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ABSTRACT 

Antibodies specific for insulin and human immunoglobulin G 

(HlgG) were attached to controlled pore glass (CPG) particles which 

had been silanized with a diol-bearing silane. Up t~ 20 mg of 

antibody protein could be attached covalently to 1 gram of CPG. Such 

immobilized antibodies, or immunosorbents, would bind specific 

antigens, but not unrelated proteins, when used in a high pressure 

liquid chromatographic configuration. This technique was given the 

name "high performance immunoaffinity chromatography" (HPIC). 

The HPIC properties of these immunosorbents were·evaluated by 

an equilibrium theory and were found to b~ comparable to batch 

values. An immunosorbent for HIgG antigen showed an HPIC association 

constant of 107•6; the batch equilibrium constant for the same 

immunosorbent was 107•8• Two different anti-insulin immunosorbents 

retained the intrinsic affinity (106 and 109) of the antibody used 

to make them. 

The total active antibody concentrations of these 

immunosorbents were evaluated by HPIC and batch methods with good 

agreement between the two. The immobilization reaction was seen to 

result typically in the loss of 90% of the original antibody 

activity. 

HPIC was shown to be applicable to the rapid analysis of 

antigens at levels as low as ng/mL. This was found to be possible in 

part because of the rapid forward kinetics which were assessed by 

xi 



HPIC. A forward rate constant of 3 X 107 L·mol-1·sec-1 for 

the binding of insulin by a specific HPIC column could be determined. 

The possibility of HPIC fluorescence immunoassays was 

investigated using a highly sensitive fluorescence detector. An Eimac 

collimated xenon arc lamp provided sufficient power to detect 

picomolar levels of fluorescamine labeled insulin and other 

compounds. The limitations of HPIC in performing picomolar 

immunoassays wel'e thus shown to be immunochemical rather than 

instrumental. The ability of immunoaffinity purifications to overcome 

these limitations was demonstrated. 

xii 



CHAPTER 1 

INTRODUCTION 

This study is an investigation concerning some fundamental 

properties of immobilized proteins and their application to 

biochemical and chemical analysis. It becomes part of the burgeoning 

literature of biotechnology, an area whose rapid development in the 

past decade is due in no small part to the recognition of the 

applicability of pY'oteins as specific analytical and preparative 

reagents. The inimitable selectivity and efficiency of catalysis by 

enzymes has led to their everyday use in biochemical and chemical 

engineering, fermentation, food processing and medical applications in 

vivo and in vitro. Likewjse the highly selective, strong binding 

exhibited by receptor protein and antibodies has resulted in their 

incorporation into a wide variety of purification and analysis 

schemes. All of these applications of proteins have been most 

advanced by the development of immobilization technology for 

biomacromolecules, for there are many advantages which immobilized 

proteins have over their soluble counterparts. These include greater 

stability, ease of separation of the protein from other reactants, and 

ability to recover the protein in active form for re-use. In 

addition, an immobilized species may be used to advantage in a 

fluidized bed reactor (Smith, 1975) or chromatographic column (Porath, 

1980). The latter application is known as "affinity chromatography" 

and is currently one of the most powerful techniques available for the 
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purification of biologically active substances. 

Thi s study deals primarily with immobil i zed immunochemical 

agents because of the continuing importance of these "immunosorbents" 

to progress in biomedical science. It is interesting to note that the 

technique of affinity chromatography got its start with the 

purification of antibodies on an immobilized antigen column (Campbell, 

1951). The covalent attachment of antigen to cellulose which Campbell 

originated became a standard immunological procedure, and was soon 

applied to the affinity purification of an enzyme (Lerman, 1953). 

However, the use of immobil i zed protei ns other than antigens was not 

very successful until the late sixties, when the introduction of 

well-defined synthetic polysaccharide matrices for affinity 

chromatography made possible the optimization of this technique. 

Since that time, a bewildering variety of materials and methods have 

become available. 

The properties and uses of immunosorbents stem from the nature 

of antibodies and antigens themselves. Since the late nineteenth 

century it has been known that the serum of animals immunized with 

foreign substances would react in vitro with the same substance to 

give a precipitate. The mysterious reactive component of such 

lIantisera" was given the name "antibody", and the foreign substance 

which elicited it was thus called an lIantigen". 

The development of electrophoretic methods in the 1930's made 

it possible to show that antibodies were only present in the gamma 

globulin component of the serum of vertebrate species; hence the name 



3 

"immunoglobulin" was given to these proteins. Since that time, the 

refinement of electrophoretic and immunochemical techniques has 

allowed the identification of several classes of immunoglobulins. At 

present, these classes are known as IgA, IgD, IgE, IgG, and IgM. 

