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ABSTRACT 

The components involved in an immunoassay were 

investigated in order to improve the detection limits of 

the ELISA and to make the assay adaptable to a flow 

injection analysis (FIA) configuration. The goal being the 

total automation of the ELISA procedure which is long, 

tedious and has high standard deviation. 

The antibody purification and cleavage methods were 

studied with special emphasis on obtaining products with 

highest immunological activity. The antibody-enzyme 

coupling reactions using homobifunctional reagents and 

heterobifunctional reagents were studied in order to 

attempt the preparation of highly characterized reagents. 

The fragments of IgG were coupled to polymeric supports via 

the hinge thiol groups to retain the maximum immunological 

acti vi ty. This method was found to be superior to those 

methods involving coupling via amino group. 

These reagents were used in the development of a sandwich 

ELISA for bovine IgG. The range of assay was in the 20 -

1000 femtomole range with a linear dynamic range of 2 

orders of magnitude and an accuracy of 2-5%. 

A competitive ELISA based on the use of immobilized 

anti-human IgG Fab' fragments was developed. The linear 

dynamic range for this assay was found to be less than one 
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order of magnitude. The detection 1 imi t was in the low 

picomole range with an accuracy of 2-5%. 

Based on the principle used in the two assays an enzyme 

immobilization scheme was developed for the reversible 

immobilization of these enzymes. Which was subsequently 

utilized in the determination of substrate in the picomole 

range in a reagent less FIA technique. 

The goals of this research project were realized in that 

the FIA system utilized in this work was capable of 

carrying out totally automated ELISA assays with an 

accuracy far surpassing the conventional plate ELISA 

assays. 
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CHAPTER 1 

INTRODUCTION 

Enzyme linked immunosorbent assays (ELISA) were 

introduced in 1972 by Engvall and Perlmann. At present 

several million ELISA assays are conducted worldwide 

annually in the determination of biologically important 

compounds. These can be hormones, antibodies to bacteria 

and viruses, steroids, enzymes and other proteins. The 

ELISA is the logical successor to the older 

radioimmunoassay (RIA). The use of an enzyme instead of 

the radioisotope brings about a few problems. The enzyme 

molecule is larger than the radioisotope. When the 

antibody molecule is labeled with an enzyme there are 

physical changes in the molecule. i. e. increase in 

molecular weight. These changes can adversely affect the 

behavior of the antibody molecule. The primary mode of 

antigen/antibody immobilization has been physisorption on 

plastic surfaces usually in the form of 96 well microtiter 

plates or tubes. It is well documented that there exists a 

variation within wells of a microtiter plate and between 

microtiter plates (Cantarero, et. ale 1980~ Shekarchi, et. 

ale 1984~ Kenny and Dunsmoor 1983.). In carrying out the 

assay in this mode one has to be content with an unstirred 
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system which has slow kinetics. Therefore long incubation 

times when dealing with small amounts of material is quite 

common. If the detection can be made more sensitive the 

time required for determination can be reduced. In all, 

the accuracy of the ELISA is in the region of 5-15% ( 

Magg io, 1980) and reproducibility is extremely poor. 

However the assay is relatively inexpensive and safe 

compared to the RIA and this accounts for its extensive 

use. 

BACKGROUND 

The ELISA uses the specificity of an antibody to 

selectively bind an antigen in the presence of several 

thousand other components. The assay usually uses very 

small sample volumes (1-100uL) and is sensitive to as low 

as several attomoles of analyte ( Heineman, et.al. 1987). 

There are only few analytical techniques capable of 

achieving the detection limits of the immunoassay. They 

are mass spectrometry (MS) , gas chromatography - mass 

spectrometry (GC-MS) and liquid chromatography - mass 

spectrophotometry (LCMS). The detection I imi ts for 

methotrexate, insulin and IgG are shown in Table 1. All 

these techniques lack the specificity of the immunoassay. 

They all require at least one separation step prior to 

analysis to remove compounds which interfere with the 

determination. This pretreatment step is also usually 
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employed to preconcentrate the sample. The immunoassay 

can use serum with minimal pretreatment. Usually the only 

step required is dilution to bring the concentration within 

the operating range of the assay. 



Table ~ Linear Detection Ranges for Some Commonly 

Employed Clinical Assays. 

The linear detection ranges for IgG, 
Methotrexate and Insulin using the techniques listed. 



Table 1. 

Linear Detection Ranges for Some Commonly 

Employed Clinical Assaysa 

Method Methotrexate 

UV/ 562nmb 

HPLC UV .2 - 2 
(Buice, et. ale 1982) 

FL .5 - 1 
(Xiuguo, et.al. 1983) 

EC 8 - 300 
(Palmisono, et.al. 1985) 

GLC FID .1 - 10 
(Vandenberg, et.al. 1986) 

GC- MS .01 - 1 
(Heusler, et.al 1981) 

Immunoassay .002 - .2 
(Ferrua, et. al.1983) 

Insulin IgG 

0.08 - 1.6 .003 - .06 

.0001 - 1 .0001 - 10 

a _ Concentration expressed in Micromoles/L 

b _ After derivatization with bicinconic acid. 

16 



The imrnunoassays depend upon the specific reaction 

between an antibody and an antigen as shown in Equation 

1 as the 

antigen. 

means of detection of the presence of the 

Ab + Ag ~,,==='::: AbAg (1) 

since the extent of the reaction is not known, a 

label such as a radioisotope, enzyme, fluorescent 

molecule or chemiluminescent probe is employed in this 

process. 

Ab* + Ag ~,===' Ab*Ag (2) 

17 

The labeled antibody Ab* reacts as shown in Equation 

2. It is now necessary to determine the extent of the 

reaction. This could be achieved without the separation of 

the reagents from the products or after carrying out a 

separation on a solid phase • If the determination is 

. carried out without a separation, the potential for 

interferences arising from sample components is quite high. 

This could be avoided if a separation step preceeded the 

determination step. The former type of assay is known as 

the homogeneous assay and the latter heterogeneous. The 

former is also called the Enzyme Linked Imrnunosorbent Assay 

(ELISA) • The typical ELISA uses a polystyrene or a 

polyvinylchloride (PVC) surface treated with cobalt 60 

irradiation as an immunosorbent (Shekarachi, et.al 1984). 

The plastic is formed into tubes of 5-7.5 mL volume or into 
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96 well microtiter plates to facilitate easy handling. The 

antibody or antigen is physisorbed onto the plate. The 

excess is washed. All the subsequent reactions are carried 

out on this immunosorbent. In the simplest case, the test 

solution is added to the plate, incubated and the plate is 

washed. 

washed. 

The labeled reagent is added, incubated and 

The substrate is added as the final step and 

incubated and the absorbance is measured. The steps 

involved in a sandwich type ELISA are shown in Figure 1. 

In this assay the primary antibody is first brought in 

contact with the microtiter plate. After a sui table 

incubation period the unadsorbed antibody is washed off. 

The sample is added and incubated. The excess sample is 

washed off and the conjugate is added and incubated. The 

unreacted conjugate is washed off and the substrate is 

added and incubated. The absorbance of each well is 

determined and a calibration curve is constructed using 

standards. This brings about another point worth 

mentioning. The phys isorption is a spontaneous process. 

The orientation of the molecules on the surface is random. 

The binding sites of the antibody molecule occupy less than 

10% of the total molecular mass (Poljak, 1975). Hence 

orientation of the molecule on the surface is critical for 

the assays. It is not possible to orient the molecule on 

an immunosorbent prepared as described above. The inability 



19 

to prepare immunosorbents reproducibly and the slow 

kinetics associated with the heterogeneous assay encouraged 

the development of the homogeneous assay. The homogeneous 

assay (Rubenstein, et al. 1972) depends upon the inhibition 

or enhancement of the signal emanating from the label as 

the basis for determining the extent of Reaction 1. There 

are advantages and disadvantages associated with both 

systems. In the heterogeneous assay, the determination is 

carried out in the total absence of the sample ·matrix 

because a separation has been made. Therefore the 

interference from the matrix during the measurement step is 

minimal. The homogeneous assay, on the other hand is 

carried out in the presence of potential interferences and 

this could cause inaccuracies.. The heterogeneous assays 

can be carried out in the competitive and non-competitive 

modes. In the non-competitive mode the calibration curve 

is linear while in the competitive mode the calibration 

curve is non-linear. The homogeneous assay is carried out 

in the competitive mode always and therefore has a non

linear calibration curve and is inherently less sensitive. 

The homogeneous assay is used essentially for small 

molecules. The heterogeneous assay is adaptable for small 

molecule and functions well for large molecules. From this 

discussion it is clear the improvement of the heterogeneous 

ELISA is useful in many ways. 



Figure ~ A Schematic Diagram of the Steps involved in a 

Sandwich ELISA Assay. 

1. coat the capture antibody 
2. Wash the excess antibody 
3. Add sample 
4. Wash unreacted sample 
5. Add conjugate 
6. Wash excess 
7. Add substrate 
8. Read absorbence 
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ELISA assays require only small samples (1-100 uL) 

and yield high sensitivites. The sensitivity arises as a 

consequence of the amplification effects of the enzyme 

molecule. The commonly employed enzymes have 

turnovernumbers in the 10 4 molecules/minute region 

(Maiolini. et al. 1975; Avrameas, et ale 1972; Engvall, et 

ale 1971; Dray, et ale 1975.) This makes the possible 

detection of 1 picomole of label in 20 minutes with UV/VIS 

detection. If a more sensitive detection scheme were 

employed it would be possible to determine smaller amounts 

of label or to carry out faster determinations. For 

example thin layer electrochemical detectors have a 

detection limit of approximately 1-10 picomoles of H20 2 

(de Alwis and Wilson 1987). Hence if this method were used 

with glucose oxidase as the label a femtomole to attomole 

detection limit should be possible. The enzyme in this 

case has a turnover number of 1.5 x loS/minute (Maiolini, 

et al 1975). A high turnover number enzyme coupled with a 

sensitive detection scheme should improve the speed of the 

analysis. 

Antibodies General Discussion 

Antibodies were known as the proteins associated 

with the immune system as early as the beginning of the 

century. The selectivity these molecules exhibit towards 

their antigens led to their use in analytical 
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applications. However, the heterogeneous nature of these 

proteins prevented their physiochemical characterization. 

Porter (1959) working with pooled rabbit serum showed that 

with plant protease it is possible to split this protein 

into three parts which can then be separated by ion 

exchange methods. The chemical methods for separating the 

constituent peptide chains of immunoglobulin were described 

by Edelman and Poulik (1961). It was Porter in 1962 who 

proposed the four chain model for the immunoglobulin 

molecule. Most of the early work on antibodies was carried 

out on Bence-Jones proteins. These 

recognized ( Eldelman and GaIly 1962) 

proteins were 

as pathological 

relatives of the normal immunoglobulins. This discovery 

led to the development of peptide maps for the IgG 

molecule in man and many other species. 

vertebrates have 5 classes of antibodies present in 

their serum. They are IgG, IgM, IgO, IgA and IgE. Of 

these IgG is the most common. About 75% of the circulating 

antibodies belong to the IgG class. This class is divided 

into subclasses based upon the number of disulfide linkages 

in the hinge region. This nomenclature is highly 

complicated by the lack of uniformity within species in the 

production of similar subclasses. There are 4 subclasses 

each in man and mouse. They are IgG1, IgG2a, IgG2b, IgG3 

in mouse and IgG1, IgG2, IgG3, IgG4 in man. 
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The concentration of IgG in the serum is 6-9 mg/ mL. 

This makes this antibody easily accessible to researchers. 

The next most common class is IgM which has a molecular 

weight of 900 KD. This molecule could be considered as a 

pentamer of IgG molecules. The molecules are joined by -8-

8- linkages. These are easily reduced chemically to yield 

monomers. A schematic diagram of these molecules are shown 

in Figure 2a and 2b respectively. Figure 2a also depicts 

the specific functions of the different regions of the IgG 

molecule. 

A closer look at the IgG molecule shows that the 

molecule consists of two long chains and two short 

chains of amino acids (Figure 2c). These are called the 

heavy chains (50 - 77KD) and the light chains (22 KD). 

The dark regions of the molecule are called the constant 

regions and the cross hatched regions the variable 

regions. It is also apparent from this diagram that the 

variable region consists of both the extreme ends of the 

light and heavy chains. This variability is caused by 

the specificity of the antibodies. For each antigen a 

unique sequence of amino acids is observed in this 

region. 



Figure ~ Schematic Diagram of Different Immunoglobulins 

Commonly Employed in ELISA Assays. 

a. IgG showing the heavy chain, light chain, 

F(ab)2' and pFc' regions. 

b. A schematic diagram of IgM. 

c. IgG showing variable (V) and constent(C) 

regions, Fab and Fc regions. 



(ta) IgG 

H - Heavy chain 

L - Light chain 

C - Carbohydrate 
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(lb) IgM 

Figure 2. A Schematic Diagram of Different Immunoglobulins 

Commonly Employed in ELISA Assays. 
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Except in allotypes (Mage, et al. 1973; Natvig and 

Kunkel 1973) the amino acid sequence in the constant region 

wi thin a species remains invariant. The sequence in the 

var.iable regions varies from one antigen to the other. The 

molecule has several regions as shown by Figure 2a. They 

are the antigen binding, hinge and the complement fixation 

region. The complement fixation region is important only 

in triggering a complement reaction. In the case of an 

immunoassay this portion of the molecule does not play an 

importan't role. 

It has been shown that by using pepsin and papain the 

Immunoglobulin G molecule can be cleaved to yield fragments 

which are active in antigen binding. The cleavage products 

of pepsin and papain are shown in Figure 3. Pepsin cleavage 

of the IgG molecule yields a F(ab') 2 fragment and a pFc' 

fragment. The region between the two fragments which is 

the C 12 is broken down into smaller fragments (see also 

Figure 2a). The F(ab')2 fragment (Fragment antibody 

binding ) binds two moles of antigen and has a molecular 

weight of l02KD. This fragment is inactive towards 

complement binding. The selective reduction of the 

disulfide bridge in the hinge region yields an Fab' 

fragment. This fragment has a 55KD molecular mass and 

binds one mole of antigen. In addition it contains thiol 

groups as a result of the reduction. The papain digest 
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yields two Fab fragments, each of which has a single 

antigen binding site 

(Fragmentcrystallizable) fragment. 

fragment contains the thiol groups. 

and 

In this 

an Fc 

case the Fc 

The IgG molecule has four amino acid chains as 

described previously. Each of these chains consists of an 

amino terminal end and a carboxy terminal end. The 

molecule therefore has four amino groups and four carboxyl 

groups. In addition approximately 90 amino groups are 

present in each molecule from the side chains of lysine , 

arginine glutamine etc. In addition a region of 

carbohydrate is present in the hinge region which is 

approximately 2 - 5% of the molecular weight. The 

hinge region disulfide bonds are reducible under non

denaturing conditions while the rest of the disulfides can 

be reduced only when the molecule is denatured with 3M 

guanidine - HCl buffer. The reason is that the hinge 

region disulfide is in a hydrophilic domain while the other 

disulfides are in hydrophobic domains. 



Figure ~ Proteolytic Cleavage Products of IgG. 

showing the cleavage points of the IgG 
molecule for papain digestion and pepsin digestion and 
the reduction product of a F(ab')2 fragment. 
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IMMUNOSORBENTS 

It has been shown by Sportsman et al. 1982 that it 

is possible to covalently attach antigens to aldehyde 

bearing chromatograpic supports. These can be packed in 

reactors and used to 

antibodies against them. 

covalent attachment is 

study binding properties of 

The attractive feature of 

the ability to reuse these 

supports many times. The antibody antigen reaction can 

be reversed by using chaotropic reagents which denature 

the antibody and cause the dissociation of the antibody 

antigen complex. The antigen can be renatured and the 

support reused. This allows us to carefully 

characterize the support with respect to the number of 

binding sites. 

Historically the first polymeric support activated for 

protein coupling was Sepharose activated by reaction with 

cyanogen bromide (CNBr) (Porath et al. 1967). The 

activation process led to the formation of an 

imidocarbonate group (Wilchek 1984) on the surface of the 

support which then reacted with the amine groups on 

proteins. The biggest drawback of the support was that the 

isourea function formed in the process was unstable. The 

exact mechanism of the reaction was not known and was a 

subj ect of controversy for almost a decade. It is now 

agreed that the reaction proceeds as shown in Reaction 3. 
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tOH 

O-C-NH-0 - - - - - - - - - 3. 
II 
NH 
+ 

A positive charge which has a pKa of 9.5 resides on 

the linkage (Reaction 3). This is unfortunate as the 

support is positively charged at physiological pH 7.3 - 7.4 

(scoutin, 1972) This causes the support to act as a weak 

anion exchanger in biospecific separations giving rise to 

contaminants in the purified material. It is documented 

that the ion exchange process can be the dominant effect 

compared to the biospecific. This led to the development 

of supports which were uncharged after ligand attachment. 

Some of the presently available activation methods are 

shown in Figure 4. The present trend in this field is the 

use of mul timodal coupling techniques. In mul timodal 

coupling the activated support reacts with more than one 

type of functional group in the target molecule. The best 

examples of multimodal coupling are those involving epoxy 
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activation and vinyl sulfone activation. The reactions of 

epoxy activated suports are shown in Reaction 4a, 4b, 4c 

and 4d. The use of many functional groups instead of a 

single type, appears to increase the coupling yield (Axe'n, 

et ale 1975). In the single mode only one functional group 

in the target molecule reacts with the support. 

~CH-CH-CH + G)--OH ~CH2~H-CHf"o-0 - - - - 4a. 
2 \ / 2 

0 OH 

0-COOH~ 
~CH-CH-CH-OH 

0-S"~ 
2 I 2 

O-Co-0 4b. 

0--""'\ ~CH-CH-CH-S-0 - - -- 4c. 2 I 2 

OH 

"'- ~CH2~H-CHf"NH-0 - --- 4d. 
OH 



Figure ~ Methods Commonly Employed in the Activation 

of Polymeric Supports for Protein Coupling. 

1. Aldehyde 2. FMP 3. N- hydroxy Succinimide 

4. Vinyl sulfone 5. Epoxy 6. Tosyl 7. Tresyl 

8. 1,1' Carbonyl diimidazole 
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Figure 4. Methods commonly Employed in the Activation 

of Polymeric Supports for Protein Coupling. 
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As mentioned previously, due to the presence of a wide 

selection of functional groups on the antibody molecule 

different strategies can be developed to couple the 

antibody molecule to the immunosorbent. It is possible to 

use amino, carboxyl, thiol or oxidized carbohydrate regions 

as functional groups for these reactions. The amine groups 

are the most numerous. These are found allover the 

molecule and in the N -terminal regions. The coupling 

takes place via the amino groups when the amine acts as a 

nucleophile. This condition occurs in 50% of the molecules 

when the pH is a single unit higher than the pKa of the 

amino group. This could be used as a means of selecting 

the type of amine group used in the coupling if not for the 

fact the highest pKa values are observed in lysine and 

arginine (Carr and Bowers, 1980). Therefore it is somewhat 

obvious that when carrying out a reaction with the amine 

group in the preparation of immunosorbents the possibility 

of coupling the lysine and arginine side chains to the 

support as described in most cases is limited. This 

therefore leaves the terminal amino groups which are most 

easily activated for coupling to the support. On the other 

hand, the carboxylic group appears attractive for use in 

coupling the antibody to the support such that the binding 

site is far away from the attachment point and is therefore 

presumably unhindered. The methods for coupling the 
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carboxylic acid groups in aqueous medium are not 

sufficiently selective to achieve this condition 

satisfactorily. This leaves the carbohydrate groups and the 

disulfides in the hinge region as functional groups for the 

development of highly active immunosorbents for binding 

antigens. The carbohydrate region can be oxidized using 

periodate as an oxidant. This converts the vicinal 

hydroxyl groups on sugar molecules into dialdehydes ( 

wilson and Nakane 1978). These can now be coupled to amino 

supports to yield antibodies attached to the supports away 

from the antibody binding sites. This method is gaining 

popularity at present. The use of thiol groups in the 

hinge region of the molecule hold great promise in this 

field. The thiols can be prepared easily by the reduction 

of -S-S- bonds and can be coupled, using more than one 

activated support. These activation groups are Tresyl 

(Compound 1.7.1), FMP (Compound 1.6.1), and Tosyl (Compound 

1. 4.5) • However the coupling reactions involving amine 

groups are useful in the preparation of immunosorbents to 

which antigens are attached for use in immunoaffinity 

purification. 

Immunosorbent Characteristics. 

The success of an immunosorbent depends upon its 

capability to produce the material which is retained as a 



result of a biospecific interaction. 

previously this is not the case at all 

As discussed 

times. The 

contaminants arise as a result of non-biospecific 

interactions commonly known as non-specific reactions. 

There are several considerations involved in reducing the 

non-specific interactions. They are the polymeric support 

and the linkage to the ligand. There are two major classes 

of polymeric supports available, beaded supports and films. 

The discussion will be limited to beaded supports. 

There are three maj or classes of beaded supports 

available commercially. They are rigid beads, semi-rigid 

and soft beads. The silica materials such as controlled 

pore glass and Hydroxymethyl methacrylate (HEMA) belong to 

the rigid category. These beads can withstand hydrostatic 

pressures in the region of 6000psi and 3400psi 

respectively. Crosslinked polyacrylamide (Fractogel ) and 

N-acryloyl 2- amino 2-hydroxymethyl 1,3-propane 

diol(Trisacryl) belong to the second class of material and 

can withstand hydrostatic pressures of up to lOOpsi. 

