination, the free lysozyme in the lysis buffer was replaced with 

lysozyme coated magnetic particles (LMP).

LMP were used to release periplasmic a-amylase from E. coli cells and compared to 

release methods using free lysozyme. In general, the release of periplasmic a-amylase 

using free lysozyme was found to be upto 50 % greater than using LMP, but the specific 

activity was upto 40 % lower. This was established to be caused by lysozyme 

contamination in the process fraction, with the remaining enzyme electrostatically 

bound to cell wall polypeptoglycan in the effluent stream. When using LMP, 

undetectable levels of leached lysozyme were recorded in the process stream. However, 

the highly charged nature of the LMP in the buffer encouraged aggregation with the cell 

wall polypeptoglycan, and possibly, non-specific protein adsorption from the bulk 

liquor. This structure prevented the adsorbents from being reused due to the subsequent 

low specific surface area.

A series of experiments were performed to optimise the release of amylase by 

investigating the effect of lysis time, agitation and lysozyme concentration. Ways to 

reduce aggregation were also sought. A reduction in LMP incubation time to less than 

10 minutes reduced the amount of contaminating protein released into the process 

stream. Therefore, amylase specific activities were higher. Agitation during lysis was 

found to be of no significant benefit in increasing amylase titres, although, it helped to
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reduce the size of the aggregate. Agitation also prevented the supports from forming a 

passive non-moving layer within the viscous mixture. The concentration of LMP was 

reduced from 0.5 mg mL'^ to 0.25 mg mL'^ without affecting amylase release or purity. 

At this level 10 mg of lysozyme per gram of dry cell weight was used, which was twice 

the level of free lysozyme required (0.125 mg mL'^).

An attempt to reduce the size of aggregate or prevent its formation was made by 

conducting lysis in the presence of high ionic strength buffers. Previously, free lysozyme 

(O’Brien, 1996) and T4-lysozyme (Pierce, 1996) were recovered from the 

polypeptoglycan layer by washing with NaCl. Incubating LMP with NaCl (up to 0.5 M) 

during lysis was found to be ineffective. Although, there was a reduction in size of the 

aggregate when using 0.5 M NaCl, the release of periplasmic a-amylase was lower. An 

alternative approach to regenerate the adsorbents using various buffers failed. Activity 

of LMP following regeneration was only 40 % of the original level using the most 

successful combination (0.5 M NaOH, 1 % Triton X-100). Subsequent use of these 

regenerated LMP were found to release 30 % less a-amylase after the first adsorption 

cycle, and a further 18 % less after the second adsorption cycle. Under such conditions 

the supports would become inactivated within a few cycles which would limit their use.

Large scale release by LMP using High Gradient Magnetic Separation (HGMS) was 

examined in order to address scale-up issues. A defined medium fermentation was used 

to produce the cell paste rather than a complex medium (as in the analytical scale 

studies) due to the complexity and instability of the latter fermentation. Preparative scale 

amylase release levels using free lysozyme, LMP, and the control sample were similar. 

This was because of the weakened state of the cells because of growth on defined media 

containing only mineral salts (Gray et al, 1972). The recovery of magnetic supports 

from the lysate was completed rapidly and with ease. However, because of the 

aggregated state of the LMP, flushing characteristics were poor requiring agitation to 

release the majority of the particles followed by batch elution.

This system highlights another potential use of these magnetic particles. An enzyme can 

be immobilised to the supports and used to complete bioreactions. The supports can 

then be magnetically separated and regenerated for reuse. This has potential in the field
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of biotransformations where the enzyme can be difficult to recover from the liquor after 

the reaction is completed.

9.1.6 Recovery of antibody Fv fragments from clarified E. coli lysate using LMP

A parallel use of the LMP was to recover lysozyme binding antibody Fv fragments from 

E. coli lysate using techniques similar to those developed in the dye studies. Before the 

adsorbents were used in crude liquors, a series of experiments were conducted using 

purified Fv fragments. Batch binding experiments revealed that adsorption was 

adequately represented by Langmuir’s theorem with constants, Qmax and kd of 78 mg g'̂  

and 0.7 |iM respectively. High affinity for the target molecule was demonstrated by the 

ability of the supports to selectively adsorb antibody Fv fragments in the presence of 

BSA (up to 2.5 %). As with the dye adsorbents, the kinetics of adsorption were fast and 

the majority of the fragments were removed in less than 1 min.

Clarified lysates were used as earlier studies had shown that extensive aggregation 

would occur between cell wall polypeptoglycan and LMP. Furthermore, the supports 

would have lysed the cells releasing contaminating protein into the process stream. This 

would place a further burden on downstream processing. When Fv fragments were 

recovered from clarified E. coli lysate, the binding capacity was significantly lower 

(-18-22 mg g'^) than Qmax, because of the low Fv titres in the liquor (Co = 0.4 )liM). 