Immunoglobulin G (lgG) is the most prevalent of these in serum, 

comprising some 80% of the total immunoglobulin. It is also the most 

important from the standpoint of immunosorbents, for the bulk of 

antigen-binding capacity appears in this class of immunoglobulin 

(Turner, 1981). 

Structure of IgG 

Figure 1 is a schematic representation of an IgG molecule. It 

is composed of two identical "heavy" chains and two "light" chains, 

also identical, which are coded for by separate genes and are 

hybridized after synthesis. The heavy and light chains are held 

together in pairs by interchain disulfide bonds as shown; two pairs 

form an intact IgG molecule by additional disulfide bonds. The 

molecular weight of the intact molecule is about 160,000 daltons. 

Figure 1 also shows that the binding site of IgG is localized 

near the amino terminus of the so-called Fab (for fragment, 

~ntigen-E.inding) portions of the molecule, which can be separated from 

the Fc (for fragment, £rystallizable) portion by papain digestion. 

The Fc has no antigen binding capacity, but appears to be a "trigger" 

for subsequent immune responses. In addition, pepsin digestion of the 

IgG molecule produces two fragments, a divalent antigen-binding 

fragment F(ab)2 and the inactive Fc. Amino acid sequence analysis 
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Figure 1. Diagrammatic structure of the human IgG1 molecule. 
VH and VL represent "variable" regions in the heavy and light 
chains, respectively. CH1, CH2 and CH3 represent invariant 
regions of the heavy chain, witl, CL being the correspondi~g 
invariant region on the light chain. After Poljak (1973). 
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of the heavy and light chains comprising the Fab fragments shows that 

they are both characterized by "variable" and "constant" regions. The 

latter of these is quite invariant in structure for a given class and 

~ub-type of immunoglobulin, but the former has a different sequente 

for each antibody of a different specificity. A polysaccharide moiety 

is present near the point where the Fab fragments diverge from the Fc, 

and it remains with the F(ab}2 fragments when these are generated. 

The function of this carbohydrate group is still unknown; it comprises 

roughly 3-6% of the weight of the molecule. Figure 2 is a drawing of 

an IgG molecuie from space-filling models. This is the result of 

x-ray crystallographic studies on a homogeneous IgG molecule (Dob) 

secreted by myeloma tumors (Silverton, Navia, and Davies, 1977). 

There exists a two-fold axis of symmetry in the vertical direction of 

Figure 2. 

The Immune Response 

The production of antibodies in response to some antigenic 

challenge is a higher organism's last line of defense against invasion 

by pathogens. The ability to muster a vigorous response against a 

wide variety of foreign antigens is a necessary condition for 

survival. ~1ammalian immune systems accomplish this by an array of 

dormant antibody secreting cells, already differentiated during fetal 

development, each of which is genetically pre-disposed to make an 

antibody with a certain combining region amino acid composition. It 

has been postulated that these dormant cells are stimulated when 

antigen binds strongly enough to receptors associated with the cell 
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Figure 2. Drawing of the Dob myeloma IgG molecule based on 
space-filling models. Cross-hatched or open areas are heavy chains; 
dotted areas are light chains. The large black spheres represent the 
individual hexose units of the carbohydrate moiety. Smaller drawing 
at right shows spatial arrangement of chains. From Kabat (1980). 
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surface. The stimulated cell begins to proliferate and secrete 

soluble versions of its surface receptor, 'usually in the form of IgM. 

After ~ time, IgM production is supplanted by secretion of IgG. It is 

interesting to note that, while the class of immunoglobulin changes 

from M to G, the same "variable" region sequences are found on both 

molecules, which has been taken as proof that rearrangements of DNA 

can occur even after cellular maturation (Wang, 1978; Wall, Choi, 

Komaromy, Gilmore-Hebert, and Hercules, 1979). 

This mechanism of antibody production, first proposed by Burnet 

in 1957, provides an explanation for the remarkable ability of the 

immune system to recognize innumerable natural and synthetic 

antigens. Recent discoveries in the genetics of immunoglobulin 

synthesis have revealed subtle processes which allow a relatively 

small amount of a species' DNA to code for an inordinately huge number 

of different immunoglobulin proteins. It has been estimated that a 

given species can generate antibodies against over 107 different 

antigens (Kabat, 1980). 

It is generally believed that only large biopolymers of 

molecular weights greater than about 10 kD will elicit production of 

specific antibodies. This may be due less to immunogenic requirements 

than to weaknesses in the methodologies for immunization with smaller 

molecules and for detection of resulting antibodies (Day, 1972). 