Crosslinked agarose is the best example of a soft gel and 

it can only withstand hydrostatic pressures of 30psi or 

less. An important feature of all these supports is the 

abundance of hydroxyl groups. These hydroxyl groups 

provide a polar but uncharged environment which leads to 

diminished non-specific adsorption. They are therefore the 
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support functionality of choice. This has lead to the 

development of a wide variety of activation methods for the 

hydroxyl group. This is seen in Figure 4. The other 

component is the 1 inker. The use of 1,1' carbonyl 

diimid~zole (Reaction 5), 1-fluoro 1- methyl pyridinium 

tosylate (Reaction 6) and 2,2,2 trifluoro ethane sulfonyl 

chloride (Reaction 7) activated supports leads to the 

formation of covalent linkages with ligands possessing 

amino groups leading to the formation of covalent linkages 

which are uncharged. similarly 1-fluoro 1- mthyl 

pyridenium tosylate ( compound 1.6.1, Reaction 6) and 

2,2,2 trifluoroethane sulfonyl chloride ( compound 1.7.1, 

Reaction 7 ) activated supports react wi th thiol groups 

leading to a coupling which is uncharged. 

~O_LH .~t@E'C=::Jt-SH ------ 5. 

~O-SOZ-CHZ:FJ L
s
- , 1. 7.1 'II' I L... _---""@--::;;QNHz----------7. 

SH 

--- ------6. 

1.6.1 



Conjugates 

In order to carry out a successful ELISA assay a 

high quality enzyme labeled reagent should be available. 

The first enzyme labeled reagent for use in electron 

microscopy was produced by Avrameas 

glutaraldehyde as the coupling agent. 

in 1972 using 

Since then 

over 50 'reagents have been developed which are capable 

of carrying out the same type of reaction. These 

reagents are of two types. They can be homobifunctional 

or heterobi~unctional. Homobifunctional reagents have 

two functional groups of the same type and the 

heterobifunctional reagents have different functional 

groups. 

The mode of reaction of these are shown in Figure 

5. The homobifunctional reagents were the first to be 

developed. They could be used as a single step reagent 

in Figure 5b or as two step reagents in Figure 5a. In 

the single step reaction dipicted in Figure 5a the 

enzyme (A) and the molecule (B) to which the enzyme is 

coupled are mixed in the desired ratio and the coupling 

reagent ( x-x )is added. The reagent reacts with either 

the enzyme (A) or the other molecule (B) which become 

activated (A-x or B-x). The two derivatives can react 

with any other molecule present which pocesses the 

correct functional group. This could be a molecule which 
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Figure ~ Reaction Schemes for Heterobifunctional and 

Homobifunctional Coupling Reagents. 

1. Homobifunctional two step 
2. Homobifunctional single step 
3. Heterobifunctional 



x-x B A ~ A-x ~ A-B 

lA 

A-A 

Homo- bi functional Two Step 

A x-x 
~ A-x B-x 
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! \ B A 

A-A A-B B-B 

Homo- bifunctional Single Step 

A x V A-B B A-V 
~ ~ 

Hetero - bi functional 

Figure 5. Reaction Schemes for Heterobifunctional and 

Homobifunctional Coupling Reagents. 
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needs to be labeled or another enzyme molecule. 

The end result of such a reaction is the 

production of three major types of molecules. They are 

the heteropolymer( A-B} and the two homopolymers (A-A 

and B-B). There are in addition different 

stoichiometries wi thin each type because there is 

generally more than one reactive functional group on the 

molecules present in the reaction mixture. The two step 

homobifunctional reagent is superior to the single step 

procedure in that the enzyme (A) or the analyte is 

labeled as a first step. The activated intermediate 

formed (A-x) does not react any further with the same 

molecule. Then the second molecule(B} is added to the 

mixture and the physical conditions in the reaction 

mixture are changed so that the second step of the 

reaction can occur. This process leads to a 

heteropolymer(A-B} and a homopolymer (A-A) of the 

activated molecule. More recently the 

heterobifunctional reagents have been developed which 

react with different functional groups Figure 5C. These 

reagents, if used carefully, yield only a single 

product. These reagents are the most commonly used at 

present for conjugation reactions. The Succinimidyl 4-

(-maleimidomethyl) Cyclohexane - 1 - Carboxylate (SMCC ) 

(Reaction 8 Compound 1.8 .1) is an example of the 
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heterobifunctional reagents. In this reaction there are 

two separate reactions. A nucleophilic displacement of 

the succinimidyl ester by the amine group occures in the 

first step. This is followed by the addition of the 

thiol group to the maleimido moei ty • These reactions 

are controlled only by the availability of the specific 

functional groups. The reaction of para benzoquinone 

(Reaction 9, compound 1.9.1) appears similar to a 

heterobifunctional reaction. In reality it is a 

homobifunctional two step reaction separated by a 

different pH requirement for the each of the two steps. 

The first step occurs at l:JH 6.8 and the second at pH 

9.0. The bis maleimidomethyl ether (BMME) (Reaction 10, 

Compound 1.10.1 ) is an example of a homobifunctional 

reagent. The two maleimido groups add thiol groups 

readily at both ends of the molecule under a given set 

of reaction conditions. The per-iodate activation 

(Reaction 11, compound 1.11.1) is different from all 

the previous reactions mentioned. In this sequence the 

carbohydrate component of the enzyme is oxidized to 

create aldehyde groups which react with amine groups of 

proteins and ligands via nucleophilic addition 

reactions to yield a Schiffs base. The Schiffs base is 

unstable and to prevent reversal of the reaction, it is 

reduced using borohydride or cyanaoborohydride. This 
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leads to the formation of a stable C-N bond. 
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Enzyme Linked Immunosorbent Assay. 

There are two types of heterogeneous ELISA asays, 

competitive or non - competitive. 

42 

The competitive assay involves the use of the analyte 

and the enzyme labeled analyte competing for a fixed number 

of sites on an immunosorbent. The immunosorbent has a 

number of sites which are approximately sufficient for the 

reaction with the number of labeled analyte molecules only. 

This if unlabeled analyte molecules are added to the 

labeled analyte solution there will be a competition 

between the labelled and unlabled molecules which would 

result in the displacement of some of the labeled molecules 

from the immunosorbent. A decreased response is observed 

when the immobilized enzyme molecules are probed. As the 

analyte concentration increases, the number of labeled 

molecules binding will decrease further. From this 

variation a calibration curve can be constructed. Since 

the number of reactive sites and the reagent concentrations 

have to be carefully controlled in order to assume 

competition, the dynamic range of this assay rarely exceeds 

an order of magnitude. For the competition to occur there 

are a few requirements which need to be met. The strongest 

of these is that the labeled molecules behave similarly to 

the unlabeled. This assumption holds better for the 

radioimmuno assay (RIA) where the label is a single atom. 
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In the case of enzyme labels the assumption is made almost 

invalid. The presence of a large number of functional 

groups on both molecules cause the aggregation of these 

molecules. Even in the absence of aggregation a 160KD 

molecule tagged with a 40 - 540 KD molecule will not behave 

similarly to the original 160KD molecule. This is a minor 

problem compared to aggregate ~ormation. It has been noted 

that anti-DNP IgM with an intrinsic affinity of 104 - 105 

exhibited a functional affinity of lOll which is a 106 fold 

enhancement due to multiple binding (Bystryn, et al.1973). 

This is further confirmed by the decrease of 102 LIM in the 

binding constant in the preparation of Fab' fragments from 

F(ab)2 fragments. In a population of conjugates which are 

different in stoichiometry, there should exist a variety of 

binding constents. Therefore the production of a labeled 

product with defined number of labels is important for 

improving the competitive assay. 

this assay is shown in Figure 6. 

A schematic diagram of 



Figure ~ A Schematic Diagram of a competitive Assay. 

The immobilized primary antibody reacts with 
labeled analyte and the analyte. After the exces resgent 
is washed away the substrate is applied and the product 
is monitored. 
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Figure 6 A Schematic Diagram of a competitive Assay. 
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The sandwich assay employs two antibodies. One 

antibody captures the antigen and the other which is 

labeled is used to probe the amount of antigen present. 

The strongest requirement for this system is the necessity 

of at least two antigenic sites (epitopes) per antigen 

molecule where the capture and the probe antibodies can 

bind. This requirement limits the use of this assay for 

larger molecules i. e >6KD molecular weight. The dynamic 

range for the sandwich assay can be several orders of 

magnitude and is limited by the capacity of the 

immunosorbent and the labeled reagents (de Alwis and 

Wilson, 1985). This assay is less sensitive to reagent 

heterogeneity than the competitive assay. A schematic 

diagram of a sandwich assay is shown in Figure 1. 

From the previous discussion it is possible to notice 

that the sandwich assay is desirable in situations where a 

wide dynamic range is required. However the requirement of 

two epitopes limits the use of this assay to large 

molecules. Freytag et. ale 1984 developed an assay which 

combines the convenience of a sandwich assay and the speed 

of a homogeneous assay to perform heterogeneous non

competitive assays for small molecules. The assay is 

depicted schematically in Figure 7. 



Figure ~ The Non-Competitive ELISA for Digoxin. 

Digoxin is allowed to react with Fab' -Enzyme 
conjugte. The excess reagent is removed using an Oubane 
immunosorbent. The eluted conjugate is mixed with the 
substrate and the color intensity is measured. 
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In this assay the analyte (D) is mixed with an excess 

of an Fab' conjugate. This causes the antigen to react 

with the antibody conjugate. The mixture is now passed 

over a analyte analog reactor. The analyte analog has a 

binding constant which is 10000 times smaller than the 

analyte itself. The excess unreacted conjugate reacts with 

the immunosorbent and is retained. The reacted material 

passes through the 

The unretained 

reactor unretained and 

material is mixed 

is collected. 

with the 

substrate/chromogen mixture and the color development is 

measured. The extent of color development is therefore 

directly proportional to the analyte concentration. There 

are several problems which were not entirely evident from 

Frey tags work. When an F(ab')2 fragment is used instead of 

a Fab' fragment the calibration curve is non-linear. This 

could be explained as follows. Each F(ab')2 fragment has 

two binding sites. If the stoichiometry of the enzyme : 

Fab' fragment is 1: 1 then the assay would be useful from 

the point where half the sites are bound to the antigen to 

the point where all the sites are occupied. Under ideal 

conditions the calibration curve should be linear. If 

there is a mixture of single sites and multiple sites then 

the assay would underestimate the analyte at low 

concentrations and over estimate at the high end. This is 

the effect observed with conjugats formed with Fab' and 



48 

F (ab' ) 2 type of reagents mentioned above. Therefore by 

improving the reagent such that only one binding site is 

present, the linear dynamic range could be improved 

dramatically. 

Goals of Research. 

Based upon the discussion up to this point it is 

obvious that the heterogeneous ELISA is a sensitive 

technique which could be improved vastly by using some 

of the considerations mentioned above. The goals of my 

research therefore are: 

1.) The development of immunosorbents with high capacity 

and reproducibility. The antibody will be studied as a 

whole molecule and methods to selectively isolate 

antibody fragments will be studied. The smaller 

fragments thus produced will be derivatized to produce 

unique reactive groups remote from the binding site of 

the molecule. A variety of polymeric chromatographic 

supports activated with different leaving groups will be 

used to immobilize the fragments and the whole molecule 

covalently. This should lead to better defined 

immunosorbents. 

2.) Several heterobifunctional coupling agents will be 

used to couple antibodies to enzymes and the procedures 

will be optimized to yield products which are uniform in 



reactivity, and molecular weight. The use of better 

defined reagents should make the resulting immunological 

reactions easier to interpret. 

3.) A flow injection analysis scheme will be explored 

as a means for easy automation and sample handling. 

This will make it possible to use the immunosorbent 

developed previously in the form of reusable 

microreactors. 

4.) Electrochemical detection which is about 6 orders 

of magnitude more sensitive than the conventional UV/VIS 

detection will be employed. This sensitivity advantage 

should make it possible to determine analyte levels in 

the sub-picomole to sub- femtomole region. 

5.) using the improved immunosorbents, reagents and 

detection scheme, attempts will be made to carry out 

different heterogeneous ELISA assays using a host of 

analyte systems. 

It should be possible to produce an immunoassay 

system which yields rapid results (15 - 20 minutes) and 

which are both accurate (2-5%) and sensitive (picomole -

femtomole). Fundamental understanding of these 

reactions with well- characterized reagents will be 

essential to optimization of these assays. 
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THE MODEL 

The model proposed by sportsman et.al 1982 will 

be used for the development of flow injection 

immunoassays with electrochemical detection. The system 

under development should have the following basic 

requirements: 

1.) The analysis should be rapid, as mentioned 

previously in the 15 - 20 minute range, faster if 

possible. 

2.) The accuracy and precision should ideally be in the 

2-5% range. 

3.) It should be a system where all the types of 

heterogeneous reactions can be carried out. 

4.) Totally automated sample handling and reagent 

handling is desirable. 

From the previous discussion it is possible to 

separate the problem into several parts. The most 

important problem is the preparation of immunosorbents 

which yield stable and reproducible characteristics. 

The immunochemical reagents themsel ves have a strong 

influence on the analysis such that their synthesis and 

properties are of considerable importance as well. 

IMMUNOSORBENT 

It is obvious that one of the major problems with 
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the existing ELISA is the inability to reproducibly 

produce an immunosorbent which has defined 

characteristics. Covalent attachment of the antibody to 

the immunosorbent appears as a method of carrying out 

this process with a higher degree of control. Covalent 

attachment has many advantages over physisorption. 

Stronger attachment prevents the leakage of the antigen 

or the antibody during the reaction. The orientation of 

the antigen or the antibody can be controlled by 

reacting specific groups in known locations of the 

molecule. Because the immobilization is covalent, 

reversible denaturating agents can be used to dissociate 

the AbAg complex thus allowing the reuse of this 

material. This enables the careful characterization of 

the immunosorbent with respect to the number of binding 

sites and the stability of the material attached to the 

immunosorbent. The choice of material for the polymeric 

support is a semirigid to rigid sphere with large 

numbers of hydroxyl groups scattered over the surface, 

thus creating a polar but uncharged environment. The 

characteristics of such a support will be studied with 

respect to protein attachment and non-specific effects. 

The coupling methods which give rise to uncharged links 

will be studied with special emphasis on orientation of 

the molecule. 

51 



Conjugate Preparation 

Heterobifunctional and homobifunctional reagents 

will be employed in the preparation of the conjugates. 

The same considerations as in the section above will 

apply for the conjugates. The coupling will be via the 

-NH2 or the -SH groups in the molecule. If the antibody 

being coupled to the enzyme has specific binding 

activity then the use of a fragment of the molecule with 

a thiol group or a whole molecule linked in the hinge 

region will be considered. If the molecule is an 

antigen then the use of amine group will be considered. 

In any event the enzyme molecule will be activated first 

as the biological activity of the antibody appears to be 

more susceptible to chemical modification. When 

possible enzyme activity will be measured, and methods 

to prevent the deactivation will be studied. 
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Instruments 

All absorbance measurements were carried out on a 

Varian Cary 219 Scanning UV/VIS Spectrophotometer (Varian 

Associates, Palo Alto CAl. UV detection of proteins during 

column chromatography was carried out with an Altex Model 

153 UV Detector (Altex Scientific Inc, Berkeley, California 

) or an Isco Model 226 UV detector (ISCO Instruments, 

Lincoln, Nebraska.). Activity of enzymes was measured in 

the Cary 219 and also using a COBAS BIO Centrifugal Fast 

Analyzer (Roche Diagnostics, Nutley, NJ.) 

2.2 Apparatus 

The flow injection analysis (FIA) apparatus used in 

the assays consists of a Beckman Model 110A single piston 

pump which is set at a static flow rate of 0.5mL/min. The 

pump can be switched between two different buffers using an 

Autochrome SS-20 (Autochrome, Milford, MA) low pressure 

switching valve. The pressure pulses generated by the pump 

are smoothed out using a hydraulic pressure damper Model 

LP-21 (Scientific Systems Inc., State College, PA.) and a 

homemade 0.2 x 4 cm stainless steel HPLC column packed with 

diol bonded 10uM Controlled Pore Glass (CPG). The timing 
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of all reagent introductions is achieved by the use of a 

waters Associates Model 710B Autosampler (Waters 

Associates, Milford, MA.) The samples pass through the 

immunoreactor which consists of 0.2 x 4'cm stainless steel 

reactor fitted with 1/4" Swagelok HPLC fittings. The 

reactor is packed with the appropriate immunosorbent. The 

reactors are packed as follows. A short length (4-5cm) of 

Nalgene tubing is attached to the entrance end of the 

reactor and the reactor is filled with buffer by setting 

the reactor on a vacuum source. The vacuum source is 

usually suction vacuum flask fitted. with a single hole 

rubber stopper. The immunosorbent is filled into the 

Nalgene tube in the form of a thick slurry and is allowed 

to settle. The reactor is removed from the vacuum source 

and the exit end of the reactor is plugged with the 

appropriate fitting. The reactor is then centrifuged at 

approximately 1500 x g for 5 minutes. The Nalgene tube is 

replaced with the end fiting. The reactor is connected to 

the flow system. The flow stream can be diverted from the 

reactor by using a Valcor Model 20-2-1 low dead volume 

valve (Valcor, Springfield, NJ.). The Detector used is a 

BAS LC-4B thin layer amperometric detector (Bioanalytical 

Systems, West Lafayette, IN) with a platinum working 

electrode. The working electrode was covered with a 

cellulose acetate membrane to prevent the adsorption of 



proteins 

output 

(SIttampalam and Wilson, 1983). 

was processed by a Micromeritics 
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The detector 

Model 740 

Integrator (Micromeritics Instruments Corp, Norcross, GA). 

A schematic diagram of the apparatus is shown in Figure 8. 



Figure ~ Schematic of the Flow Injection System. 
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2 . 3 MATERIAIJS 

All solutions were made up in distilled deionized 

water, while the flow buffers for the FIA were prepared 

using doubly distilled water, filtered through 0.45 um 

nylon or cellulose nitrate membrane filters and protected 

from dust. All reagents used were analytical grade unless 

specified otherwise. All buffers mentioned contained 0.01-

0.02% w/v Sodium Azide or 0.01% Thymerosol as 

preservatives. 

Human IgG used was obtained at a local drugstore as 

Gamastan (Cutter Labratories, Berkeley, CA) and was used 

without further purification except for removal of glycine 

which is found in 0.33M concentration. This was achieved 

by passing the IgG samples over a Sephadex G-25 (1.5 x 25 

cm) column. The Sephacryl S300SF, Sephadex G-25, G-50 and 

CM-Sephadex were obtained from Pharmacia Fine Chemicals, 

Piscataway, NJ. Pepsin 1:60,000, Glucose Oxidase Type II 

and Type X ( Activity 20,000U/mg and 138,000U/mg 

respectively), mercury papain, beta. mercaptoethyl amine, 

d-biotin, dicyclohexyl carbodiimide, L-cystine, L-Lysine, 

5,6 diamino 1,3 methyl Uracil and l-Ethyl-3-(3-

DimethylArninopropyl) Carbodiimide, were obtained from sigma 

Chemical Co, st. Louis, MO. Reactigel (6X), Reactigel (HW-

65F) , Succinimidyl 4- (N-maleimidomethyl) cyclohexane -1-
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carboxylate (SMCC) and Sulfosuccinimidyl 4- (N

maleimidomethyl) cyclohexane i-carboxylate (Sulfo SMCC) 

were obtained from Pierce Chemical Co, Rockford, IL. Bovine 

IgG (crystalline), tresyl chloride (2,2,2 trifluoro ethane 

sulfonyl chloride), glutaric anhydride and 

1,1' carbonyldiimidazole were from Fluka Chemical Co, 

Ronkonkoma, NY. Dithiothreitol and 2-fluoro-1-methyl 

pyridinium p-toluenesulfonate were obtained from Research 

Organics Inc. Cleveland, OH. Fractogel HW-65F and 

controlled pore glass SI-300 were obtained from EM Science, 

Cherry Hill, NJ. Goat anti-human IgG, Goat anti-mouse IgG 

and Mouse anti-bovine IgG were a generous donation from 

American Qualex International Inc., La Mirada, CA. 

2.4 Purification of Antibodies 

2.4.1 Antibody Purification 

METHODS 

As a preliminary step anti-sera and ascites fluid were 

purified by fractionation with ammonium sulfate (Heide and 

schwick 1978). Solid (NH4)2S04 (330mg ) was added to each 

mL of antiserum or serum in a conical centrifuge tube, and 

the tube was vortexed until all solid was dissolved. The 

pH was adjusted to approximately 7.4 with 1M HCI or 1M 

NaOH. The sample was allowed to stand 2-24 hours at 40 C 

and was then centrifuged at 2000xg for 30 minutes at the 

same temperature. The pellet formed was washed with 50% 
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(NH4)2S04 and recentrifuged. The pellet was dissolved in 

0.15M NaCl. If the solution was clear then the sample was 

dialyzed against 0.1M Phosphate buffered saline pH 7.4 

(PBS). If it had a reddish coloration then the sample was 

reprecipitated and the process repeated until a clear 

solution was obtained. Usually this process was repeated 

three times. 