Following regeneration the binding capacity of the adsorbents were similar to initial 

levels, but the purification factor of the eluant was significantly higher. This was 

probably caused by interactions between the unshielded adsorbent and the non-specific 

components present in the lysate. Upon re-use less contaminating protein was bound 

from the liquor, thereby increasing the selectivity of the supports and the purity of the 

eluant. This demonstrated the need to shield the LMP from non-specific binding. BSA 

was shown not to interfere with the adsorption of antibody Fv fragments and was an 

ideal candidate for this purpose.

The ligand was charged under the conditions of adsorption, therefore if an excess 

quantity of supports were used to recover the Fv fragments, then the spare ligand 

capacity encouraged the adsorption of non-specific proteins. This was subsequently 

reflected in the poor quality of the eluant. To prevent non-specific adsorption of proteins 

required sufficient antibody fragments present in the bulk phase at equilibrium to
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displace the foreign protein. In such circumstances, several cycles of batch adsorption 

can be used to recover the target molecule making the adsorption process similar to that 

of a packed bed column.

On a preparative scale, high linear flowrates (10 m h'^) were used through the canister, 

which allowed rapid recovery of the magnetic adsorbents from the lysate using HGMS 

technology. As with the recovery of yeast dehydrogenases using magnetic dye affinity 

particles, the binding capacity of the LMP was lower then that obtained in the laboratory 

scale purification, although, the specific capacity was considerably higher. After batch 

binding the particles were collected within the canister which led to a high density of 

ligands on the matrix as in a conventional packed bed column. This allowed weakly 

bound non-specific molecules to be displaced by Fv fragments present in the passing 

lysate. Following adsorption, the loaded supports were washed and eluted using the 

recycle loop. Fv fragments of high purity (0.98 mg mg'^) were eluted in a single step 

with a purification factor of 54.1.

9.1.7 Discussion on scale-up strategy

This final section is intended to briefly summarise the strategy used for the transfer of 

purification from the laboratory to the pilot plant. Purification of LDH/MDH and Fv 

were developed and optimised on a laboratory scale in order to obtain the key design 

parameters before preparative scale trials using HGMS were attempted. The essential 

parameters included, the adsorption/elution conditions, the binding capacity of the 

adsorbent and the kinetics of binding. From the binding capacity and the target molecule 

titre in the homogenate, the amount of adsorbent required for complete removal of the 

desired protein was calculated. This was important as an excess amount of adsorbents 

may have encouraged non-specific binding, and an insufficient quantity of adsorbents 

may have led to multilayer binding. The adsorption and elution conditions were kept 

unchanged upon scale-up. To cope with the increase in volume, the mixing conditions 

were upgraded from a bench mixer to an overhead stirrer employing a rushton blade, 

and by an increase in contact time between adsorbent and liquor. Finally, laboratory 

scale protein purifications were very useful, as it provided data regarding the likely yield 

recoveries and protein purity. This was found to give slightly higher adsorption and 

elution efficiencies, but a reasonable estimate for the purity of the target molecule. This
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biochemical engineering approach proved to be the most efficient way to proceed as 

costs could be kept low before more expensive large scale trials were attempted.

9.2 Conclusion

The objectives of this project have largely been accomplished. A suitable protocol for 

the large scale preparation of uniform particles, with low residual magnetism was 

completed. These supports have been shown to be suitable for recovery of proteins from 

crude liquors containing suspended solids and fouling matter, and HGMS has proved to 

be very efficient at collecting particles from viscous homogenates.

9.3 Future Work

Silane coated magnetic particles have proved to be ideal as a base particle to which a 

range of ligands were immobilised. The adsorbents were stable, had a high ligand 

capacity, and responded strongly to a magnetic field. They also proved to work 

successfully in large scale trials using HGMS. A significant advantage of using HGMS 

is that a variety of magnetic adsorbents can be collected, irrespective of their physical or 

magnetic properties. In contrast, other magnetic collection devices such as magnetically 

stabilised fluidised beds require specialist adsorbents, which may lead to higher costs 

and restrict usage. A wide variety of commercial magnetic adsorbents are available most 

of which have iron particle encapsulated in some form of polymer (section 1.11). Given 

that these particles will have less iron, they will be magnetically weaker than the 

particles currently being used. Therefore, the capacity may be somewhat lower. Trials 

can be conducted using a variety of magnetic adsorbents and compared to the current 

support particle in order to evaluate and prove the flexibility of HGMS.