2.4.2 Purification of 19M from serum 

The serum sample was dialyzed against distilled water 

overnight. The sample was centrifuged at 1500xg and the 

precipitate was collected. The precipitate was dissolved 

in 0.15M NaCl and re-centrifuged. The supernatant was 

decanted carefully and chromatographed on Sephacryl S-300 

SF(1.5 x 60 cm) at a flow rate of 0.33mL/min in 0.01M PBS 

pH 7.4. The results are shown in Figure 9. The void 

volume peak is due to 19M and the 2nd and 3rd peaks are due 

to IgG and albumin respectively. The contaminants were 

less than 5% of the total IgM present. This method was 

more convenient to use than the polyethylene glycol 

fractionation method (Carter and Boyde 1979) and 

caprylic acid fractionation (Russo, et al. 1983) 

2.4.3 Affinity Purification 

The antibodies were affinity purified against the 

immobilized antigen. The immunosorbent was packed into a 
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column (0.5x 4cm) which was equilibrated against 

physiological buffer (0. 1M PBS pH 7.4). The sample (2-5 

mL) was applied and using PBS pH 7.4 at a flow rate of 

0.5mL/min, the column was washed with 5-10 bed volumes of 

the same buffer. The bound antibody was eluted with 2mL of 

O.lM phosphoric acid, pH 2.0. The eluate was collected 

over sufficient solid Tris base to neutralize the 

phosphoric acid, and was dialyzed first against 0.15M NaCI 

and subsequently against O.lM PBS pH 7.4. 

2.5 Fragment Preparation and Related Methods 

2.5.1 Preparation of F(ab')2 Fragments. 

Two methods were used in the preparation of fragments. 

The first described was used for polyclonal antisera 

(Nisonoff, et al. 1960), 

(Parham, 1983.). 

the latter for ascites fluid 

The protein concentration in the antiserum was adjusted 

to around 50mg/mL and dialyzed overnight against O.lM 

acetate buffer pH4. 5. Pepsin was added at a ratio of 1mg 

pepsin for every 50mg of IgG. The sample was incubated for 

16 hours at 37oC. 1M Tris buffer pH 8.5 was added at 1:10 , 

(sample: buffer) v/v ratio in order to inactivate the enzyme 

and the sample was dialyzed against O. 1M PBS pH 7.4. The 

specific F(ab')2 fragments were prepared by affinity 

adsorption against the antigen or, the total F (ab' ) 2 
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fraction was prepared by separation on a Sephacryl S-300 SF 

(1.Sx60 cm) column equilibrated with O.lM PBS pH 7.4. 

citric phosphate buffer (1M pH 3.S) was mixed with 

ascites fluid in a 1:10 volume ratio. The pH was adjusted 

to 3. S with 100mM HCl. Pepsin (0. 1mL of 12 Sug/mL ) was 

added to each mL of ascites and incubated at 370 C for 24 

hours. The sample was dialyzed against SmM Tris-HCl pH 7.S 

overnight. The precipitate formed was removed by 

centrifugation at 2000xg for 10 minutes. The supernatant 

was dialyzed against O.lM PBS pH 7.4 buffer. 

2.S.2.Preparation of Fab' Fragments 

The F (ab') 2 fragments (2. S .1) (a 2-S mg/mL solution ) 

were dialyzed against O.lM PB pH 7.0, 1mM EDTA and nitrogen 

was passed over the solution under a slight positive 

pressure for half an hour. The solution was made 10mM with 

respect to mercaptoethylamine (Nisonoff and Dixon, 1964) by 

the addition of freshly prepared 100mM mercaptoethylamine 

at 10: 1 V/V ratio and incubated for 90 minutes at 370 C 

under nitrogen. The fragmentation also can be carried out 

much more efficiently by making the solution 1mM with 

respect to EDTA and S mM with respect to 

Dithiothreitol(DTT) (Gunewarda and Cooke, 1966) because OTT 
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is a more efficient reducing agent than mercaptoethylamine. 

The sample was incubated at room temperature in the dark 

and an atmosphere of nitrogen for 1 hour. After either 

process the sample was passed over a Sephadex G-25 column 

(1.5 x 25 em) which was equilibrated with O.lM PBS pH 7.0 

10mM EDTA • The flow rate of the column was 1mL/min. The 

buffer used was purged wi th nitrogen for at least for 2 

hours prior to use and contains 1-10 mM EDTA. The Fab' 

fraction was collected in vials held under nitrogen and 

used immediately. 

2.5.3 Preparation of Endcapped Fab' Fragments. 

The F(ab')2 fragments were dialyzed against 0.15M NaCl 

buffered with 0.15M Tris-HCl pH 8.2. The reduction of the 

disulfide bonds was carried out as described above 

(Section 2.5.2). The solution was made 11mM in 

Iodoacetamide and incubated under nitrogen for 1 hour 

(Gunewarda and Cooke 1966). The sample was extensively 

dialyzed against several changes of buffer prior to use. 

2.5.4 Preparation of Fab Fragments 

The antiserum fraction was dialyzed against O. 1M PB 

pH7.0 with 10mM EDTA and 0.5mM Cystine. Mercury papain was 

added (lmg for every 100mg of IgG). The ideal 

concentration of antibody for this purpose was 3-5 mg/mL 

(Mage, 1980). The mixture was incubated at 370 C for 16 
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hours. The mixture was dialyzed against o. 1M PBS pH 7. 4 

for 24 hours to ensure the complete inactivation of the 

enzyme. The sample was either affinity purified against 

the antigen or separated on CM-Sephadex (Franklin and 

Prelli 1960). The CM-Sephadex colummn (1.0 x15 cm ) was 

equilibrated with O.OlM PB pH 7.0 and the sample was eluted 

at a flow rate of 0.5 mL/min and a 1-5 mL sample dissolved 

in the same buffer was applied to the column. The eluant 

was monitored with a flow through UV detector at 280nm. The 

peak eluting in the void volume was the Fab fraction. The 

Fc fraction can only be eluted by changing the mobile phase 

to 0.411 PB pH 7. o. Both peaks are extremely sharp and 

approximately the same size. 

2.6 Preparation of Conjugates and their Characterization 

2.6.1 Conjugate Preparation 

Several methods were used in the preparation of 

conjugates are described below. 

2.6.1.1 p-Benzoquinone 

Glucose Oxidase (Type X) (40mg/mL) was dissolved in 

O.lM PB pH 6.8 and 200 uL of p-Benzoquinone (15mg/mL 

absolute EtOH) {recrystallized from petroleum ether (medium 

fraction» was added and the sample was incubated in the 
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dark at 370 C for 45 - 90 minutes. The red-brown sample was 

passed through a 1 x 15 cm Sephadex G-25 column 

equilibrated with 0.15M NaCI. The first fraction, which is 

red-brown, was collected and mixed with a 1.5 - 3 molar 

excess of IgG. One mililiter of 1M NaHC03 was added and the 

mixture was incubated at 40 C for 72 hours. Lysine (lmL of 

1M solution ) pH 9.0 was added and was incubated for half 

an hour at room temperature. This reaction is intended to 

block unreacted PBQ sites thereby quenching the coupl ing 

reaction. The sample was chromatographed on a 1.5 x 60 cm 

Sephacryl S-300SF Column equilibrated with O.OlM PBS pH 7.4 

and fractions of interest described in Chapter 4 were 

collected. If high molecular weight conjugates are 

required, the activated enzyme and the antibody can be 

incubated at room temperature overnight, mixed with lysine 

and reincubated for 30 minutes. 

In the case of Human IgG conjugates, it was necessary to 

remove the glycine added to the sample as a stabilizer 

prior to mixing with the activated enzyme. The samples 

were dialyzed before use against O. 1M NaHC03 pH 9.0. It 

was found later that if the IgG were mixed with the 

activated GOD before it was separated from excess p

benzoquinone and quickly applied to the column no adverse 

effects resulted. 
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2.6.1.2 Periodate coupling 

This method was used in two instances: ,In the first 

for preparation of peroxidase conjugates ( Wilson and 

Nakane, 1974) and the second, preparation of digoxin 

conj ugates (Freytag, 1984). In the first case 10 mg 

peroxidase in 1 mL of water was added to 4 mg of sodium 

meta-periodate and incubated in the dark for 90 minutes. 

The activated peroxidase was separated on a Sephadex G-25 

column (1 x 15 cm) and 16mg of IgG was added. The sample 

was incubated for 12-25 hours and 4mg of NaBH3CN was added 

and reincubated for 12 hours at room temperature. After 

this, the sample was dialyzed against O. 1M PBS pH 7. 4 

buffer and separated using a Sephacryl S300SF column (1.5 x 

60 cm) at flow rate of 0.33mL/min. A large unresolved peak 

was observed in the chromatogram around 4-6 hours which 

consisted of the conjugate and another unresolved peak 

around 8 hours which proved to be polymeric enzyme. The 

separation between the conjugate and the enzyme peak was 

sufficient for easy separation of the free enzyme. 

Separation of the unreacted antibody from the conjugate was 

not easily accomplished. 

Digoxin (50 mg) was suspended in 10mL of 30% EtOH. 

NaI04 (69 mg) was added and the sample was incubated for 1 

hour in the dark. The sample was passed through a 5 mL 
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anion exhanger (Dowex 1-X8) and the eluate was mixed with 

SOOmg of Bovine serum albumin and the pH was adjusted by 

adding 10% V/V O.lM Borate buffer pH 8.S. The sample was 

incubated 12 hours and 30mg of NaBH3 CN was added and 

reincubated for 48 hours. The sample was dialyzed 

extensively against O.lM PBS pH 7.4 buffer. In the case of 

affinity columns for digoxin, the oxidized digoxin was 

first mixed with an immunosorbent precoupled to BSA, and 

the steps mentioned in section 2.10.2 were followed. 

2.6.1.3 SMCC (1.9.1)Conjugate Preparation 

These conjugates were prepared according to Yoshitake 

et al. 1979. SMCC (Compound 1.9.1) (lSmg/mL in dioxane) 

was added to GOD (10mg/mL) in O.lM PBS pH 7.0 ) in 20 ul 

aliquots 9 times at S minute intervals with stirring at 

30oC. The mixture was incubated with stirring for 1 hour 

at the same temperature. The activated enzyme (1.19mL) was 

separated on a Sephadex G-2S column (1 x lS cm) 

equilibrated with O.lM PB pH 6.8 1mM in EDTA, saturated 

with nitrogen at a flow rate of o. S mL/min •• The first 

fraction was collected and mixed with equivalent amounts of 

reduced IgG prepared as mentioned in section 2. S • 2 • The 

sample was then purged with nitrogen and incubated 30 

hours at 40 C or 16 hours at room temperature. 
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If sulfo-SMCC were used (3mg) the reagent was mixed 

with the GOD solution all at once and the sample was 

incubated for 1 hour as mentioned above. 

2.6.1.4 

Coupling 

Dimaleimide(bis-Maleimidomethyl Ether (BMME) 

The dimaleimide used in this work bis-maleimidomethyl 

ether (BMME) (Weston, et ale 1980) (10mg/mL in actone) was 

mixed at room temperature in 1: 3 V /V ratio with the 

Fab'fragments prepared as described in 2.5.4. The sample 

was separated on a Sephadex G-25 coulmn (1.5 x 30 cm) and 

dialyzed overnight against O.lM PB pH 6.0. The second Fab' 

fragment was added and the sample incubated for 48 hours in 

an atmosphere of nitrogen. 

2.6.2 Miscellaneous Conjugates 

2.6.2.1 Preparation of Theophylline BSA conjugates. 

Protein labeled with theophylline attached at the C-8 

position was prepared for raising monoclonal antibodies to 

theophylline (Cook et ale 1976) ( Reaction 2.1). The 5,6 

diamino 1,3 methyl Uracil (lg) and 1.34g of glutaric 

anhydride were heated at 2000 C under a Dean Stark trap for 

2 hours in 10 mL of N,N' dimethyl aniline. N,N' dimethyl 
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aniline (5mL) was added after 2 hours and allowed to react 

for a further half hour. The mixture was cooled on ice and 

the product separated. The product was washed several 

times with benzene. The yellow-brown crystals were 

recovered. This was recrystallized three times from water. 

The brownish-white crystals (m.p 214oC) were sublimed under 

reduced pressure on a cold finger. The product (m.p. 204 

°C) was dissolved in dioxane (7.85 mg in .95mL ) and 

coupled to BSA (58mg in 1.9mL of O.lM carbonate buffer) at 

40 C for 5 hours. The mixture was passed over a Sephadex G-

25 column (1 x 15 cm) and the excess label was removed. 

This material was used in the immunization of animals or in 

the coupling to Sepharose as described in Section 2.10.2. 
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PBQ upon standing at room temperature undergoes a 

radical initiated oxidation to hydroxy quinone. Therefore 

unless a new sample of the material is in use it is a good 

practice to recrystallize the material from petroleum 

ether. The PBQ 19 was suspended in SOmL of petrolium ether 

(Medium boiling fraction) and was brought to boil. The 

greenish residue was removed by passage through a heated 

glass wool plug and the material was allowed to 

recrystallize. Needle shaped yellow crystals separated and 

were dried in an air stream for S minutes and stored in a 

dry place protected from light. The melting point was 

determined using a student melting point apparatus, and was 

found to be 112 - 11SoC. The material thus prepared was 

found to be useful for over 4 years. 

2.6.3.2 Synthasis of SMCC ( Compound 1.9) 

Due to the high cost of this material an attempted 

was made to prepare this compound in the laboratory. The 

method described by Yoshitake et ale (1979) was followed. 

To maleic anhydride (9. 8g in 60 mL of diglyme) 4-

(aminomethyl)- cyclohexane 1- carboxylic acid (trans) 

(lS.7g in 60 mL of diglyme) was added and stirred at room 

temperature for 3 hours. The product was cooled to SoC and 

filtered. The product was washed three times with cold 
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diglyme and finally with 30 mL of cold water. The yield of 

this step was 26.Sg ( 100% yield) and the m.p was 178 -

182. The NMR spectrum for this product is shown in 

appendix 1. The material was recrystallized from acetone 

and the m.p for the purified product was 188-1890 C. The N

(4- carboxycyclohexylmethyl) -maleamic acid (20. S g) was 

mixed with sodium acetate (3.2g) and acetic anhydride( 40mL 

) and was heated to SOOC under nitrogen for 2 hours. The 

reaction mixture was poured into 600mL of water. The 

reaction mixture was heated to 6SoC for 3 hours and the 

excess water was removed under reduced pressure. The 

product frem this step was washed in cold water and dried 

in a dessicator. The yield was 7.0g and the m.p. was 147 -

149. The yield from this step was poor and therefore other 

methods were tried out. It was found that heating the 

initial mixture to 8SoC initiated a spontanous reaction. 

The external heat source was removed after heating the 

mixture to 8SoC and the reaction was self sustaining after 

this. After 1 hour te reaction mixture was poured over 

crushed ice and was subsequently heated to 1000 C to remove 

any unreacted acetic anhydride. water. The mixture was 

cooled and the product was separated. The yield for this 

reaction was 79% compared to 40% for the former method. 

The m. p. of the product was comparable to the previous 

attempt and was found to be 147 - 1490 C. The preparation 
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of the N-hydroxy succinimide ester as mentioned in the 

reference was found to be impossible. The method involved 

the preparation of the acid chloride of the maleimic acid 

and the sodium salt of the N-hydroxy succinimide ·in 

diglyme. These two compounds were mixed and the diglyme 

was removed under reduced pressure. The removal of 

diglyme requires great reductions in pressure. When the 

temperature was increased to remove all diglyme the 

compound was found to decompose. Therefore the following 

procedure was adopted. To N-(4-carboxycyclohexylmethyl)

maleimide (l.9g) was dissolved in THF and was mixed with N

hydroxy succinimide (2.lg) in THF. To this mixture 

dicyclohexane carbodiimide (2. 4Sg) was added and the 

mixture was stirred overnight. THe resul ting white 

precipitate was removed by filtration. The solvent was 

removed under reduced pressure. The product was washed in 

cold water. The m.p. of the product was l88-l890 C. The 

NMR of this compound is unavailable but was tested by 

attempting to produce conjugates. The product was shown to 

be able to form conjugates of Fab' fragments with enzymes. 
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2.7 Activation of Immunosorbents 

2.7.1 Activation of Controlled Pore Glass (CPG) with 

Glycidoxypropyltrimethoxy silane(GOPS) 

Controlled pore Glass (CPG) (10 uM diameter) (0.5g) was 

washed on a glass fri t with hot chromic acid, hot O.lM 

HN03 and 50 mL of distilled water. After the final wash 

the wet cake of glass was transferred to a 100 mL 

Erlenmeyer flask containing 45 mL of water and was 

ultrasonicated for 5 minutes and heated to 90 o C. 

Glycidoxypropyltrimethoxy silane (5 mL) was added and the 

pH was adjusted to 3.0 with O.lM H2S04 • The pH was 

maintained by the addition of O.lM H2S04 • The mixture was 

stirred at 900 C for 1 hour using an overhead stirrer. A 

magnetic stirrer should not be used in any beaded support 

activation as it grinds up the sample. The glass beads 

were separated from the solution by centrifugation at 

2000xg. The samples were washed with 10mL aliquots of 

water and dried overnight at 1050 C. The diol bonded silica 

was oxidized to the aldehydic glycophase as described by 

Sportsman et.al 1982. 

2.7.2 Preparation of carbonyl diimidazole activated 

Supports 

wet Sepharose CL-6B (15g) was washed in 100mL each of 
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30:70, 50:50, 70:30 Acetone: water, acetone and dry acetone 

(15g/L 4A molecular sieves previously dried at 1200 C under 

reduced pressure ) on a glass frit. The excess acetone was 

removed by suction and the wet cake was stored in 100mL of 

dry acetone overnight. It was washed once again in dry 

acetone before use. The cake was suspended in 15 mL of dry 

acetone and O. 62g of 1,1' carbonyldiimidazole was added. 

The mixture was stirred using an overhead stirrer for 1 

hour (Hearn, 1986). The cake was washed on a glass frit 

with 250 mL of dry acetone and stored in dry acetone as a 

wet slurry at 40 C until ready to use. 

2.7.3 Preparation of Tresyl Activated Sepharose 

wet Sepharose (lOg) CL-6B was washed in a gradient of 

acetone as above and was suspended in dry acetone. The 

acetone was removed and the wet cake of Sepharose was 

suspended in 3 mL of dry acetone and 150uL of dry pyridine. 

Tresyl chloride (0.1 mL) was added over a period of 1 

minute and the gel stirred for 10 minutes with an overhead 

stirrer (Nilsson and Mosbach, 1981). The gel was washed 

with acetone 30: 70, 50: 50, 70: 30 of 5mM HCl: Acetone and 

1mM HCl. The activated gel can be stored at 40 C for about 

6 months in 1mM HCl. The excess gel can be dried by 

washing it with a gradient of water:acetone as before and 

drying the gel under reduced pressure at 50-60oC. The gel 

should be protected from moisture. 
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2.7.4 Preparation of FMP Activated Gels. 

1-Fluoromethyl pyridinium p-toluenesulfonate (FMP) 

activated Sepharose was prepared according to the method of 

Ngo, 1886(Reaction 1.4.2). Moist Sepharose CL-6B (SOg) was 

washed in 1000 mL of water 30:70, 50:S0, 70:30 acetone: 

water, acetone, dry acetone and dry acetonitrile. The 

acetoni trile was removed by suction and the wet cake was 

suspended in so mL of acetonitrile. Triethyl amine (1 mL) 

was added. The FMP (3g) was dissolved in lS0 mL of 

acetonitrile containing 1.SmL of dry triethylamine, and was 

added to the stirred gel in SmL portions spaced at 2 minute 

intervals. The gel was stirred for lS minutes. After the 

last addition the gel was transferred to a glass frit and 

washed with lL of dry acetonitrile and 1L of dry acetone. 

These two steps remove all unreacted reagents, a 

particularly important step. The gel was washed in a 

descending 2mMHCI : acetone gradient. The gel was stored 

in 2mM HCI at 4oC. 

2.9 Preparation of Avidin Biotin reagents 

2.9.1Preparation of NHS-Biotin 

To 11Smg of N-hydroxy succinimide and 244mg of d-Biotin 

in 3mL of hot dimethylformamide, 182mg of dicyclohexyl 
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carbodiimide was added. The mixture was incubated at 500 C 

for 24 hours and cooled to room temperature. The 

precipitate of dicyclohexyl urea was filtered off and the 

sol vent was removed in a rotovap. The yellow solid was 

recrystallized from isopropanol to yield white crystals 

(Bayer and Wilchek 1974). No further characterization was 

carried out on this compound. 

2.9.2 Preparation of GOD-biotin 

Biotin-NHS (12mg/mL in DMF) (0.1mL) was added to 10mg of 

GOD in 1 mL of 0.1M NaHCoJ buffer pH 9.0. The mixture was 

incubated for 1 hour at room temperature and passed over a 

Sephadex G-25 column. The yellow colored fraction was 

collected and analysed using size exclusion chromatography. 

2.10 Preparation of Immunosorbents 

2.10.1 Coupling Protein to Aldehydic Glycophase-CPG. 

The activated silica beads (0.25g) (Section 2.7.1) were 

washed with distilled water and suspended in 5mL of o. 1M 

Borate buffer pH 8.5. The solution was made 2-5mg/mL with 

the protein of interest. The tube was sealed and rotated 

end over end for 24 hours. NaBH4 (5mg) or NaBHJCN (10mg) 

was added and allowed to stand for half hour or 24 hours 

respectively. The bound protein was determined by protein 

balance using 280nm absorbance (E280 = 1.42 mg-1cm-1ml)of 
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the protein as described below. The silica beads were 

washed on a glass frit in 5 volumes of O.lM PBS pH 7.4 and 

the protein in the combined fractions was determined. 

These values were compared with the values for the protein 

added. This calculation will be referred to as protein 

balance in the discussion following. 

2.10.2 Preparation of HlgG Sepharose Immunosorbent= 

HlgG (50mg ) was dialyzed against O.lM Carbonate buffer 

pH 9.0 overnight and diluted to 10mL (2-5 mg/mL protein 

concentration). Reactige1 (1,1' Carbony1diimidazo1e 

activated Sepharose CL-6B) (5 mL) was washed in 70:30, 

50:50, 30:70 acetone: water, distilled water and carbonate 

buffer. The protein was added to the slurry of Reactige1 

and rotated end over end for 30 hours at 4oC. The gel was 

placed on a glass frit and washed with 5 bed volumes of 

O.lM PBS pH 7.4. The wash was collected and the protein 

concentration was determined. Using the method of protein 

balance, the protein attached was determined. The same 

procedure was followed when other proteins were coupled to 

1,1' carbony1diimidazole activated gels. 

2.10.3 Coupling Anti-Human IgG to Tresyl Activated 

Trisacry1 GF-2000 

Fab' fragments prepared in section 2.4 from aff ini ty 

purified anti-Human IgG were mixed with pre-washed Tresyl 
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activated Trisacryl GF-2000 (Section 2.7.3). The sample 

was purged with nitrogen and rotated end over end for 16 

hours. The gel was washed as mentioned above and the bound 

protein determined. 

2.10.4 Coupling of Protein to FMP Activated Gel 

This gel is supplied by the manufacturer as a dry 

powder and must be swelled in the coupling buffer. In the 

process the ratio of the coupling buffer to solid gel 

should be 5:1 (V/W). The protein (2-18 mg/mL) was 

dissolved in the coupling buffer and the dry powder was 

added to this solution with swirling. The tube was rotated 

at 40 C as mentioned above for 24 hours. Bound protein was 

determined after dialysis of the washings. Dialysis is 

necessary due to the interference in the determination 

arising from the absorbance of the methyl pyridinium 

tosylate ion at 280 nm. 

2.11 Assay Methods 

2.11.1 Size Exclusion Chromatography 

Analytical and preparative size exclusion 

chromatography was performed. In all cases the setup shown 

in Figure 9 was used. The buffer reservoir was placed to 
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obtain a 100-200cm static liquid head. The reservoir was 

connected to the column head via a septum inj ector 

(Spectrum Medical Industries, Los Angeles, CA) and the 

outflow of the column was regulated using a Rainin Rabbit 

peristaltic pump (Rainin Instruments, Gilford, MA). The 

pump was connected to the UV detector mentioned in 

Section 2.1 which in turn was connected to the waste or a 

fraction collector (Gilson Minicollector, Gilson 

Instruments, Gilford MA). The columns used were 1.5 x 30, 

1.5 x 60 and 4 x 60 cm. The chromatographic supports were 

different but the most commonly used was Sephacryl S-300SF. 

It was important to pack these columns under under a head 

of 200cm of water. This appears to give higher resolution 

than columns packed under lower hydrostatic pressures. The 

columns were always packed with minimal solvent gap at the 

top. This appeared quite useful for samples not exceeding 

10ug in size. For analytical determinations samples of 10 

- 200 ul were injected into the column head using a gas 

tight GC syringe (Hamilton Instruments, Bedford, MA). The 

Sephacryl columns 

mL/min. 

were operated at a flow rate of 0.33 



Figure ~ The Size Exclusion Chromatography setup. 

Buffer: O.OlM Phosphate Buffered Saline 
Column: Sephacryl S-300 SF (1.5x60 cm) 
Pump: Rainin Rabbit Minipulse II 
UV Detector : Altex Model 153 with 280nm Filter 
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Figure 9. The Size Exclusion Chromatography setup. 
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2.11.2 Glucose Determination 

2.11.2A Use of Polyclonal Antibodies 

A stainless steel reactor 0.2 x 4 cm ( 0.125 mL) was 

packed with CPG-HIgG. The reactor was coupled to the FIA 

system and the reactor was conditioned as follows. The 

reactor was switched between assay and eluting buffers for 

5 complete cycles. Each cycle consisted of passing 10 

minutes of assay buffer and 3 minutes of elution buffer. 

The reactor was loaded with anti-human IgG-GOD conjugate as 

follows. The conjugate was diluted to contain 2mg/mL 

enzyme. Assay buffer was passed through for 5 minutes. A 

20uL injection was made of the conjugate and 3 minutes 

later three 20uL inj ections of 0.1% glucose spaced 3 

minutes apart. For the study of column capacity and 

preparation of loaded columns, the cycle was repeated. In 

the case of loading reproducibility studies, the solvent 

was switched to the elution buffer for two minutes. The 

column was equilibrated to assay buffer for 10 minutes. 

The cycle was then repeated. 

2.11.2B Use of Monoclonal Anti-Enzyme Enzyme Immune 

Complex. 

An immunosorbent of Immobilized Goat anti-mouse IgG 

Fab' prepared as in section 2.10.2 was packed into a 0.2 x 
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4 cm reactor and connected to the FIA system. The reactor 

was conditioned as previously mentioned (2.11.2A). 

Injections (0.02mL) of the immune complex was made followed 

by triplicate injections of the substrate. The immune 

complex was loaded to the maximum levels as previously 

mentioned (2.11. 2A) and studies of the loading 

repeatability and the stability of the complex were made. 

2.11.2C Preparation of samples and standards. 

The standards were prepared in O.lM PBS pH 6.8 and in 

control serum. The standards prepared in buffer were used 

in the analysis of unknowns prepared in buffer. The spiked 

control serum was used in the analysis of other spiked 

samples. In the analysis of human serum, the standards 

were prepared in buffer. The serum samples were prepared 

for analysis by first diluting them in O. 1M PBS pH 6.8 

1:200 (sample:Buffer v/v ) and injecting 10 -20 uL of the 

sample. The standards were matched in concentration range 

and volume when possible. All samples and standards were 

injected in triplicate into the flow stream when a 

stabilized reactor was in operation. The areas of the 

peaks arising as a result of the detector response for the 

electroacti ve product formed in the reaction between the 

immobilized enzyme and the substrate were recorded using 

the integrator. Each set of three peaks were averaged and 

a calibration curve was prepared. From the avaraged peak 
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areas for the unkowns the concentration was determined 

using the calibration curve. 

2.11.3 Competitive Assay for Human IgG 

Preparation of the Anti-human IgG reactor. 

The anti-Human IgG Fab' -trisacryl GF- 2000 

immunosorbent was prepared as mentioned in section 2.9.3. 

This material (0.125 mL ) was packed into a 0.2 x 4cm 

stainless steel reactor. 

2.11.3.1 Determination of the Reactor Capacity. 

The reactor capacity was determined in two ways. In 

the first case, a mini-column 0.5 x 5 cm (Pierce Chemical 

Co. Rockford, IL) was packed with ImL of of the settled 

immunosorbent. After washing the reactor with 10mL of 

O.IM PBS pH 7.4, HIgG solution (5mL of concentration 2mg/ml 

w/v) was passed over the reactor bed and the immunosorbent 

was washed with 10 volumes of the same buffer as before. 

The absorbance at 280nm was measured in the final fraction 

to estimate protein concentration. If this was less than 

0.005mg/mL, it was assumed that all unbound protein was 

eluted from the column. The protein bound was eluted with 

O. 1M phosphoric acid pH 2.0. The eluate was dialyzed 

against O. 1M PBS pH7. 4 buffer and the protein was 

determined by measuring the absorbance at 280nm. The 
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second method involved loading the reactor used for the 

experiments with progressively larger samples of the 

conjugate. The immobilzed conjugate was then determined by 

injecting a known amount of glucose and and measuring the 

amount of H20 2 produced. The number of si tes in the 

reactor was determined by the amount of conjugate required 

to completely saturate the reactor. 

2.11.3C Preparation of Samples for Analysis. 

Serial dilutions of HlgG were made in buffer or 

control serum ( Fisher Diagnostics, NJ., SeraChem Clinical 

Chemistry Control Serum (Human) unassayed Product # 2907-

63,) . To each standard, 10 nanomoles of conjugate was 

added. Fresh standards were prepared each day. Recovery 

studies were carried out by spiking control serum with 

HlgG. 

2.11.30 Assay Protocol 

The timing diagram for the assay is shown in Figure 

10. The sample (0.02mL) was injected and the reactor was 

allowed to wash for 3 minutes. The flow was shunted 

through the detector and a glucose solution (0.1%, 0.20mL) 

was injected spaced at three minute intervals in triplicate 

and the electroactive products of the enzymatic reaction 

measured using a flow through amperometric detector. The 

detector was bypassed and the elution buffer was passed 



Figure 10. Timimg Diagram for the Competitive ELISA. 

Time 0 (min) 
Time 3 
Time 6 
Time 9 
Time 12 
Time 15 
Time 20 

Inject Sample 
Inject Substrate (Glucose) 
Inject Substrate (Glucose) 
Inject Substrate (Glucose) 
switch Buffer to Elution Buffer 
switch to Assay Buffer 
Inject 2nd Sample 
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S G G G pH2.0 pH6.8 

1 ! 1 ! 1 ! 1 
C~--D---C---C---D---D-----D 

O' 3 6 9 12 15 20 MIN 

S - Sample + Coniugate G - Glucose 

Figure 10. Timing Diagram for the competitive Assay. 
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through the system for 3 minutes and was switched back to 

the assay buffer. The assay buffer was passed for 10 

minutes to reequilibrate the system and another sample was 

introduced. 

2.11.4A Preparation of the Bovine IgG Reactor 

Bovine IgG was immobilized on COl activated Sepharose 

as discussed in section 2.10.2 except in this case Bovine 

19G was used instead of HlgG. The reactor (0.2 X 4 cm) was 

packed with 0.125 mL of this material and was conditioned 

wi th 5 cycles of assay buffer and elution buffer as 

mentioned in Section 2.11.3A. The reactor was allowed to 

equilibrate with the assay buffer. 

2.11.4B Preparation of Samples and Standards for Analysis. 

The standards were prepared in O. 1M PB pH 6. 8 by 

serial dilution. The other standards were prepared in 

60mg/dL BSA by serial dilution. The samples were prepared 

by addition of measured amounts of the anti-bovine IgG into 

the above BSA solutions or O.lM PB pH6. 8 buffer. The 

samples and the standards were freshly prepared each day 

from the stock solutions. 

2.11.4C Preparation of Conjugates 

The affinity purified sheep anti-mouse 19G was coupled to 

GOD using the PBQ method as described in section 2.6. 1. 1 
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and the conjugate was diluted to 2mg/mL and made 10mg/mL 

with respect to BSA. 

2.11.40 Assay Protocol 

The sample (0.02mL) was injected into the flow stream 

using the autosampler. Aliquots of the conj ugate 

(0.075mL) were introduced into the flowing stream two 

minutes apart. Glucose (1%, 0.02mL) was injected three 

'times at three minute intervals and the buffer was switched 

to the elution buffer for two minutes. The buffer was 

switched to the assay buffer and the reactor was allowed to 

equilibrate for 10.98 minutes. A new sample was introduced 

to the reactor at this point. A series of points were 

generated using standards. The whole cycle was repeated 

three times. The average of the three readings were used 

in the generation of the calibration curve. The spiked 

samples were assayed in the same manner. 

2.11.5 Noncompetitive Assay for Theophylline 

2.11.5A. Preparation of the Theophylline - Fractogel 

Reactor. 

The immunosorbent was prepared using BSA-Theophylline 

( section 2.6.6) and Reactigel (HW-65) (Section 2.10.2 ). 

The theophylline was passed over a 5mL Sephadex G-25 column 
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to remove any free theophylline 8-butyric acid and was 

eluted with 10 mL od O.lM carbonate buffer. The eluate was 

made Smg/mL in protein concentration and was coupled to 

1, l' carbonyl diimidazole activated Fractogel HW-6S. The 

reactor was washed as described previously with the elution 

buffer and the assay buffer. 

Preparation of the Reactor 

The immunosorbent was packed into a 0.2x4cm stainless 

steel reactor and connected to the FIA system described in 

section 2. 2 . The flow was initiated and the buffer was 

cycled as mentioned in section 2.11.3A. 

Preparation of the Standards 

The standards were prepared in O. 1M PBS ph 6. 8 . 

A high concentration stock buffer was used in the 

preparation of the the lower concentration samples and 

standards. 

Assay Protocol 

The samples (O.lmL ) were mixed with 0.2 mL of 

affinity purified anti-theophylline antibody. The molar 

ratio was set at 1:2 (antibody: conjugate) for the highest 

concentration standard. 

into the flow stream. 

(prepared as described 

The sample O. 1mL was inj ected 

The anti-rabbit - GOD conjugate 

in Section 2.6.3) O. 2mL was 
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injected three minutes later. This was followed by three 

0.02mL sample of glucose (0.1%) solution spaced three 

minutes apart. The buffer was changed to the elution buffer 

for 3 minutes and was switched back to the assay buffer 

after this period. After 10 minutes in the assay buffer 

another cycle was repeated. 



CHAPTER 3 

Maintaining Biological Activity of Antibodies during 

Manipulations. 

89 

Antibodies and enzymes are biologically active 

molecules. Both molecules exhibit strong selectivity and 

specif ici ty, the enzyme , with its substrate and the 

antibody with an antigen. In the use of both these types 

of molecules there exists a need to maintain maximum 

biological activity in order to obtain the best results. 

However, the use of antibodies and enzymes in ELISA 

procedures requires them to be attached covalently to one 

another or to solid polymeric supports. Unfortunatly 

covalent attachment raises the possibility of losing some 

fraction of the activity. However, it was possible in most 

cases to follow a simple optimization procedure to obtain 

the best activity. 

Anti-serum is a complex matrix consisting of all 

proteins found in blood. In most cases hyper immune sera 

contains 6-9mg/mL (Roitt ,et ale 1983) IgG of which 1-3% is 

the antibody of interest. The serum concentration of IgM 

is of the order of 1.5 mg/mL. Hence the need to obtain 

these antibodies as pure fractions is of high priority. 

Preconcentration of IgG is easily achieved by ammonium 

sulfate precipitation (Section 2.4.1). This process is 



90 

also called a "gamma cut". This method removes residual 

hemoglobin, most of the albumin and other enzymes. When 

this process is repeated three times, an almost pure IgG 

fraction can be obtained. The antibody needs to be 

dialyzed extensively at this point to remove all residual 

(NH4 ) 2S04 that is present. This dialysis is preferably 

carried out against 0.15M NaCI. After three changes of the 

buffer the antibody is dialyzed against O.lM PBS pH 7.4 

which is the storage buffer. The antibody can now be 

affinity purified against the antigen. If the amount of 

antibody in question is small and a highly purified IgG 

fraction is required, this method is not recommended. The 

antibody is dialyzed against 10mM PB pH 7.0 prepared in 

0.15M NaCI and passed through a DEAE-Sephacyl column (1 x 

15 cm) equilibrated with the same buffer. The first 

fraction eluting at a flow rate of 0.5 mL/min consists of 

over 80% IgG. However, the conditions mentioned above are 

not universal and it is always advisable to carry out a 

test run to determine if the conditions are correct. The 

column is regenerated using a 3M NaCI solution (Joustra and 

Lundgren, 1969). The method yields fairly pure antibody 

fraction without the use of harsh conditions. However this 

is not the specific antibody but is merely the whole IgG 

fraction. This technique is useful especially in ascites 

fluid where the specific antibody is the major component. 
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In the case of ascites fluid it was possible to use 

both these methods with equal ease. Since most of the 

ascites fluid obtained by us contained less than 5mg/mL of 

IgG, the ion exchange method was used nearly in all cases 

except when processing fairly large amounts of ascites 

fluid. No large losses of activity were observed as a 

resul t of these steps. When ion exchange was used as a 

pre-affinity purification step, the product yields of the 

affinity purification were better. 

In the preparation of F(ab')2 fragments there were two 

methods used for polyclonal sera (Section 2.5.1). If the 

serum was only ammonium sulfate precipitated then the 

concentration of IgG was set at 5 omg/mL , and 1 mg of pepsin 

was added to each mL of the antibody solution. However if 

the antibody was affinity purified before the pepsin digest 

step, then it was not possible to concentrate the material 

above 2-3 mg/mL. In this event the same ratio of pepsin: 

IgG was used and the samples were kept dilute. In the 

first case 50-90% of the theoretical yield was obtained and 

in the latter 25-60% of the theoretical yield was obtained. 

These results indicate that the use of the IgG fraction for 

the preparation is far superior to using already affinity 

purified antibodies. The exact reason for this low yield is 

not known. Dilute solutions of antibodies do not perform as 
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well as more concentrated solutions. This makes it 

highly disadvantageous to subject affinity purified 

antibodies to this procedure. It is possible that affinity 

purified antibodies are chemically different from those not 

subject to the affinity purification process. This could 

be assumed to be so because the affinity purified 

antibodies cannot be concentrated above 2-3mg/mL without 

precipitation, while antisera can be concentrated as high 

as 50mg/mL without any signs of precipitate formation. In 

addition the use of affinity purified antibodies in the 

production of fragments introduces a certain redundancy 

because they have to be re-purified before use. 

Ascites fluid can be handled much more easily than 

antisera. In this case the method described has several 

advantages . Ascites can be used without dialysis which 

saves 12-24 hours of time. The whole digestion process is 

only 8 hours. After the cleavage, dialysis against 5mM 

Tris-HCI pH 7.5 leaves a clear solution and a precipitate. 

The solution contains >95% of IgG-F(ab')2 fragment. The 

solution can be run over a DEAE ion exchange column and the 

first fraction eluting with the void volume can be 

collected. It also can be dialyzed against O.lM PBS pH 

7.4 and subjected to affinity purification. It was noted 

in this case, after loading onto the ion exchange column, 

that the elution of the antibody fragment required O.15M 
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NaCl in some cases. Therefore generalization of these 

conditions especially for ion exchange of proteins should 

not be attempted. It is very important to dialyze these 

samples thoroughly before affinity purification. If the 

dialysis is incomplete, then the antibody fragment shows 

weak binding or no binding at all. In the absence of a 

specific antibody fragment or poor yield one needs to check 

the pepsin. Pepsin can be stored in the freezer for 1 year 

or more but can become inactive with little or no warning. 

When pepsin is added to the antibody solution, a white 

precipitate forms almost instantanously. When the cleavage 

occurs, the prepecipitate can redissolve. In the absence 

of spontanous re-dissolution the adjustment of the pH to 

8.2 with solid Tris base usually causes the solution to 

become clear. If these conditions are not met, then a 

strong posibility exists that the cleavage did not occur. 

In this event, a size exclusion chromatogram should be run 

and the presence of the F (ab' ) 2 fragments should be 

established. This simple procedure should help prevent 

the loss of many hours of work. In the event of high 

antibody concentration >10mg/mL, it is advisable to use the 

procedure described for polyclonal sera. In most cases the 

yield of the specific antibody from ascites was 100%. The 

time of incubation can be as short as 8 hours, but in order 

to ensure complete cleavage 24 hours was considered 
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sufficient. From the gel filtration studies it was 

possible to observe that all IgG was converted to F(ab')2 

fragments. 

The conversion of F(ab)'2 fragments to Fab' fragments 

is extremely straightfoward (Section 2.5.2). The use of 

dithiothreiotol (OTT) gives rise to higher yields than 

beta.-mercaptoethylamine (MEA). The use of OTT yields 100% 

fragments. 



Figure 11. Intact IgM and Reduced IgM Chromatogaphic 

Evidence. 

IgM was precipitated from serum and was 
chromatographed on a Sephacryl S-300 SF column. The same 
IgM was then digested for 1 hour with 5mM DTT and was 
chromatographed on the same column. 
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After Reduction 

Before Reduction 

Figure 11. Intact IgM and Reduced IgM Chromatographic 

Evidence. 



96 

This is obvious from Figure 11. These data were 

obtained for cleavage of IgM to obtain IgM's for the 

preparation of the IgM columns. The use of Iodoacetamide 

to endcap the fragments allows them to be maintained in 

that state. The reformation rate of the Fab' fragments to 

form F(ab')2 fragments is high and hence there is a need to 

keep the concentration of the fragments low and the 

reagents high. 

In the production of Fab fragments (Section 2.5.4), the 

process yields in most cases about 50-75% of the 

theoretical yield. This method has an advantage over the 

pepsin method. There is no need to specifically destroy 

the enzyme. The enzyme undergoes autoproteolysis in 16 

hours at 3 7o C. The separation of the fragments is 

extremely simple when the ion exchange. When the sample is 

dialyzed against O.OIM PB pH 7.0 and is loaded onto a CM

Sephadex column, the fraction eluting with the void volume 

is the Fc fraction. The column can be washed extensively 

with 10mM PB pH 7.0 at this point to remove any residual Fe 

fragments. The Fab fragments are eluted using 0.4M PB pH 

7.0. If a new column was used at the beginning of the 

process, a pure Fab fraction can be collected. The order 

of elution can be changed by using a DEAE column. The 

efficiency of this process is much lower than that 

described ( Franklin and Prelli, 1960). However if one is 
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interested in the Fc fraction, then the sample should be 

prepared by first passing the material over the CM-Sephadex 

column, collecting the unretained fraction and then 

reapplying this sample to a DEAE column followed by elution 

of retained material with O.lM PB pH 8.0. 