The HGMS device used in this study was supplied with a standard electromagnet that 

created magnetic field gradients perpendicular to the flow. This encouraged particles to 

bind on the horizontal axis of the matrix, thereby restricting the flow of slurry. An 

alternative magnet that creates magnetic field lines parallel to the medium flow is a 

solenoid type magnet. Experiments should be attempted to identify if there is any merit 

in changing to a solenoid type magnet. Emphasis should be placed on reducing particle 

blockages within the canister and the suitability for large scale particle collection.
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Improvements in the design of the canister need to be undertaken. A more durable 

canister is required for pilot/industrial separations. Materials of construction compatible 

with biological feedstreams need to be identified. An area that needs to be thoroughly 

evaluated is the matrix design and properties. Although, the matrix used in these studies 

was one of the latest types available, it did not release the particles after the field was 

deactivated. Agitation was required for complete recovery. Superior matrices are 

available but are constructed of nickel, which are not acceptable for food and 

pharmaceutical use. Nevertheless, continual advancements are being made in the matrix 

field area in order to serve industrial HGMS devices in industries such as mineral 

processing and wastewater, and some of this research may be applicable to the system 

under development. However, as HGMS for biological purposes is quite different, the 

need to develop and construct a unique matrix may also have to be investigated.

Improvements to the current particle in terms of corrosion resistance are required. The 

silane and polyglutaraldehyde coat provides some protection against corrosion but for 

long term use a stable protective barrier is required. Theodossiou (1993) used 

perfluorosilane and PVA to create a pseudo-perfluorocarbon coat that showed 

considerable resistance to corrosion but due to particle aggregation during preparation 

the ligand capacity was low. Pannu (un-published) tried depositing perflurosilane from 

glycerol solution, but found the resulting particles so hydrophobic that it caused 

significant aggregation. Furthermore recovery from glycerol solutions proved extremely 

difficult. An alternative suggested by Morgan (1996) was to directly couple 

perfluorocarbon to the iron core possibly by direct precipitation into the fluoropolymer 

solution.

It has been shown that the uses of affinity magnetic particles have considerable potential 

in recovering proteins from unclarified homogenates. In this thesis, two distinct systems 

have been investigated. Alternative ligands can be immobilised to expand the range of 

purifications/functions, but the next most challenging step will be to integrate magnetic 

separation into complete bioprocesses.
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List of Symbols
B Magnetic flux density............................................................................ T

C* Solute concentration in bulk liquid at equilibrium................................ |nM

Co Solute concentration in bulk liquid...................................................... jiiM

Fd Drag force................................................................................................ N

Ff Frictional force........................................................................................N

Fg Gravitational force.................................................................................. N

Fj Inertial force.............................................................................................N

Fm,x Magnetic force acting on particle p at point x ...................................... N

Ho Applied magnetic field...........................................................................A m'^

Hx Magnetic field of particle at point x ......................................................A m'^

L Length of matrix..................................................................................... m

Me Coercivity................................................................................................Oe

Ms Magnetic saturation................................................................................emu g'̂

Mr Remnant magnetisation..........................................................................emu g'̂

Nin The number of particles of radius Rp per unit volume Dimensionless

Nout The number of particles of radius Rp per unit volume Dimensionless

Q Volumetric flow of liquid through column...........................................m  ̂s'̂

Q* Adsorbed solute concentration at equilibrium..................................... mg g‘*

Qmax Maximum binding capacity in Langmuir isotherm model.................mg g'̂

Rco The critical capture radius......................................................................m

Rep Reynolds number of particle......................................................Dimensionless

Us Terminal velocity...................................................................................  m s'̂

Vm Magnetic velocity in an HGMS filter...................................................m s'̂

Vo Fluid velocity in an HGMS filter.........................................................  m s'̂

Vs Settling velocity.......................................................................................m s'̂

a Radius of wire......................................................................................... m

d Diameter of particle..............................................................................  m

f Filling factor, fraction of total volume occupied by matrix.. Dimensionless

g Acceleration due to gravity....................................................................9.81 m s'^

k Capacity parameter in Freundlich isotherm model..............................jiM

kd Dissociation constant in Langmuir isotherm model............................|xM

ms Saturation magnetisation of matrix material........................................ A m’’

n Exponential parameter in Freundlich isotherm model Dimensionless

rp Radius of particle................................................................................... m
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Fx Radial distance of the particle from the axis of rotation......................m

t Retention time of the particle in the canister...................................... s

Û Velocity of particle relative to stream...................................................m s'̂

Vp Volume of particle.................................................................................m'^

X Fractional amount of magnetic collection surface available..Dimensionless

ji Viscosity of a fluid.................................................................................. kg m'  ̂ s'̂

T) Kinematic viscosity of fluid....................................................................m^ s'̂

pp Density of particle..................................................................................  kg m'^

pf Density of fluid........................................................................................ kg m'^

Ap Density difference between medium and particle.................................kg m'^

n  Pi.............................................................................................................. 3.141

%p Magnetic susceptibility of particle............................................ Dimensionless

Z Sigma factor................................................................................ Dimensionless

CO Angular velocity..................................................................................... rpm
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