The ammonium suI fate precipi tation method does not 

yield good results with IgM. This is due to the fact that 

IgG co-precipitate with IgM at 40% ammonium sulfate 

concentration. The polyethylene glycol fractionation 

(Carter and Boyde, 1979) and alcohol fractionation (Cohn, 

et al. 1946) are were the commonly used methods. However 

since these methods involve fractionation they are tedious 

methods. A better method for purification for IgM is 

precipitation at zero ionic strength. The zero ionc 

strength method yields a product which is about 95% pure. 

Since the IgM is a large molecule it is possible to easily 

separate the contaminants by gel filtration. Reduction 

wi th 5mM DTT yields monomers similar to IgG in molecular 

weight having two binding sites. These are called IgMs. 

The s denotes a subunit of IgM. The reaction with pepsin 

yields F (ab' ) 2 fragments. The reaction with trypsin or 

papain yields Fab fragments and an (FC)5 fragment Figure 

12. Mercaptoethanol (0.1-0.2 M ) gives monomers of IgG. It 

is obvious that IgM can be used in a similar manner to IgG 

without much manipulation. There is no evidence in 
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literature to confirm the strong belief that the half life 

of IgM is a couple of hours. 



Figure 12. Fragments of IgM After Enzyme Digestion. 

Pepsin digestion of IgM yields five F(ab') 
fragments. Digestion with Tripsin yields 10 Fab fragments 
and a 5~ fragment. 
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( TRYPSIN PEPSIN 
) 

Figure 12 Fragments of IgM After Enzyme Digestion. 



100 

Affinity purified antibodies were used wherever 

possible to increase the yield of useful products. There 

is much speculation regarding the production and stability 

of the affinity purified antibodies (Goding, 1983) . The 

product in most cases depended on the purity of the antigen 

and the stability of the immobilization product. The 

coupled product includes the antigen, the linkage and the 

support. An instability in any of these materials would 

manifest itself as a poor yield. The purification of 

antibodies and antigens will be separated in this case for 

the ease of discussion. The activity of immobilized 

antibodies and strategies used will be discussed in Chapter 

5. In this chapter the discussion will be limited to 

antibody purification. A variety of antibodies were 

purified using the protocol mentioned previously. There 

are a few guidelines for obtaining a good product. The 

amount of antigen bound to the immunosorbent should be 

moderate. If the antigen were another antibody then the 

loading should be less than 8mg/mL antigen per mL of wet 

gel. In the cases where the loading was lomg/mL or higher, 

running the columns at maximum adsorption capacity caused a 

significant loss of antibody yield as a result of 

precipitation. This is probably due to the fact that at 

high concentrations the denatured antibodies agglomerate to 

reduce their non-polar nature. When these proteins 
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renature they do so still stuck together. Controlling the 

amount of antigen attached to the surface or operating the 

columns at less than full capacity was found empirically to 

be the best method to avoid this problem. 

The other common problem stated as a drawback for 

affinity chromatography is the irriversible denaturation of 

antibodies by the elution process. This has not been our 

experience and the reapplication of affinity purified 

antibodies to the same affinity adsorbent shows them to be 

over 95% active even after a period of 6 months in 0.15M 

NaCI at 40 C. This result is quite contrary to what others 

observe. Goding et. ale observe a large decrea.se in the 

activity of the affinity purified antibodies that have been 

eluted at low pH. As stated previously, our yields of 

antibody using much more drastic conditions has been 95-99% 

as observed by reloading the antibody on the same affinity 

column. In our experiments there was approximatly 12-15% of 

the antibody still bound to the column when a glycine-HCI 

pH 2.2 elution buffer was used. The viability of the 

antibodies that was eluted with pH 1.5 sulfamic acid and pH 

2.0 phosphoric acid were comparable. All antibodies 

maintained approximately the same biological activity for 

about 6 months. 

Ligand leakage from the supports appeared to be the 
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reason for the apparent loss of binding activity. A 

radiolabeled antibody was immobilized on a 1, l' carbonyl 

diimidazole activated polymer. The immunosorbent was 

washed as recommended by the manufacturer and packed in a 

reactor. The radioactivity leaking from the reactor with 

each of five affinity purification cycles was measured. In 

the elution step of the first cycle 40% of the total counts 

before the experiment were found in the eluate. This 

indicates that quite a high number of binding sites were 

lost from the immunosorbent. These antigens were co-eluted 

with the purified antibodies. These components would 

react to give an imunoprecipitin reaction if the antigen 

were large in size, after the restoration of physiological 

conditions. This would appear to an investigator as an 

apparent inactivity of the eluted antibody. The decrease 

in activity was about 4% for the second cycle and was 

smaller for the subsequent cycles. After the 5th elution 

cycle no further loss of the antigen was evident. This loss 

of activity was exponential, the largest loss occuring in 

the first bind -elute cycle. This can be attributed to the 

elution of the trapped ligand from the support, and 

splitting off of unstable bonds if any. The supports can 

then be used with no detectable loss of activity for as 

many as 500 bind-elute cycles. The analytical loss of 

activity is 2-3% for every 100 cycles when antibodies are 
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used as antigens. This may explain why proponents of 

affinity chromatography see large amounts of inactive 

antibodies after low pH elution ( Goding, 1983). The 

antibody obtained in the first run from the column which 

has not been exposed to elution conditions is already 

comp1exed with the antigen eluted at the same time. 

Therefore it is possible to obtain low activity in such 

cases. 

In the preparation of IgM columns for affinity 

purification of anti-IgM antibodies, it has been noted that 

there is a rapid decrease in the purification yields with 

continued use of IgM columns. A poor quality product with 

respect to antigen binding is also obtained (Moothart, 

1985). The loss of activity corresponds to 50-75% of the 

immobilized material. It was reasoned by us therefore that 

the low pH buffers used were splitting the pentamer which 

was being washed out of the c(,lumn. This was then reacting 

with the material which was affinity adsorbed and was 

giving rise to low activity product. It was decided to 

produce a column with monomers of IgM which were end capped 

to prevent oxidation of the thio1 groups. The material was 

prepared in the same manner as for Fab' in section 2.5.2. 

The product was endcapped as mentioned in section 2. 5. 3 , 

the product immobilized on Reactige1, and tested. This 

material shows no loss of biological activity as observed 
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wi th direct immobilization, and proved to be extremely 

stable. The loss of activity in this material on use is 

similar to that of an IgG column. Therefore it is 

important to follow this procedure in the preparation of 

IgM columns for affinity purification. 

0--
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CHAPTER 4 

CONJUGATE CHARACTERISTICS AND CONTROL OF CONJUGATE 

CHARACTERISTJ:CS 

Three different methods of conjugation were tried out, 

the coupling reagents being p-benzoquinone (Compound 1.7.1, 

Reaction 1.7), SMCC (Compound 1.6.1 , Reaction 1.6.), and 

periodate (Compound 1.9.1 , Reaction 1.9). These were 

prepared for use under different conditions and 

requirements. Each method will be discussed separately. 

Para-Benzoquinone 

This method of protein coupling was introduced 

by Avrameus and Ternynck in 1976. A suggested 

mechanism for the reaction is shown in Reaction 1.9. 

The reaction is relatively easy to control as a two step 

homobifunctional reaction. This method was used 

extensively in the preparation of IgG-GOD conjugates 

where the orientation of the molecules was considered 

unimportant. This method was also used to prepare 

conjugates for immunization. Insulin-BSA and 
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gentamycin-BSA are some examples. The method is 

extremely simple and yields excellent, reproducible 

results each time. 

The approach used in all the conjugates was to 

activate the label (usually an enzyme) and then react it 

with the unactivated antibody or antigen. Although the 

activation procedure brings about some modification in 

biological activity of the enzyme as a result of the 

coupling reagent with amine functions, the effect 

appears far less serious than a procedure calling for 

primary activation of the antibody (or antigen). Using 

the Cobas Bio Centrifugal Fast Analyzer (CFA) , it was 

possible to determine that the activation step (reaction 

with PBQ) caused a decrease of approximately 35% in the 

enzyme activity. The activity remaining was further 

decreased when the conjugate was formed. In total, 48% 

of the enzyme activity was lost in the process. The loss 

of activity when the conjugation is formed is due to the 

steric hindrance caused by the antibody molecule being 

brought in close proximi ty to the enzyme. The PBQ 

prepared as described in section 2.6.1 proved to be 

highly effective in the modification of proteins. When 

the methods developed previously by sittampalam et.al. 

were tried with this material it appeared to completely 

denature the enzyme and the antibody. When the antibody 
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and the enzyme were mixed with the PBQ in the dialysis tube 

extensive precipitation was observed. The method described 

in section 2.6.1 was developed after much trial and error. 

The products of the first step of this reaction are stable 

for at least 3 days at room temperature in 0.15M NaCl. The 

change in pH to basic (S-9) brings about a rapid reaction 

leading to large amounts of polymeric products in short 

periods. Therefore it is important to cool the mixture 

before the addition of NaHC03 if the product needs to have 

a certain molecular weight range, especially higher yields 

of low molecular weight fractions. If the mixture is 

cooled after the pH change then the >100 KD fraction can 

become twice as large as that normally observed (Figure 

13) • The conjugate thus formed is a complex mixture of 

different aggregates having a variety of stoichiometries. 

The conjugate components have been separated using size 

exclusion chromatography and using the ratio of absorbance 

at 2S0nm and 450nm have been characterized. The 

approximate ratio of the types of conjugates formed under 

normal conditions are given in Table 2. The progression 

of events leading to the formation of the conjugate is 

rapid in the first 4S- 72 hours. 

reaction slows down and 

After this period the 



Figure 13. A Size Exclusion Chromatogram of IgG-GOD 

conjugate Prepared using PBQ as the 

Coupling Agent. 

a.) pH adjusted at room temperature. 
b.) pH adjusted at 2oC. 

Chromatographed on a sephacryl S 300SF (1.5x60 cm) 
column. 



Room Temp. 

Star:t 

o 
2 C 

Figure 13 A Size Exclusion Chromatogram of IgG- GOD 

Conjugate Prepared Using PBQ Coupling Methods, (a) pH 

Adjusted at Room Temperaure, (b) pH Adjusted at 20 C on a 

Sephacryl S 300 SF (1.5 x 60 cm)Column. 
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the system becomes stable. However the reactions do not 

stop at this time. The unreacted active groups should 

be scavenged using lysine. The effect of lysine is 

appears to be in the prevention of intramolecular 

reactions rather than intermolecular reactions. The 

intramolecular reactions lead to the slow loss of enzyme 

activity. After the reaction with lysine the conjugate 

should be dialyzed with O.lM PBS pH 7.4 buffer. 

The conjugate is stable for about 6 months without 

any loss of activity. The number of PBQ molecules attached 

per enzyme molecule can be determined by using L- alanine -

p- nitroanilide (Lasch and Koelsch, 1978). In this method 

the enzyme is activated with PBQ and instead of the 

antibody the L- alanine p-nitroanilide is added. The pH is 

adjusted and the mixture is allowed to incubate overnight 

at room temperature. The mixture is dialyzed with several 

changes of buffer and the anilide is decomposed with 1M 

NaOH at 600 C for 1 hour. The pH is adjusted to 7 wih 4N 

HCl and the absorbance at 405nm is used to determine the 

concentration of p-nitroaniline (Molar absorptivity 9620). 

The average number of PBQ per GOD prepared according to 

this method is 3.4 The largest conjugate therefore 

should have the stoichiometry Ab3 -E. This appears to be 

followed in most cases. Higher ratios arise if the growing 

conjugate then picks up another conjugate or enzyme 
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molecule. The use of this method for the preparation of 

Anti-IgG - GOD conjugates has limited value because the 

product has only about 10- 25% antibody activity. The 

smaller conjugates of this type exhibit very low activity. 

After the coupling procedure is completed there is 

about 20% of the starting material remains unreacted 

(Figure 14a Fraction I). This consists mainly of 

antibodies which were added in excess. 



Figure 14. A Size Exclusion Chromatogram of a IgG-GOD 

conjugate on a Sephacryl S300 SF (1.5x60 cm) 

Column. 

(a) Before Purification. (b) After Purification 

Fraction I 
Fraction II 
Fraction III: 
Fraction IV : 

Unreacted IgG and GOD 
IgG - GOD (1:1) 
IgG2- GOD 
IgG3 - GOD, IgG2-GOD2 
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Figure 14. A Size Exclusion chromatogram of a IgG-GOD Conjugate. I-' 
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This excess antibody needs to be removed in 

increase sensitivity in sandwich assays. 

especially critical in the competitive assays. 
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order to 

This is 

This assay depends upon the competition between the 

labeled and unlabled analyte. The unlabeled analyte comes 

from the sample. If a large amount of the unlabled analyte 

is present in the conjugate this could be detrimental to 

the assay. sensitivity in competitive assays. It is 

possible to remove 99% of unreacted material by simply 

passing it over a Sephacryl SJOOSF column and collecting 

the appropriate fractions II, III and IV(Figure 14b). 

This allows us to easily obtain the desired products of a 

conjugation reaction. In the first 24 hours of the 

reaction, dimer buildup is rapid and then the trimers and 

the tetramers appear. If dimers are required as a major 

product, then the reaction should be quenched after 24 

hours. If the main interest is in large polymeric products 

then the reaction should be allowed to proceed at room 

temperature overnight. 

The separation of the products of IgG-GOD is not an 

easy task. The sizes of the molecules are very similar. 

In a good separation, the free GOD appears as a shoulder in 

the IgG peak. This is not very suprising as the two 

molecl,lles have different shapes. However, the fractions 
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are not well resolved. The approximate ratios of the 

different fractions are given in Table 2. The 

separation of the reactants from the products involves the 

collecting of one half of the peak as it is displayed on 

the chart recorder, from the beginning of a given peak. If 

more than one half is collected then the following fraction 

is also collected in small amounts. The collection of the 

void volume and half the next peak gives the sample shown 

in Figure 14b which lacks the unreacted materials. This 

proves that with a little care the fractions of interest 

can be purified from the unreacted materials using simple 

methods. 



Table h stoichiometry of the Different Conj ugate 

Fractions. 

The conjugate was passed over a Sephacryl S300 SF 
column and the eluant was collected in ImL fractions. 
This was then analyzed by 280nm and 450nm UV and VIS 
absorbance. From the 280: 450 r.atio the composition of 
the conjugate was determined. 



Table 2. 

fractions. 

Fraction 
number 

I 

II 

III 

IV 

Ab- Antibody 
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stoichiometry of the different conjugate 

stoichiometry 

Free Ab and E 

Ab - E 

Ab2 - E 

Ab3 - E and Ab2 - E2 

E-Enzyme 

Relative 
percentage 

38.8 

20.7 

26.6 

13.8 
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SHCC conjugates 

This method was introduced by Yoshi take et. ale in 

1979. The publication also included the procedure used 

in the formation of this compound. The work was a 

clever modification of the m-maleimido benzoyl 

succinimide ester (MBS) introduced by Kitagawa and Aikawa 

1976. The major drawback of the MBS compound was the 

instability of the maleimido function in solution. The 

hydrolysis occurred in 4 hours at neutral pH ( YOshitake, 

et ale 1978) The cyclohexyl methyl compound 1.9.1 

was more stable to hydrolysis and the hydrolysis takes 

about 70 hours at neutral pH. The maleimido group is 

indefini tely stable at pH 6.0 as reported in recent work 

Kitagawa, et ale 1981) .. 

This method was used primarily in the preparation of 

anti-IgG enzyme conjugates. For these conjugates the thiol 

groups naturally occurring at the hinge region of IgG 

molecules were employed over the more commonly used SPDP 

thiolation ( Carlsson, et ale 1978) of the amine groups. 

The antibody molecule has two binding sites each one in the 

close vicinity of the two N terminal ends of the light and 

heavy chain. The pKa of an N terminal amine group is 6.1 

- 9.8 while the pKa of the Lysine E. - NH2 group is 10.4. 

In homogeneous solution the SPDP procedure will react more 



Figure 15. The Size Exclusion Chromatogram for IgG 

(Fab')- GOD Conjugate on a Sephacryl S 300 

SF Column (1.5x60 cm) Flow rate 0.33mL/min. 
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Figure 15 The Size Exclusion Chromatogram for IgG 

(Fab')-GOD Conjugate on a Sephacryl S300 SF Column. 
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rapidly with terminal amines and modify them. 

In order to avoid any reactions with this region the 

enzyme was always activated first(Section 2.6.3). To this, 

reduced Fab' fragments were added and allowed to react for 

2 hours at 4oC. The products were monitored with size 

exclusion chromatography. The pattern which emerged was 

not very different from that for the previous case. The 

amount of >100 KD material was smaller. This can be 

expected especially because the fragment coupling to the 

enzyme is only 55 KD instead of 143 KD. The average number 

of fragments attached to each enzyme molecule was three 

(Figure 15). These conjugates had overall lower 

nonspecific interactions and were superior as second 

antibody conjugates to the PBQ conjugates. The nonspecific 

component was determined by replacing the reactor used in 

the determinations (Section 2.11.4) with a reactor packed 

wi th an immunosorbent which is prepared with an antigen 

which is not the antigen for the conjugate being evaluated. 

The conjugate is injected into the flow stream and the 

amount remaining in the reactor is evaluated with substrate 

injections. The results obtained here are compared to the 

specific reaction. This method allows a crude but 

effective method of determining the nonspecific component 

of the reagent. The nonspecific component for SMCC is 

about 2-10% of the specific component and for PBQ this can 
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be 5 - 25%. The enzyme deactivation was about the same as 

in hte PBQ activation, but the antibody activity was much 

higher. The antibody activity is 50 - 75% higher than the 

PBQ method as determined by the specific interaction. 

since the conjugates are not the same in their makeup it 

would not be justified to compare the two methods. These 

conj ugates were definitely faster to prepare if the 

materials were available. The use of sulfo-SMCC was later 

substituted primarily because of solubility problems. The 

reagent in this case was added in one aliquot instead of 

being spread over 9 additions as previously. This was an 

advantage over the previous method. The time required for 

the process was decreased by 45 minutes. The quality of 

the final product remained unchanged. It is possible to 

reduce or increase the activation time for the process and 

control the number of active groups on the enzyme. This 

leads to an advantage over the previous method where the 

control could not be achieved easily. The maleimide ring 

is extremely suceptible to hydrolysis. This is a maj or 

disadvantage of this class of compounds. However, 

maintaining the pH below 7 appears to stabilize the ring. 

After the first step of the reaction, all the subsequent 

reactions should be carried out below pH 7.0. The product 

should also be stored at the same pH values. 
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Sodium Meta-periodate Method. 

The method was introduced by Nakane and Kawaoi in 

1974. The reaction mechanism is given in Reaction 1.11 

The reaction involves the production of dialdehydes by 

the oxidation of the carbohydrate rings in the molecule. 

Most enzymes and immunoglobulins have varying amounts of 

carbohydrate. In the case of peroxidase, this is 

extremely important because the makeup of this molecule 

consists of an outer shell of carbohydrate and has only 

three amino groups outside the shell. There has been 

some concern that these amine groups would cause the 

self coupling of these molecules once the aldehyde 

groups were formed. This led to the blocking of amines 

before oxidation with 1-fluoro-2,4 dinitrobenzene (DNFB) 

as a protective measure. Thiswas later shown to be 

unnecessary if the pH was controled ( Wilson and Nakane, 

1982). 

This was obvious as the oxidation is carried out at a pH 

approaching 2.0, where it is impossible for the coupling 

to occur. It has been noted by Sittampal~m, 1982 

that the reaction with DNFB decreases the enzyme 

activity by 30 - 50%. 

This method was used in two instances. The first 

case was for the production of conjugates and in the 

second instance for the preparation of immunogens. The 
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method also allows the production of highly activated 

immunosorbents. Since Sephadex is cross-linked agarose, 

it is possible to oxidize this material with periodate. 

The oxidation produces large numbers of -CHO groups to 

which amine groups can be coupled via a Schiff Base 

reaction and the Schiff base is reduced with sodium 

borohydride or sodium cyanoborohydride. The use of 

cyanoborohydride allows the selective reduction of only 

the Schiffs base links in the presence of other 

reducible groups. The greatest drawback of NaBH4 is its 

ability to reduce all disulfide bonds in a protein 

molecule. This is apparent in the case of silica 

supports which have been oxidized to aldehydic 

glycophase. This problem will be discussed in detail in 

the next Chapter. The conjugates of IgG and peroxidase 

were prepared according to the method of Wilson and 

Nakane, 1978. The products were analyzed by size 

exclusion chromatography and by immunoassay methods. 

The product had an IgG:Enzyme ratio of about 2. This is 

not unusual when the size of the molecules involved is 

considered. In this case, the separation of the 

unreacted enzyme was not a major problem. Size 

exclusion on a Sephadex G-50 column retained the free 

enzyme while the conjugated enzyme was collected from 

the void volume. The separation of the free antibody 
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from the conjugate was more difficult due to the low 

resolution between the products and the starting 

materials. Since these were prepared only a few times 

and there were no problems associated with the product. 

No optimization was attempted. 

An attempt was made to prepare GOD-IgG conjugates 

with this method. The method followed for peroxidase 

was used. The final product obtained was 

immunologically and enzymatically inactive. The 

reducing reagent used was NaBH4 • The reaction was 

followed from start to finish using size exclusion 

chromatography and enzymatic activity determinations. 

The enzyme activity was retained until the last step. 

After this step, the enzymatic activity was lost and a 

SOKD peak appears on the size exclusion chromatogram. 

Therefore it appears that the material decomposes quite 

easily. Therefore the use of NaBH4 should be avoided 

with GOD and antibodies. 

Dimaleimide conjugation 

The intent of the work was to produce a bifunctional 

antibody with a dual specificity. The method of 

preparation is shown in Figure 16. starting from two 

intact antibodies. For these reactions the disulfide 

linkages in the hinge region was used exclusively. This 
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prevents the deactivation of the antibody. The first 

phase of the reaction proceeded as expected. The Fab' 

fragments were generated from the anti-Human IgG and 

upon the addition of the dimaleimide (BMME) the -SH 

groups were scavenged in approximately 10 minutes. The 

next step of the reaction was the separation of the Fab' 

from the unreacted BMME. This was carried out using a 

Sephadex G-25 column and the sample was dialyzed for 24 

hours against O. 1M PB pH 6.8. The next step did not 

proceed as expected. Upon mixing with the freshly 

produced Fab' fragment, the reaction did not yield a 

peak at 102KD on size exclusion chromatograms. Instead 

a peak was already present at 102KD. The peaks were 

static and did not show any changes. The reason for 

this could be that upon reduction of the F (ab' ) 2 the 

resulting Fab' fragments did not fall apart. If this did 

not occur, then the formation of bifunctional antibodies 

would be impossible. It has been shown by Nisonoff and 

Dixon[58] that the pH needs to be 3.5 to obtain the two 

separated fragments. Hence both the fractions should be 

adjusted to pH 3.5 for 5 minutes. The pH should then be 

readj usted to 6.8 before mixing. 

bifunctional antibodies. 

This should yield the 



Figure 16. The steps Involved in the Preparation of a 

Bifunctional Antibody from a Monofunctional 

Antibody. 

1. Prepare F(ab')2 Fragment from both 
antibodies. 

2. Affinity purify both antibodies. 
3. Reduce one antibody with OTT and 

separate from excess OTT. 
4. React the reduced antibody wi th the 

dimaleamide. 
5. Reduce the second antibody and separate 

from excess OTT. 
6. Mix with activated antibody fraction. 
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Figure 16. The steps Involved in the Preparation of a 

Bifunctional Antibody from Monofunctional Antibodies. 
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CHAPTER 5 

ANTIBODY IMMOBILIZATION TECHNIQUES. 

Immobilized antibodies are used in different 

applications. This could be for the purification of 

second antibodies or the purification of antigens. There 

are compounds such as interferons which occur in extremely 

low concentrations. The most efficient method of 

purification for these compounds is via the use of 

covalently immobilized antibodies (Schneider, et ale 1982). 

In addition exceptionally precise immunoassays can be 

carried out using covalently immobilized antibodies and 

antigens as described in Chapters 6 and 7. The advantage 

of these immunosorbents over those prepared by 

physisorption on plastic is the stability of the linkage. 

This allows the preparation of highly characterized 

immunosorbents which have wide applicability. 

Table 3. shows the functional groups which are 

useful in the coupling of proteins to immunosorbents. 

Figure 4. shows some of the immunosorbent activation 

methods commonly available. It is possible to merge these 

two pieces of information to obtain the best results in 

antibody immobilization. 



Table ~ Functional Groups Used in Attachment of Proteins 

to Activated Supports. 
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Table 3. 

Functional Groups Used in Attachment of Proteins 

to Activated Supports. 

Functional Group Methoda 

-OH epoxy, vinyl sulfone 

-NH2 carbodiimide, epoxy, 

succinimic esters, PBQ, vinyl sulfone 

-eOOH carbodiimide, epoxy 

-SH carbodiimide, maleimide 

-imidazole epoxy, vinyl sulfone 
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The first immunosorbent to be prepared was the cyanogen 

bromide activated Sepharose. The problems associated with 

this immunosorbent are well documented. In addition to the 

activating agent being extremely toxic, the coupling of an 

amine group to the support leaves a positive charge on the 

linkage which has a pKa of 9.5. This causes the gel to act 

as an anion exchanger In addition, ligand leakage is high 

as a result of the unstable nature of the imidocarbonate 

linkage formed between the protein and the support. The 

tendency historically has been to couple proteins via the -

NH2 groups on the protein. This could probably be due to 

the abundance of free amine groups on the proteins compared 

to all other functional groups considered in Table 3. 

This line of thinking has changed in recent years and the 

use other functional groups have been shown to be extremely 

effective in some cases. The discussion from this point 

will be categorized according to the type of activation 

used. 

A schematic diagram of the antibody molecule is shown 

in Figure 2. The molecule has 3 regions of interest. The 

binding region, the hinge region, and the tail region. 

since the molecule consists of four amino acid chains, 

there are four N-terminal ends in each IgG molecule. All 

four N-terminal amino-groups are found in the binding 

region of the molecule. The tail region contains two of 
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the -COOH groups from the C terminal ends of the heavy 

chains and in some cases a small carbohydrate region. The 

hinge region contains the rest of the carbohydrate and two 

-COOH groups from the light chains. There are one to 15 -

s-s- links between the two heavy chains in this region 

(Frangione, et al. 1969; de Pre'val, ,et al. 1970; Svasti 

and Melstein 1970). The number of disulfide bonds in this 

region is dependent upon the isotype (Svasti and Melstein 

1970) of the immunoglobulin and the species of the host. 

Amine groups from lysine, arginine and glutamine are 

scattered allover the molecule which supply the largest 

number of potential target functional groups by way of -NH2 

groups. One problem becomes obvious at this point. As 

mentioned in Chapter 1, the E: -NH2 groups of lysine and 

arginine have the highest pKa of all amino acids. This 

means that, when the conditions for deprotonating 50% of 

the amine groups are created, the N terminal amine groups 

on all amino acids will be 100% deprotonated. Hence it is 

possible to expect that at 2 pH units below the pKa of 

lysine and arginine amino groups coupling to a support 

via the amine group occures primarily through the N 

terminal amino groups. If this condition occurs, the 

binding site of the antibody will be sterically hindered by 

its close proximi ty to the support which will make it 

unfavorable for antigen binding. If the support is 
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activated such that the activated sites are sufficiently 

far apart to prevent multiple atachment of the same 

molecule, then even if the antibody couples via a N

terminal amino group the second binding si te should be 

capable of binding one antigen molecule. By increasing the 

pH closer to 10.4 the random orientations should increase 

and the immobilized molecules should have higher biological 

activity. This effect is not so easily observed because 

the stability of the leaving group is also pH dependent. 

Therefore the optimal attachment of the ligand depends on 

the rate of effective encounters and the rate of hydrolysis 

of the activation group. This may not be the case in all 

methods discussed. A good example being the -CHO group. 

The aldehyde groups are not suceptible to hydrolysis at 

high pH. In this case, the attachment rate is directly 

proportional to the rate of effective collisions. Silica 

modified with GOPS was the precursor of aldehydic 

glycophase. This was used in the preparation of HIgG 

immobilized on silica. This support was one with a very 

high activation level. but was also shown to yield 

irreproducible activation levels (Sportsman et. al.) • In 

the following discussion it is shown that very reproducible 

loading of aldehyde could be obtained when the procedure 

described in section 2.10.1 was used. 

The titratable aldehyde group loading on the support 
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prepared as described in section 2.10.1 was 262+ 11.57 

(n=8) umoles/ g dry silica. This loading was sufficient to 

immobilize 15- 20 mg of IgG/g dry silica or 7.5 -10 mg 

IgG/mL wet particles. This is one of the highest loadings 

obtained by us. When the theoretical yield is considered, 

the amount immobilized is extremely low. There are 2.62 x 

10-4 Moles of -CHO groups per gram of Silica. The gram 

equivalent of IgG corresponding to this amount is found to 

be 40g. At best, the highest loading we have obtained is 

35mg/g of dry silica. This is therefore three orders of 

magni tude smaller than the available -CHO groups. This 

apparent inefficiency has not been investigated in this 

work. A reason could possibly be that there are a large 

number of the aldehyde groups being created in the pores of 

the silica. These aldehyde groups will not be accessible 

to high molecular weight antigens while being easily 

accessible to low molecular weight antigens (Vanecek and 

Regnier, 1980). 

The silica was repeatedly exposed to eluting buffers of 

pH 2.0 or 1.5 for short periods (2-3 minutes per cycle) of 

time and was found to be stable for over 500 cycles. The 

reactors plugged up after 500-1000 cycles. When the 

columns were clogged no attempts were made to float out the 

fines and reuse the packing material. This would certainly 

extend the lifetime of such materials. Ligand leakage from 
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these supports were found to be minimal from repeated 

antibody binding followed by quantitation of the bound 

antibody. These supports had extremely good flow 

characteristics and the band broadning was minimal. The 

nonspecific interactions were found to be minimal. This 

was obvious when conjugate loading curves were considered. 

This can be seen from Figure 17. This curve was 

constructed by injecting a known amount of conjugate into 

the reactor and inj ecting the substrate after each 

inj ection of conj ugate in order to probe the amount of 

material immobilized. Ideally the response should increase 

as the number of binding sites occupied by the conjugate 

increase and, when no more sites are available the response 

should level off. As can be seen from the Figure 21 the 

response levels off clearly for the silica reactor 

indicating saturation of the binding sites. This is very 

important for designing good immunoassays and reactor 

columns for substrate determination. The leveling out of 

the response assures that the reactor has a definite 

capaci ty. However, it was noted that the reactors had a 

finite lifetime. 



Figure 17. The Loading Curve For the Conjugate. 

The loading curve is generated by injecting 
1ng of conjugate into the flow stream and monitoring the 

H202 produced upon the injection of 20uL of a 0.1% Glucose 
solution. 
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This was due mostly to the clogging of the reactors 

and not due to a loss of biological activity. Reactors 

prepared from silica materials were resistant to 

chanelling. 

The most commonly employed leaving group was the 

imidazole group. 1,1 'Carbonyl diimidazole activated 

Fractogel, sepharose CL-6B and Trisacryl GF-2000 were all 

used with great success in the immobilization of antigens. 

These gels had a attachment capacity of 6-8mg IgG/mL of wet 

gel and the· loading in most cases were extremely 

reproducible for a given batch of activated gel. The 

stability of the ligand was excellent for over two years at 

4oC. The antigen binding ability of an immobilized 

antibody was less than 15% of the bound antibody. This is 

not surprising. According to the previous study the 

antibody should not have a prefered orientation on the 

support. The randomized and closely held (lack of spacer) 

antibody could bind only a small fraction of a large 

antigen. Reactigel was widely used in the immobilization 

of antigens. These could be small molecules or antibodies 

themselves. The Sepharose has low stability to pressure 

and shows a tendency to channeling. This is expected from 

a soft gel. The manufacturer recomends these gels for 

applications in low pressure and batch mode only. The 

changes in the flow paths caused the greatest concern. The 
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change in flow path usually manifests itself as a sudden 

loss of activity of the ligand. If the reactor is unpacked 

and repacked with the same packing material which was in 

the reactor the biological activity is restored. This 

process appeared to have a greater tendency to occur in 

gels where the pH was repeatedly changed, compared to gels 

where this condition was not encountered. This indicates 

the effect is most probably due to the shrinking and 

swelling of the gel due to repeated changes in ionic 

strength. Another disadvantage of these gels was the 

frequent bacterial contamination. It is very important to 

store these gels at 40 C when not in use and to maintain the 

antibacterial azide and thymerosol levels. If the storage 

buffers (0.1 ~ PBS pH 7.4) in the columns were not replaced 

every month or so the preservatives break down and 

bacterial contamination will result. In addition the 

preservatives should be alternated. The indication of 

bacterial contamination of a reactor is the apparent 

increase or decrease in reactor capaci ty • This occurs 

because the dead bacterial cell walls will adsorb proteins 

due to nonspecific interactions. In the case of reactors 

where no drastic pH changes take place the bacterial growth 

could result in the loss of significant amounts of protein. 

Highly contaminated reactors should be discarded. 
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The COl activation procedure is applicable to diol 

bonded silica ( Walters, 1982; Walters, 1983). This is an 

interesting method because the silica modified by this 

method has a tremendous amount of available active sites. 

If the total capaci ty available could be used then the 

immunosorbent would be excellent for the immobilization 

of enzymes for the application shown in Chapter 6. However 

the use of high capacity columns in affinity methods is 

limited due to the precipitation effects observed for the 

affinity purified materials produced using them. 

In conclusion COl activation is a very reliable method 

which allows the preparation of low cost immunosorbents of 

variable and control able capacity. The method can be used 

for the attachment of antigens and the purification of 

antibodies. Their use in the attachment of antibodies for 

the purification of antigens is limited. This is probably 

due to the problems with antibody orientation on the 

surface and multiple point attachment of the antibodies. 

Carrying out the coupling at a range of pH values would 

yield interesting insight into these reactions. The FMP 

activated supports were used in an number of applications. 

The activation method is a less expensive version of Tresyl 

activation (Ngo, 1986). A problem which is apparent is the 

leaving group is sensitive to ionic strength. The use of 

high ionic strengths (>50mM) usually drastically reduces 
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the immobilization efficiency. In addition the efficincy 

of coupling -NH2 groups is much higher than -SH coupling. 

Hence the methods designed for Tresyl activation does not 

function well with this support. The material shows very 

poor coupling efficiencies when the ligand concentrations 

are low. This was found to be due to the presence of large 

amounts of unreacted activating agent in the gel. If the 

gel were swelled in buffer and washed with another aliquot 

of the buffer before the ligand was added then the coupling 

efficiency improved dramatically. The material was used in 

the peparaticn of anti-mouse IgG Fab' immobilized on 

Fractogel. The activity of the immobilized fragment was 

lower than Tresyl activated gels. After the 

immobilization, there was a fine precipitate in the 

solution. This could be due the presence of un reacted FMP 

in the gel. In any case the performance of the gel was not 

consistant and was comparatively poor. The use of this gel 

should be limited to instances where the ligand solutions 

could be prepared in low ionic strength buffers and could 

be made at high concentrations (>lOmg). 

appears to yield better results. 

These conditions 
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The tresyl activated gels are the most difficult to 

prepare. This is a direct consequence of the high 

moisture sensitivity of tresyl chloride. Even though the 

acetone used is dried over molecular sieves predried in 

the vaccumm oven at 120oC, a slight amount of moisture 

remaining in the acetone can prevent the successful 

activation of the gel. If the gel is successfully 

activated it can be stored at 40 C in 1mM HCL for 6 months. 

The gel due to its ability to couple to both -NH2 and -SH 

groups offers some unique characteristics which could be 

exploited to advantage. The Fab' fragments prepared from 

F(ab')2 fragments by chemical reduction contain both -SH 

and -NH2 groups. The support can couple to both these 

types of groups. If the pH is held at 7.0, none of the 

lysine ~ -NH2 groups will be deprotonated. This allows the 

coupling to proceed via the -SH and N-terminal amine 

groups. The coupling appears to occur primarily through 

the thiol group because the N-terminal moiety will not be 

activated at this pH. The medium should be degassed with 

nitrogen, and nitrogen should be passed over the solution. 

The nitrogen prevents the oxidation of the thiol group to -

S03. The rate of oxidation is unknown. It is known that 

trace amounts of metals catalyze the recombination of two 

thiols to give a disulfide linkage. The use of EDTA 

decreases the recombination rate, however does not 



137 

completely inhibit it. Hence there are two competing 

reactions. They are the rate of hydrolysis of the support 

and the rate of recombination of the thiols. These two 

have to be balanced using concentrations which is the only 

variable available. It appears that keeping the 

concentration of Fab' fragments less than 2 mg/mL appears 

to be the ideal fragment concentration for coupling to 

tresyl activated supports. 

An anti-human IgG reactor prepared in this manner 

was evaluated with human IgG. A reactor 0.5 x 4cm was 

packed with the immunosorbent described above and a 10 mg 

HIgG (2mg/mL solution in O.lM PBS pH 7.4) sample was 

appl ied. The reactor was eluted with a O. 1M phosphoric 

acid pH 2.0. The reactor retained 1.5 mg of human IgG as 

observed by 280nm UV absorption. This amounts to 75% 

activity of immobilized antibody in the column. A Goat 

anti -Mouse immunosorbent prepared similarly did not show 

such high activity. This can be explained by the pKa of 

the N-Terminal amino acid. If this pKa is less than 7. 0 

then the site would compete with the thiol for the leaving 

group. In this case the amine group which has a unlimited 

lifetime compared to the thiol group would react more with 

the leaving group, and the yield would be low. It would be 

possible to overcome this problem by first blocking the 

amine groups with maleic anhydride and then subjecting the 
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fragment to the reduction process. This allows the 

preparation of a Fab' which has no amines but only carboxyl 

groups and thiols. 

Silica activated with GOPS has been used in the 

attachment of antibodies and proteins by Sportsman et. al 

1983. In this work a major problem is the variability of 

the activation level. The activation level obtained by 

titrating the aldehyde liberated as a result of, the diol 

oxidation by periodate has a range of + 80 - 120 uMoles 

diol / g silica. In order to understand the process one 

has to understand the basis of the reactions involved. In 

the first step of the reaction, clean glass beads are 

brought in contact with 5% aqueous solution of GOPS at pH 

3.0. The pH is maintained by the addition of 1M H2S04 , 

The reaction is allowed to proceed for 90 minutes. The 

trimethoxy silanes are extremely suceptible to hydrolysis 

from traces of water. Hence the reaction of the silane 

with water competes with the attachment to the surface. 

The final step of heating the material causes the 

condensation of these molecules on the surface of the 

silica beads. In order to obtain reproducible coupling to 

the surface, one needs to minimize the hydrolysis process. 

This is achieved by the addition of GOPS after heating the 

solution. The values obtained by this method are more 
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reproducible than those obtained for the previous method. 

The titratable aldehyde produced was 262 + 11.57 uMol/g (n 

= 8) dry silica. However, the the personal errors 

associated with the approach were not investigated. The 

support is extremely stable. Also unlike other activation 

methods the -CHO group is not suceptible to hydrolysis at 

high pH values commonly used to produce activated -NH2 

groups. "The greatest drawback for using this method is the 

need to reduce the Schiff Base produced as a first product 

of protein coupling (Reaction 1.10). The Schiffs base is 

unstable and when the pH is lowered it would cause the 

reaction to reverse, liberating the ligand. The first 

reducing agent used was NaBH4 • This material is a strong 

reducing agent. When this material was brought in contact 

with the Schiff base it not only reduces the Schiffs base, 

but also reduces the disulfide bonds in hydrophilic domains 

of the protein. This is a major problem in the case of all 

intact antibodies and in enzymes which contain reducible 

disulfide bonds. The introduction of NaBH3CN by Wilson and 

Nakane (1982) made it possible to reduce the Schiff Base 

without the accompanying reduction of disulfide bonds. The 

cyanoborohydride reaction makes it possible to carry out 

periodate reactions without the fear of denaturing the 

molecule of interest. The work carried out with silica was 

done using sodium borohydride. The factor which allowed us 
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to obtain good results with the antibodies immobilized in 

this manner was the rapid reformation rate of the disulfide 

bond after being reduced. The antibody molecule does not 

fall appart into two parts once reduced (Nisonoff and Dixon 

1964). If the objective of the reduction is the complete 

separation of the molecule into two parts then the pH 

should be adjusted to 3.5 after the reduction is carried 

out. This causes the molecule to dissociate and fall 

appart. This however should not be confused with complete 

reduction. Complete reduction is carried out in the 

presence of Guanidine - HCI as a denaturing agent. This 

causes the reduction of all disulfide bonds in the 

molecule. If the pH is not changed subsequent to the 

reduction the probability of the disulfide reforming is 

qui te high. This is not the phenomenon observed for the 

enzyme Glucose Oxidase. Glucose oxidase has two non-

identical subunits which in turn consist of two smaller 

sUbunits each attached to the other via a network of -S-S

bonds (Swoboda and Massy, 1980.). The addition of BH4-

causes the two major subunits to separate. This explains 

some previous results obtained by Sittampalam et.al. 1983. 

In conclusion all these methods are excellent in the 

immobilization of antigens for use as immunosorbents. 

Immobilized antigens which are properly oriented and stable 
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are extremely useful in more than one way. Each type of 

activation has different uses as mentioned in this 

discussion. The orientation effects are extremely 

important but are difficult to asses. The use of organic 

solvents may make it possible to obtain some of these 

prefered orientations for small molecules. The use of 

linkages formed using the hinge thiol appears to be the 

best way for orientation of antibodies. since the thiols 

are unstable in solution the method needs to be carried out 

with caution. silica appears to be the best material to 

obtain sharp peaks and comparatively trouble free reactors 

in FIA reactors. 
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Enzyme electrodes are commonly employed in clinical 

laboratories as an economical analytical method in the 

determination of an array of clinically important 

substances. These probes are inexpensive and therefore the 

determination can be carried out highly cost effectively. 

However, since their advent the enzyme electrodes are known 

to have several problems. Their relatively short dynamic 

range, poor precision, slow response and reliability (Carr 

and Boweres, 1980) are just a few of the most serious 

problems associated with these electrodes. In addi tion 

these electrodes cannot be prepared reproducibly. Thus the 

electrodes must be carefully calibrated and characterized 

prior to use. The use of flow injection analysis coupled 

with immobilized enzyme reactors allows the determination 

of substrates with great precision, accuracy and speed. 

The reactors are superior to the electrodes in that they 

have well characterized flow patterns and therefore are not 

sensitive to stirring rates and similar environmental 

conditions. However, they too are difficult to prepared 
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with reproducible characteristics. Repacking an 

inactivated reactor does not yield characteristics similar 

to the previous one. This is because each batch of reactor 

packing has different characteristics and upon storage 

these characteristics can also change. If multiple 

enzymes are to be immobilized on the same reactor support, 

controlling the amounts immobilized on the reactor is 

almost impossible. 

The use of immunosorbents offer a unique method of 

immobilizing enzymes. Using an antibody antigen reaction 

in which one of the components is labeled with an enzyme, 

it is possible to reversibly immobilize an enzyme on an 

immunosorbent. The use of an immunosorbent allows the 

immobilization of precise amounts of enzyme on the reactor. 

It also allows the elution and reimmobilization of this 

material reproducibly. In this chapter the discussion 

will center on determination of glucose as a model 

substrate for the setting up and evaluation of an totally 

automatic reagent less FIA system. 

The idea of immobilized enzyme reactors is not new. 

Immobilization of the enzyme has been achieved using 

glutaraldehyde (Huang, et ale 1977), ionexchange columns 

(Meek and Neff, 1983), modified nylon tubes (Thompson and 

Crouch, 1982) and a host of other methods. However, the 
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reversible immobilization using a highly reversible 

indirect reaction has not been documented. The use of flow 

injection coupled to electrochemical detection is well 

documented. Most of these methods employ amperometric 

detection with the working electrode poised at about +O.8V 

vs Ag/AgCI. At this working potential many serum 

components are electroactive. Ascorbate is one of the best 

examples (Sittampalam and Wilson, 1983). These 

interferences are usually removed using dialysis membranes 

or copper complex precolumns. These methods decrease the 

overall sensitivity of the method and require constant 

monitoring of the system for failure of these components. 

Two methods of reversible immobilization were tried out 

as shown in Figure 18. In the first method (Figure 18a) an 

antigen (HIgG) was immobilized on the immunosorbent. A 

conj ugate of Goat anti-Human IgG was passed over the 

reactor. 

Human IgG 

approach 

The immunological reaction between the IgG-anti 

immobilizes the enzyme in the reactor. 

is very versatile. The method allows 

This 

the 

immobilization of any enzyme once the approprate conjugate 

is formed. 



Figure l8.Schemes for the Reversible Immobilization of 

Enzyme using Antibodies. 

(a) Using immobilized HIgG and a Anti- HIgG
GOD conjugate. 

(b) Using immobilized anti-mouse Fab' and and 
anti-GOD GOD immune complex. 
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Reactor A 

.... 

Reactor B 

Glucose 

Immoblllz.d Human IgO A!'U.Humen IgO Olueo •• Olllde •• ConJugot. 

Immoblllied Anti Mou •• IgO 'ab' 'ragm.nt Mou •• Antl·Olu. 011 •• OLU. 011. Immuno Compl.1I 

Figure 18. Schemes for the Reversible Immobilization of 

Enzymes Using Antibodies. 
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The conjugate loading curve generated as described in 

section 2.11.2A is shown in Figure 18. It is observed that 

the loading process is rapid and linear in the frst two 

injections and then asymptotically approaches a maximum. 

The lack of increase in the readings beyond the 7th 

injection indicate that the nonspecific interactions in 

this system are low. If the non-specific interactions are 

present at this point then the curve would continue to 

increase with increasing injections. The loaded reactor is 

stable for several months at 4 °C. Such a reactor was 

stored in the refrigerator for 10 weeks and evaluated once 

a week. The data obtained indicates there is a 1-2% loss 

of activity in the refrigerator for a week. If the reactor 

was used continuously then a 1% decrease in activity occurs 

per day and a 3-5% decrease per week. This method allows 

the reactor to be reloaded extremely reproducibly (Table 

4) • The reactor in this case has been loaded with a 

single injection of 20uL of conjugate and allowed to wash 

for three minutes. This is followed by three injections 

of 0.1% substrate solution. The reactor is regenerated by 

the elution of the conjugate and re-equilibrated to 

physiological pH. The cycle was repeated several times. 

The data obtained for several cycles indicate that the 

reloading could be carried out to within ± 3% of the 

previous value. This is extremely important for the 



Figure 19.Loading Curve for the HIgG- GOD reactor. 
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Table ~ Reloading Reproducibility of the HlgG. Anti

HlgG-GOD Reactor. 

The reactor was loaded with a single injection of 
the conjugate and the amount immobilized was determined 
using glucose. The material bound to the reactor was 
eluted and the reactor was reequilibrated. The same 
ezperiment was repeated upto 10 cycles. 



Table 4. Reloading Reproducibility of the 

HIgG-Anti-HIgG-GOD Reactor. 

Injection Number Peak Area X10-6 

(Arbitrary Units) 

1 2.130 + .010 

2 2.135 + .015 

3 2.129 ± .010 

4 2.125 + .013 

5 2.135 + .012 

10 2.133 + .012 
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functioning of the reactor. 

If a greater loss of binding occurred then it would 

not be feasible to carry out reloading of the reactor. The 

data shown in Table 4. were obtained for a loading in the 

linear portion of the loading curve. Since this region is 

the most sensitive to changes in loading, the imprecision 

in the results would be the greatest in this region. It is 

seen from these data that the variation in the loading is 

less than 5% for all cases. It is clear therefore that the 

loading and reloading can be easily reproduced. The 

reactors were tested extensively with both samples prepared 

in buffer and in control serum. When a reactor was in use, 

a sample was injected every 3 minutes for 8 - 10 hours. 

Hence a reactor would process 20 samples an hour, and over 

200 samples per day. A typical output for the FIA

amperometric determination for glucose is shown in Figure 

20. 



Figure 20. The Detector Output for a Typical FIA 

Determination of Glucose . 

. The Determination carried out in the concentration 
range of 0.001 - 0.006% at a flow rate of 0.5 mL/Min and 
an injection interval of 3 minutes. 
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Figure 20. The Detector output for a Typical FIA 

Determination of Glucose. 



151 

It was some what surprising that the inj ection of 

serum into the reactor did not cause the elution of bound 

conjugate even though the sample contained significant 

amounts of HIgG. There was however a 1-2% loss of signal 

for the first few injections. This is due to the HIgG 

reacting with the vacant anti-IgG sites on the conjugate 

and creating aster ic barrier to the substrate. The 

activity stabilized after this period and remained so for 

10 weeks or more. The reactor cari be eluted and reloaded 

at any point of time up to a year without a significant 

loss of activity. 

The results obtained using this system and the Beckman 

Astra for 6 clinical serum samples are shown in Table 5. 

The results track those of the Astra to within ± 7%. 



Table ~ comparison of Results obtained for the FIA and 

the Beckman Astra. 

Serum samples previously determined by the Beckman 
Astra were analyzed by the FIA system and the results 
were compared. 



Table 5. Comparison of Results obtained for the FIA 

System and the Beckman Astra. 

Sample Number Beckman Astraa FIA a 

1 67 63.49 + 0.27 

2 121 117.1 + 0.25 

3 172 174.07 + 0.31 

4 283 285.48 + 0.20 

5 127 109.8 ± 0.20 

6 73 68.33 + 0.15 

a- Concentration expressed in mg/dL • 
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The linear dynamic range for the reactor is 1.1 x 10-9 

- 1.1 x 10-5 • The linear dynamic range of this approach is 

much greater than in the enzyme electrodes (Carr and Bowers 

1980). However in the previous discussion it was noted that 

in the formation of conjugates using PBQ activation a 

significant loss of enzyme activity occured. This amounts 

to a nearly 50% decrease in the signal. This wi th other 

effects in the reactor could decrease the apparent activity 

by a large amount. If the immobilization can be carried out 

with little or no loss of activity, then the results could 

be improved further. 

The enzyme activity is hardly decreased when reacted 

with an anti GOD monoclonal antibody. The activity of the 

reacted enzyme is 98% of the starting material. This 

immune complex can be immobilized by the use of an anti-

mouse IgG column (Figure 18b). The method used was to 

attach the Fab' fragment of an anti-mouse IgG to FMP 

activated Fractogel and then use a reactor of this material 

to extract the immune complex from the solution. The 

approach was further attractive in that the reactor could 

be used to immobilize any mouse IgG immune complex. The 

results obtained from this system were extremely 

encouraging. Figure 21b shows the loading curve resulting 

from successive injections of GOD. The result obtained is 

different from the previous case. In this case there is a 
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short rapid increase in the activity, which matches the 

previous case. Then a region of constant increase which 

does not level off is then attained. This is due to low 

affinity antibodies sticking non-specifically to the 

surfaces. The reactor material in this case is Fractogel 

and it appears that this material has a higher non-specific 

interaction than the silica. If the reactor is fully 

loaded and allowed to wash for 30 minutes, the signal drops 

approximately 20% and stabilizes. At this point, 

analytical determinations can be made. This reactor 

required frequent calibration compared to the other 

reactors. A SIN of 10 was considered the minimum. The 

opening amd closing of valves in the autosampler caused a 

rapidly decaying transient signal. This signal was 

considered as the noise in the system. This pulse occurred 

as a result of a blocked high pressure valve, and has been 

since corrected. 



Figure 21. The Loading Curve for the Immune Complex 

Reactor. 

a. 1ng of IgG GOD contained in 20uL of solution, 
followed by 20uL of 0.1% Glucose. 

b. A single injection of 20uL of the immune complex 
followed by 20uL of 0.1% Glucose. 
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with the same system it would be possible to 

increase the LDR by at least one order of magnitude now. 

The analytical applicability of this reactor was 

tested using spiked control serum. This was preferred over 

serum because of the difficulty of obtaining fresh serum 

which has been tested the same day. The samples obtained 

by us were usually several days old. The recovery results 

are given in Table 6. 

The li~ear dynamic range was 1.1 x 10-10 - 1.1 x 10-7 

Moles. This result is an order of magnitude better than 

those obtained with the conjugates. The reason is that 

the antibody does not modify the enzyme as much as the 

bifunctional coupling agents. The comparison of results 

from the immune complex reactor and the conjugate system 

are shown in Table 7. 



Table h The Recovery of Glucose from Spiked Serum 

Samples. 

control serum samples were spiked with known 
amounts of glucose and the samples were analyzed. 



Table 6. 

Sample 

1 

2 

3 

4 

5 

The Recovery of Glucose From spiked Serum 

Samples. 

Number Amount Addeda Amount Recovereda 

50.0 50.1 ± 0.3 

100.0 99.8 ± 0.2 

150.0 149.7 + 0.2 

200.0 201.2 ± 0.3 

250.0 248.3 + 0.2 

a-concentration expressed in mg/dL. 
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Table ~ Reproducibility of the Conjugate and Immune 

Complex Loading. 



Table 7. Reproducibility of the Conjugate and Immune 

Complex Loading. 

Cycle No. Peak Area in Arbitrary unitsa 
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Conjugate Immune Complex 

1 2.130 + 0.010 6.321 + 0.010 

2 2.135 ± 0.015 5.902 ± 0.012 

3 2.129 + 0.010 6.154 ± 0.011 

4 2.125 + 0.013 6.254 + 0.010 

5 2.135 + 0.012 5.985 + 0.013 

6 2.132 ± 0.015 6.301 ± 0.012 

10 2.133 + 0.012 5.852 ± 0.011 

a Electrochemical detection of hydrogen peroxide 

produced from the injection of 1ng and 1 ug ofconjugate 

and immune complex respectively, to the HIgG and Mouse 

IgG reactors followed by three 20 uL injections of 5.5mM 

glucose solution. 
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In this case too the reloading of the reactor could be 

carried out similarly to the previous case. The maj or 

problem in this case was the low binding constant of the 

monoclonal antibody to the enzyme. The attachment was poor 

and there was a loss of antibody from the reactor. The 

leakage was measurable and ammounted to about 3% per day. 

When the reactor was stored in the refrigerator overnight, 

the loss was approximatly 7-10%. If the reactor was stored 

at room temperature, the loss was only about 2-3% for the 

same period. The reason is thought to be the low affinity 

of the monoclonal antibody. This has led to the 

preparation of new monoclonal antibodies to the enzyme. It 

is possible to cross-link the antibody and the immune 

complex. This was not tried out because the formation of a 

permanently immobilized enzyme was not the objective of 

this research. 

As discussed previously, the use of electrochemical 

detectors can result in electrode fouling. In this work the 

platinum working electrode was covered with a cellulose 

acetate membrane (Siittampalam and wilson, 1983). It has 

been shown that this membrane has the capability to exclude 

anions while allowing neutral molecules to pass through. 

This is important in excluding most of the interferents 

from serum. The membrane tends to exclude ascorbate. It 

was necessary to evaluate the effects of this membrane. 
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Figure 22 illustrate the determination of H20 2 on a bare Pt 

electrode and a cellulose acetate covered electrode. The 

curve A corresponds to the bare electrode and the curve B 

to the protected. 

The membrane used in this work was cast in-situ with 

4% cellulose acetate solution. The membranes cast thus 

appeared to attenuate the signal by only a small amount. 

Using a reactor, the detection limits were tested with a 

membrane and without. The detection limit with the 

membrane was 40 pmoles and without the membrane 8 pmoles. 

The attenuation was less than an order of magnitude. It 

appears that after some use the membrane separates from the 

electrode and a fluid pocket develops over the membrane. 

This can lead to peak broadening. The membranes had a life 

time of 6 months to 1 year. The reason for eventual 

failure was pin holes. The precast membranes which were 

used to protect the electrodes were found inefficient 

compared to the in-situ cast membranes. 



Figure 22. Determination of Hydrogen Peroxide at a Pt 

Electrode. 

A. Bare Electrode 
B. Cellulose Acetate covered Electrode. 
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CHAPTER 7 

COMPETITIVE IMMUNOASSAY FOR HUMAN IGG. 

The competitive immunoassay is the first type of 

immunoassay developed (Enggvall and Perlmann, 1972). It is 

also the most widely used both in heterogeneous and almost 

exclusively in homogeneous assays (Rubenstein, et ale 

1972) . In this assay the sample and standards are mixed 

wi th the labeled analyte present in a constant and 

optimized concentration such that by itself the labeled 

molecule could be saturate all of the immunosorbent binding 

sites. This therefore causes any analyte molecules in the 

sample to compete for available sites on the immunosorbent. 

As expected this causes a decrease in the number of 

labeled analyte molecules bound as the number of unlabeled 

analyte molecules increase Figure 23. The ideal 

immunosorbent should be lightly loaded such that it can be 

easily saturated with labeled molecules but yet should 

have sufficient sites to allow a reasonable dynamic 

measurement range. 

Trisacryl GF-2000 was selected for this assay primarily 

because it has a very high exclusion limit (2000KD). This 

large pore size is important in in reducing nonspecific 

interactions. Reactors packed with 
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this material showed a non specific signal in the order 

of 1% or less. Similar reactors with smaller pore 

diameters showed a nonspecific signal of 3-5% of the 

specific signal. 

This was measured by injecting a 20 uL sample of goat 

IgG-GOD similar in concentration to the sample and carrying 

out the determination. The activation level of the gel was 

low compared to Fractogel and cross-linked Agarose. This 

has been observed by other workers (Miron and Wilchek 

1985) • 



Figure 23. A Schematic Diagram Depicting the steps in the 

competitive ELISA for Human IgG. 

a. Sample application 
b. Washing the excess reagent 
c. Application of the substrate 
d. Disruption of the immune complex 
e. Reequilibration of the reactor 
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Figure 23. A Schematic Diagram Depicting the Steps in 

the competitive ELISA for Human IgG. 
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This however worked to our advantage. For this 

experiment a very highly loaded immnosorbent (8 - 10 mg/mL) 

was undesiarable. From protein difference spectra at 280 

nm before and after coupling it was calculated that there 

was 2.0 mg Fab' fragments /mL of settled support attached 

to the immunosorbent and it could retain 1.5 mg of the 

antigen. This amounts to 75% activity of the immobilized 

antibody. These results seem to indicate that success is 

achieved in immobilizing most of the antibody fragments via 

the thiol group located in the hinge region of the 

antibody. Binding through 

excellent chance of blocking 

an 

or 

amine function has an 

modifying the antibody 

binding site. Careful pH control of the coupling reaction 

between the Fab' fragment and the tresyl activated support 

favors coupling through the thiol group. Holding the pH at 

6.0 protonates the free amino groups rendering unavailable 

for coupling while the thiols are completely accessible. 

It is extremely important to work under anerobic 

conditions. Low yields would would be obtained if 

Fab'fragments dimerized through oxidative coupling to form 

-8-8- bonds. The addition of EDTA is believed to complex 

metals, 'thus inhibiting their ability to catalyze 

oxidation. It does not however completely stabilize the 

material. There are two methods for making a low capacity 

reactor. The first is to use an extremely small reactor. 
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We have tested a 0.2 x 0.2 cm reactor. The residence time 

of a 20 uL sample in this reactor is less than 2s. This 

leads to a situation where the extent of reaction is less 

than 40%. The width of a substrate peak is less than 1 

min. This includes dispersion in all elements of the 

system. This reactor seems seemed useful the assay 

described. The reactor is prone to shifts in flow 

patterns. The support swells and shrinks with pH and ionic 

strength changes. The microscopic changes in the 

support seem to promote channeling. When channeling occurs 

the reactor loses its specific binding properties and 

there is a large loss in the binding activity. The loss is 

in the order of 90% or greater. If the reactor is unpacked 

carefully and repacked with the material which was already 

in the reactor it is possible to achieve the same activity 

as before. An immunosorbent prepared prepared as mentioned 

previously has about 2 -10mg IgG/ mL of wet gel. This 

immunosorbent has a binding capacity too high for use in a 

competitive assay without being diluted. Dilution is 

carried out by taking a heavily loaded immunosorbent and 

mixing with the same support, which has not been activated. 

This can be easily accomplished by volume dilution of 

support suspensions. The typical dilution for a loading of 

10mg of antibody /mL of settled immunosorbent is in the 

range of 1:400 to 1: 1000. the second method involves the 
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preparation of very lightly loaded immunosorbents. Lightly 

loaded immunosorbents do not function too well. The low 

loading does not allow the law of mass action to favour the 

reaction. This is also the problem with mixing the 

immunosorbent with unactivated gel to prepare diluted 

reactors. In addi tion to showing weak interactions the 

diluted immunosorbent reactors show variable binding due to 

slight changes in the flow patterns. This problem can be 

easily overcome by laying down a layer of the highly loaded 

immunosorbent in the reactorbetween layers of unactivated 

gel. In this configuration, since the immunosorbent is not 

near either the entrance or the exit of the reactor, it is 

insulated from the changes in bed volume and is more 

resistant to shifting. In addition the sample has 

dispersed sufficiently in the reactor to present an uniform 

front to the immunosorbent. Since the immunosorbent layer 

is a compact mass with a high local concentration of 

binding sites, mass action favors rapid and complete 

reaction. The work described in this publication was 

carried out in a 0.2 x 4 cm reactor prepared by laying down 

a 10 uL of a 1.25 (v/v) diluted immunosorbent in a layer as 

described before. It is clear from a thermodynamic point 

of view that the diluted ,lightly loaded and sandwich 

reactors have identical binding site concentrations. 

However kinetic considerations seem to favor the sandwich 



Figure 24. Different Reactor Configurations Usable in 

Competitive ELISA. 

a. Undiluted b. Uniform dilution 

c. Sandwich packing 
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Figure 24. Different Reactor Configurations Usable in 

competitive ELISA. 
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configuration. The different column configurations are 

depicted in Figure 24. 

The competition for the sites should be between the 

labeled analyte and the unlabeled analyte. The labeled 

analyte should not contain any unreactad analyte 

molecules. The presence of unlabeled analyte would 

cause the assay to loose its sensitivity. The removal 

of the unreacted analyte from the conjugate is carried 

out as described in Chapter 5. 

As expected the assay was highly dependent on the 

conjugate concentration and its purity. The dynamic 

range of the assay is a function of the total number of 

binding sites on the ractor. Once this number is 

ascertained as mentioned previously, the required 

conjugate concentration is established. The use of this 

amount of conjugate usually results in assays that have 

wide dynamic range but low precision. 

of the conjugate concentration, it 

increase the sensitivity of the assay. 

with an increase 

is possible to 

By doing so the 

assay loses some dynamic range. with a decrease of the 

conjugate concentration, it is possible to extend the 

range to higher analyte concentrations. This, however, 

deteriorates the precision and accuracy due to 

flattening of the curve. A calibration curve for the 

assay is shown in Figure 25. A dynamic range of a 



Figure 25. Calibration Curve for Competitive Assay for 

Human IgG. 

The calibration curve in the range of 0.5 -
12.5 picomoles of human IgG. 
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factor 20 is obtained. The competitive assay has an 

inherently much shorter range than the samdwich assay and 

is much more tedious to optimize. The results of a well 

optimized assay are shown in Table 8. 

The precision of the assay falls off at higher 

concentrations as expected. The accuracy of the 

measurement is in the + 2% region. The assays have been 

repeated for over 2 weeks at the rate of 20 assays per day 

(500 - 600) total and the decrease in the immunological 

activity is less than 5%. The immunosorbent has been 

stored in the refrirgerator for 2 years at 40 C and the 

decrease in immunological activity has been seen to be 

minimal. 

The FIA system coupled to an immunoreactor with a 

thin layer electrochemical detector forms a basis for 

carrying out immunoassays rapidly with a high degree of 

accuracy and' precision. The system is compatible with 

total automation. 



Table ~ Recovery of HIgG from Control Serum. 

Control serum was spiked with known amounts of HIgG 
and the recovery of these samples were tested. 
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Table 8. Recovery of HIgG from Control Serum 

Amount Addeda Amount Recovereda 

0.5 0.525 (± 1%) 

2.0 2.1 (+ 2%) 

5.0 5.11 (+ 3%) 

10.0 10.5 (+ 5%) 

a Unknowns expressed in pmole were prepared in O.lM PBS 

pH 6.8 
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CHAPTER 8 

THE SANDWICH ASSAY FOR BOVINE IGG 

This assay is easier to implement and to optimize 

compared to the competi ti ve assay because as long as the 

amount of specific analyte in the sample is smaller than 

the number of binding sites on the reactor the assay is 

indipendent of the number of sites on the reactor. The 

principle of the assay is shown in Figure 1 and the 

sequence of events taking place in the assay for anti

bovine IgG is shown in Figure 26. 

The standards prepared in O.lM PBS pH 6.8 show a linear 

detection range of 3 orders of magnitude. The lower 

detection limit for the assay is in the low femtomole 

region from the results shown in Figure 27. The detector 

response at peak maximum is 10 nA at the lower detection 

limit of the assay detection. A signal : noise ratio of 50 

is observed at this level. Thus the immunochemistry and 

not the mode of detection defines the limit of detection. 

The correlation coefficient is 0.976 for the results shown. 

The precision is in the order of ± 3% and the accuracy is 

± 3-4%. It was observed that if serial dilutions were 

employed in the preparation of standards and the glass ware 

was silanized prior to use, then a correlation coefficient 



Figure 26. The steps Involved in the Sandwich Immunoassay 

for Bovine IgG. 

1. Sample application 
2. Wash off the unreacted material 
3. Application of conjugate 
4. Application of substrate 
5. Disruption of the immune complex 
6. Reequilibration of the immunosorbent 
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of 0.9999 could be obtained. At very low concentrations a 

rapid deterioration of the standards and unkniwns were 

observed. We believe this is due to the adsorption of 

proteins on glass and their subsequent denaturation. 

When the standards were prepared in 6g/ dL bovine 

serum albumin (Tietz, 1976), which is the approximate total 

protein concentration in serum, there was no appreciable 

decrease in the detection limit or change in the 

correlation coefficient. For a calibration curve generated 

in the 3 - 205 fmol, a value of 0.9997 was obtained. The 

precision was the same as that for an assay where the 

standards were prepared in pure buffer. In the case of 

control serum, a different situation was encountered. The 

lower detection limit was about 1 pmol. Below this level 

significant curvature in the calibration curve is obtained 

which eventually results in a leveling out of the response. 

This can be attributed to a competition between two 

components in the sample for hte same site on the 

immunosorbent. The competing molecules appear to have a 

lower affinity for the site than the assay molecule as the 

line straightens at levels higher than 1 pmol. The 

interfering substances is not involved in the detection 

itself since all nonreacting materials are swept out of the 

reactor prior to the electrochemical determination. 

Therefore the interferent itself is reacting with the 
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antigen weakly or is nonspecifically adsorbing at or near 

the binding site. The observation that the effect 

dissapears at higher concentrations of the specific protein 

indicates the former process is most likely causing this 

phenomenon. Table 9. shows the determination of parallel 

unknown samples carried out using this method. The results 

highlight the higher accuracies for the determinations 

carried out with standards prepared in buffers and in BSA 

solutions compared to those prepared in control serum. The 

cross reaction effects observed in this assay can be easily 

be removed by using reagents screened for cross reactivity 

or by diluting the serum, both of which are highly viable 

options. 

An interesting phenominon observed in this work was 

that if a single injection of the conjugate was made, the 

correlation coefficients obtained were not as good as when 

two inj ections were made, where the total amount of 

conjugate is the same. This not only made an improvement 

in the correlation coefficient but also extended the linear 

dynamic range by over an order of magnitude. This is due 

to the increased contact time with the binding surface. We 

believe that approximately 60 -75% of 'the sites are bound 

after the first injection. 

this figure to 85 - 90%. 

The second injection increases 

It also has to be born in mind 



Figure 27. The Calibration Curve for the Sandwich 
Immunoassy for Anti Bovine IgG. 

The calibration curve in the region of 20 -
1000 femtomoles of anti-bovine IgG. 
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that as the amount of the assay antibody is increased, the 

mass action effects change. This effect combined with the 

rate of reaction, which has ben shown to be extremely high 

for antibody-antigen reactions (Sportsman and Wilson 1982), 

allows the short incubation times, about lOs in this case. 

At higher concentrations there is barley sufficient 

conjugate to saturate all the immobilized antigen. With a 

second injection of the conjugate, the linear dynamic range 

can be increased by about 40% over a single injection 

double the size. The two-injection method also appears to 

decrease thenonspecific interactinos. An alternative would 

be to decrease the flow rate. However this will also 

increase the probability of nonspecific interactions. 

Experiments carried out using the apparatus shown in 

Figure 8. indicate that the turnover of the enzyme is 

limited by mass transfer of oxygen to the immobilized 

conj ugate at higher conj ugate loadings. This can be 

alleviated to a significant extent by the use of oxygenated 

buffers, which lead accordingly to better detection limits. 

It should be noted that three injections of glucose 

were made to determine the amount of immobilized enzyme. 

If a calibration curve were prepared by using the peak area 

from the first glucose injection, the correlation 

coefficient would be 0.9000. This peak is approximately 



Table ~ Assay Results for Bovine IgG. 

The samples were prepared in O.lM PBS containing 60g/L 
bovine serum albumin and the concentration of the anti
bovine IgG was determined. 



Table 9. Assay Results for Bovine IgG 

Table 1. Assay Results for Bovine IgG. 

Amount Takena Amount Recovered 

(Femtomo I e) (Femtomo I e) 

Buffer BSA solutlonc 

20.00 

93.5 

185.0 

400.0 

935.0 

21.0±.01 (+5.25%)b 

96.5±.01 (+3.2% ) 

188.0±.01 (+1.62%) 

408.0±.02(+2.0%) 

925.0±.05(-1.17'/.) 

a Corresponds to 20 uL sample. 

b Accuracy error. 

c BSA concentration - 6g!dL. 

20.90±.05 (+4.5%) 

96.00±.05 (+2.67%) 

187.5±.05 (+1.37'/.) 

404.0±.05 (+ 1 • O'/.) 

928.8±.1 (-1.0'/.) 

179 
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the same area as the combined area of peaks obtained for 

the second and third injections. The correlation 

coefficients and the accuracy increases, when the area of 

the second and third peaks are employed. The higher 

response for the first injection which is indicative of 

weakly or nonspecifically bound conjugate which is 

displaced by the inj ection of glucose and the passage of 

hydrogen peroxide through the reactor. As mentioned 

previously, the reactor regeneration step should be carried 

out with precise timing. The pH 2 • 0 buffer causes the 

reversible denaturation of the bound antibody. 

Renaturation and restoration of the proper protein 

microenviorenment takes time. Time allocated for this 

process has a strong effect on the precision of the 

measurement. For example if one waits 10 min, the 

precision is + 2 - 4% whereas shortning the time to 5 min 

would give + 5 - 10% precision. 

A sandwich assay has been employed to determine 1 

amol of substance (Imagawa, et al.1982). This involves an 

incubation of 3 hours. The same sensitivity is possible 

from the system described here with a 6 second incubation 

time. In order to obtain this sensitivity the noise in the 

system due to the pump should be decreased considerably. 

In addition the use of highly purified conjugates and 
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higher activity GOD would facilitate this process. 

The sandwich assay for BIgG was developed as a model 

for a universally adaptable sandwich immunoassay. The 

anti-bovine IgG antibody used for these assays is a mouse 

monoclonal IgG1 • It was assumed that the use of a 

monoclonal antibody would yield results which are easier to 

interpret. The antibody was not completly characterized 

and the binding constent is not known. It is believed to 

be' approximately 5 x 108 LIM. The antibody was found to be 

stable in 2% BSA solutions and was stored thus at 4oC. A 

group of five standards were prepared as described in 

Section 2.11.4 and a calibration curve was generated. 

Several unknowns were determined and the calibration curve 

was regenerated. This was primerily a safeguard against a 

drift in equipment. In the first few instances this was 

carried out it was noted that, the peak area for a given 

set of inj ections increased with time. After much 

investigation it appeared this was an effect caused by an 

oxygen gradient in the buffer reservoir. This was 

corrected by bubbl ing pure oxygen through the buffer 

reservoir. This then also added to the signal amplitude. 

The enzyme activity doubles in going from ambient to 

saturated oxygen. It was also noted that there was a 

constant background signal. This background signal was 
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found to be due to a cross reacti vi ty between the bovine 

IgG and the anti -mouse IgG-GOD. This back ground was a 

constant and could be substracted using a blank reading. 

The blank reading consisted of the two conjugate injections 

followed by the glucose injections. Cross reactivity 

effects are a maj or problem in any determination. Cross 

reactivity is prevalent in similar amimal species i.e mouse 

and rat. In this assay the cross reactivity occured among 

totally unrelated species. These effects can be minimized 

by cross adsorption of the antibodies used, to the cross 

reacting antibody (antigen). This was not possible because 

of the small amount of IgG which was available for the 

preparation of conjugates. The calibration curve for 

the anti-bovine IgG assay is shown in Figure 27. The 

range of the assay in this case is 2 - 200 femtomoles IgG. 

The signal at the lower end of the concentrations has a SIN 

of over 10. The limitation at the lower concentrations was 

instrumental factors. The pump pulsing becomes important 

at this level. Even though the detector sensitivity is 50 

picoAmps the lowest range we operated was 5nA full scale. 

Above this the pump noise generated sufficiently large 

noise spikes which would cause the integrator to mistrack 

the peaks. 
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The linear detection range for the assay is about 6 

orders of magnitude. This great dynamic range cannot be 

achieved easily due to the reagent limitations. The 

conjugate should react with every single analyte molecule 

in a similar manner. When the dynamic range is extra wide 

the amount of conjugate needed to saturate the reactor 

becomes large. The use of large amounts of conjugates 

cause the nonspecific interactons increase. These 

nonspecific interactions then decrease the sensitivity of 

the assay. This problem was avoided by using two smaller 

injections instead of a single large one. This injection 

sequence allows the possibility of increasing the linear 

dynamic range as required without the loss of sensitivity 

due to increased non-specific interaction. This method of 

conjugate introduction is not of use in systems where the 

nonspecific interactions are high to begin with. 

The analysis of five unknowns prepared in buffer and 

in 6g/dL BSA are shown in Table 9. The results show 

excellent coorelation. The accuracy of the assay is + 3% 

and the precision is + 3%. The assays have been repeated 

about 500 times on the same reactor. The reactor capacity 

drops as discussed in Chapter 7 during the first few cycles 

and becomes stable there on. The capacity decreases about 

2-3% per one hundred cycles. 



CHAPTER 9 

FUTURE DIRECTIONS 
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In the first chapter a seris of specific aims were 

proposed aimed at developing an ELISA Which was rapid 

accurate and totally automated. This was accomplished by 

improving the instrumentation, reagents and immunosorbents. 

In most of these improvements a fundamental approach was 

used instead of using improved methods. For example 

instead of trying to develop new immunosorbents, a 

chemically viable thiol generation reaction was coupled 

with a already developed immunosorbent to yield an antibody 

column which had a 75% biological viability. Instead of 

using new bifunctional coupling agents, the PBQ method was 

developed into a reproducible and a multi-application 

method. This kind of inductive reasoning was used where 

ever possible coupled with c~reful selection of reaction 

conditions. However, there are more possibilities open 

than those utilized. The possible improvements and 

limitations will be discussed in this Chapter. 

Instrumentation 

The fundamental limitations in our instrumentation 

appears to be two fold. The pump used in this work is an 

Altex 110, single piston reciprocating pump. These pumps 
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have pressure fluctuations as high as 55 psi. These 

pressure fluctuations are not a big problem in conventional 

HPLC because of the large pressure drop in the column. In 

the FIA immunoassay, the pressure drop is only about 100 

psi. On this pressure drop a 55 psi pulse makes a 

significant impact. The pulses filter into the detector 

and cause pulses in the out put. This is avoided by using 

a short back pressure c;!olumn (Figure 8.) (0.2 x 4 cm ) 

packed with diol silica, and a hydraulic pulse dampener. 

This combination decreases the pulses to about 20 psi, but 

fails to irradicate them. The direct end result of pulses 

in the flow system is the sensitivity of the detector 

cannot be set below 5nA full scale. The BAS LC-4B detector 

has a lower sensitivity limit of 50 pA full scale. If this 

sensitivity could be achieved, then detetion limits of at 

least two orders of magnitude could be realized. There 

are pumps which operate at high frequencies which allow 

such pulse less operation. These pumps have been used in 

achieving detection limits of several pg of acetylcholine ( 

Potter and Meek 1983) using a similar FIA setup as 

described in Chapter 6. The use of a pulse-less low 

pressure pump having a well controlled flow rate is useful 

in this work. The pulse dampening using hydraulic pulse 

dampeners and a back pressure column add dead volume to the 

system. This dead volume in the instrumentation described 
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in Chapter 2 is about 2mL total. This causes the buffer 

change to take 4 minutes to clear the pumping sustem. It 

takes a total of 8 minutes for thie change to travel to the 

detector. Hence a 12 minute inteI."/al must pass before the 

next injection can be made. This puts a time constraint on 

the system. Careful inspection of the sandwich assay shows 

the assay is two parts of equal time. If it is possible to 

rotate two reactors where one is on-line and is being used 

for an assay the other could be regenerated off line. This 

will also require the pressure pulse smoothing to be only 

on the onlin pump. The hardware added to catty out this 

task would not cause the assay to slow down as the buffer 

change will be carried out by the off line pump which does 

not need to have very careful pulse smoothning. This 

arrengement would reduce the time for a sandwich assay to 

15 minutes. This is not applicable to competitive assays 

because this assay is dependent on the reactor 

characteristics. The autosampler was used successfuly in 

the reagent introduction and timing the reagent 

introduction. However, the autosampler used in this work 

has a patented injection system which usess pneumatic 

valves to control the flow direction. This causes a 

pressure pulse in the flow stream which also does not allow 

the maximum use of the detector sensi ti vi ty • 

autosamplers carrying a Rheodyne valve 

There are 

which is 
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electrically actuated and have a smoother sample 

introduction than the one which is in use. However, these 

autosamplers may not be as good as the Wisp in carryover 

control. Since the Wisp fills the sample into the needle 

and loop, and inject by reversing the flow while it is held 

in the flow stream. Hence the injecion loop and the needle 

is washed extensively with the mobile phase. 

available in the type described before. 

Immunosorbents 

This is not 

Immunosorbent improvements are hard to visualize. The 

first priority is to control the reactor channeling. This 

is a property of all gel type immunosorbents. This can be 

avoided by using silica as an imunosorbent. Silica is 

resistent to channeling and would also provide a better 

pressure drop than those obtained for Tris acryl GF- 2000 

or Fractogel. 

insulation. 

This should allow beter pressure pulse 

If a simple calculation is made, using the surface 

area of a gram of 10 uM diameter SI 300 silica as 100 m2 ,' 

and the avarage loading of immunoglobulin as 35mg/ mL of 

Silica, it appears that there is one IgG molecule in every 

73,000 A2. This value suggests that the pores found in 

silica are not used in the immobilization process. 
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Therefore it is possible to use 1-3 um solid spheres of 

silica for this process with equal success. These spheres 

are commercially available and should be tried out. The 

use of soft gels should be phased out. The silica should 

be modified as before with GOPS which makes them pH 

resistent and then the diol should be oxidized to the 

aldehyde. The use of aldehyde groups wi th Schiff base 

formation followed by cyanoborohydride reduction would be 

an excellent method. In addition the reduction of the 

aldehyde to hydroxyl groups followed by carbonyl 

diimidazole activation (Cabrera and Wilchek, 1986) should 

provide mild method of coupl1.ng which gives rise to high 

yields of materials which are pH sensitive. The use of 

Trasyl and FMP activation also should be continued based on 

the great success achieved by using these 

gels. 

methods with 
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Two new coupling stratagies for supports should be 

adapted, these are the maleimide activation and the methyl 

iodide activation (Reaction 9.1 and 9.2). 

pH 8 

pH 6 
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The maleimide supports are easily prepared by 

using an amino silane. The addition of maleic anhydride 

dissolved in an organic solvent causes the formation of 

maleimide rings on this surface spontanously. The maleimide 

activated silica should couple only through the thiol 

groups of a Fab' fragment yielding even better results than 

a Tresyl activated support. The Iodomethane group reaction 

is also a highly specific reaction for thiols and is 

carried out at about pH 8.2. This reaction is less 

specific than the male imide reaction but is much more 

rapid. In both these cases the removal of the excess 

activated groups is easily achieved by reacting with other 

thiols prior to use in specific binding reactions. The 

kinetics of the second reaction may prove to be more 

important than the specificity of the maleimido reaction 

for the loading of the maximum amounts of Fab' fragments 

prior to their oxidative recombination or the oxidation to 

sulfites. 

The use of spacer arms have been proposed by several 

workers (Fujiwara, et al. 1975; Lin and Foster, 1975; Don 

and Masters, 1975) in the past. Several spacer arms should 

be tried out and the best one should be selected for 

routine application. This should help in the improvement 

of biological activity of the immobilized materials. 
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The use of avidin - biotin reactions should be 

adopted. There are several thiol reacting maleimido 

biotins available commercially. These could be coupled to 

Fab' fragments and used to prepare conjugates with avidin

GOD or any enzyme. Conversely, this reaction could be used 

to couple enzymes to cellulose acetate membranes. The 

membranes can be oxidized to yield aldehyde groups, to 

which avidin is attached via Schiff Base reaction. The 

anti-GOD antibodies are reacted with male imido biotin and 

the labled antibody is brought in contact with the membrane 

which should irreversibly immobilize the antibody fragment. 

The enzyme can be now immobilized efficiently using the 

antibody - enzyme interaction. since the binding constant 

for the avidin - biotin reaction is 1015 L-1M, it should be 

possible to find elution conditions which reverse the 

antibody antigen reaction without reversing the avidin

biotin reaction. 

The use of general coupling reactions such as 

Reaction 1.4 (epoxide activation) should be explored. The 

use of Tresyl cativated supports require cnreful control of 

all the reaction steps. The products used in these 

reactions (i.e. Fab' fragments) are unstable. Hence the 

reactions yield extremely variable results. If a coupling 

reaction like t.he epoxy reaction is developed, where the 

reaction occurs under mild condi tions and couples via a 
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variety of functional groups. The use of a activation 

group which couples to more than one kind of functional 

group would allow the randomization of the molecule 

attachment sites which may yield better results with 

antibody imobilization than the use of CDI activated 

supports. 

CONJUGATES 

The conjugates can be improved by several orders of 

magnitude. The first improvement should be in the 

stoichiometry. There are several atempts made in the 

literature where people have tried to achieve a 1: 1 

antibody: enzyme ratio(Pillai. et al. 1979). These methods 

in reality are too tedious to cary out in a day to day 

basis. There are several methods which would allow this to 

be achieved simply. Monoclonal antibodies react with only 

a single epitope ( antigen determinant), therefore a single 

monoclonal to an enzyme would react with only a single site 

on every enzyme molecule. If a bifunctional antibody was 

prepared with two monoclonal antibodies then the formation 

ofa single binding site enzyme molecule could be 

realized. This is not as easy as the preparation of a 

polyclonal IgG bifunctional antibody. The common mouse IgG 

sub classes have more than one disulfide linkages in thier 

hinge regions. Hence the use of blocking reagents (Webb, 

1960) need to be used for this purpose. The scheme 
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developed by us based on the work of Brennan et ale (1985) 

is shown in Figure 28. The antibody fragments will be 

prepared as described in section 2.5.1 and 2.5.2 and the 

product ( Fab' fragments) will be protected with dithio

bis- nitrobenzoic acid. The other fragment is protected 

with As salts (Webb, 1960). The As reagent reacts with 

adjacent thiols which will leave a single thiol free. This 

is modified with a dimalemide. The As is removed and the 

two remaining thiols are capped as described in section 

2.5.4 with iqdoactamide. The other fragment is deprotected 

by reaction with hydrazine and mixed immediatly with the 

first fragment. The reaction yields bifunctional 

antibodies. The un reacted thiols are removed by reaction 

with iodoacetamide. The conjugate can be purified by a 

double affinity purification method. This method should 

yield a 1:1 antibody: enzyme conjugate. 



Figure 28. The Reaction Scheme for the Preparation of 

Bifunctional Monoclonal Antibodies. 

1. Fragmentation and affinity purification. 

2. Reduction of the S-S bonds and the 
protection of the .-SH with Arsenic salt. 

3. Reaction of the fragment with the 
dimaleimide. 

4. Reduction, protection and reaction of the 
second monoclonal antibody fragment. 
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On the improvemnts for the present methods better 

separation of the conjugates prepared using PBQ and SMCC 

should be developed. There are at least two new size 

exclusion media available commercially. They are Suparose 

12 and Sephacryl S-200 HR. These gels offer higher 

resolution than the presently use Sephacryl S300 SF. Since 

GOD and IgG are similar in size the resolution of these 

even with these new high resolution gels would be a 

difficult task. Ionexchange methods have been described in 

the separation of peroxidase conjugates (Yamashita et al., 

1976) . There are no examples for other enzymes. The 

possibility of the separation of conjugates with 

ionexchange chromatography should be explored. 
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