Indeed such substances as insulin (MW 6000), anyiotensin (MW 1031) and 

Rp-N-acetyl-l-tyrosine amide (MW 450) have all been shown to be 

immunogenic (Sela, 1970). However in most cases antisera are raised 
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against relatively small molecules by coupling them to some antigenic 

Ilcarrier" protein prior to immunization. A certain fraction of the 

antibodies thus produced will be specific for the small molecule and 

will not react with the carrier at all. The term Ilhapten" is applied 

to such small molecules which are not antigenic by themselves, but 

which can react with specific antibodies. 

Thermodynamics of Antibody-antigen Interactions 

The reaction of an antigen (Ag) with a specific antibody (Ab) 

to form an antigen antibody complex (AbAg) is described by the equation 

Ab + Ag AbAg (1-1) 

kr 

where kf and kr are the forward and reverse rate constants, 

respectively. The equilibrium constant for this reaction is usually 

expressed as an affinity (association) constant, Ko' 

[AbAg] 
[AbJ[Ag] (1-2) 

where the subscript "0" denotes the fact that this affinity constant 

may represent an average of a distribution of affinities (Karush, 

1978). This heterogeneity of affinity is typical of antisera produced 

by conventional immunization techniques, and results from the 

simultaneous stimulation of several discrete antibody-producing 

clones, as per the Burnet clonal selection hypothesis (Burnet, 1967). 

The determination of thermodynamic parameters for a given antiserum is 

thus complicated by this polyclonal response to antigen. 
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For some years it has been known that the proteins secreted by 

natural and induced myeloma tumor cells are immunoglobulins of a 

homogeneous nature. These umonoclonalll antibodies have proven useful 

as unequivocal models for the estimation of thermodynamic parameters 

of antigen-antibody reactions. 

Assuming an interaction of homogenous reactants, one may invoke 

the appropriate mass balance relationships to give an equation similar 

to that derived by Scatchard (1949) for protein-ligand binding 

(1-3). 

Here, IBI and IFI ("bound" and "free") replace the terms AbAg 

and Ag used in equation 1-2. According to equation 1-3, a plot of B/F 

vs. [B] for a series of equilibrium binding experiments should give a 

straight line of slope -Ko and X-intercept [Ab]t, the total 

initial antibody concentration. 

Such Scatchard plots of equilibrium data for many monoclonal 

antibodies have indeed given the predicted linear behavior. On the 

other hand, most conventional antisera show hyperbolic shapes of the 

Scatchard plot, reflecting the various contributions of discrete 

antibody populations which comprise the heterogenous antiserum (Day, 

1972, ch. 6). In such cases, the asymptotes of the Scatchard plot may 

be taken as the apparent upper and lower limits of the affinities 

present, as shown in Figure 3 (Roholt, Grossberg, Vagi and Pressman, 

1972; Zettner, 1973; Thakur, Jaffe and Rodbard, 1980). The average 
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Figure 3. Hypothetical Scatchard plot for heterogeneous 
binding. The slopes of the dashed lines represent apparent upper (a) 
and lower (b) limiting affinities. 



affinity constant for antisera of this type can be estimated by 

assuming that the antibodies exhibit a Gaussian-like distribution 

about a central value of log Ko. The Sips equation (Sips, 1948) 

makes use of this assumption to allow the estimation of Ko and a 

heterogeneity index 'a': 

log r/(n-r) = a log Ko + a log [FJ. (1-4) 

11 

In this equation, [FJ is the uncomplexed antigen concentration, 

r is the ratio of comp1exed antigen [B] to total antibody binding site 

concentration [Ab]t, and n is the effective valence of the antibody. 

Thus a plot of [FJ vs. the LHS of Equation 1-4 should be a straight 

line of slope 'a' and x-intercept log Ko. The value of 'a' should be 

1 for a system exhibiting unique affinity, and less than 1 according to 

the extent of heterogeneity of affinity. For example, a value of 0.7 

for 'a' indicates that 75% of the binding sites have affinities which 

lie between 0.16Ko and 6Ko (Nisonoff, Hopper, and Spring, 1975). 

It should be apparent that the Burnet clonal selection 

hypothesis does not support the assumption of a continuous distri

bution of binding constants (actually, binding energies) which is the 

basis of the Sips equation. In fact, there is good evidence that the 

po1yc10nal response to immunization is or can be limited to relatively 

few discrete antibody populations (Pressman, Roho1t, and Grossberg, 

1969). However, this arbitrary assumption as to the nature of the 

distribution of K values is useful in that comparisons among different 

antibody preparations can then be made on a consistent basis. 



12 

The values for affinity constants of antigen and hapten binding 

to antibodies vary widely. As shown in Table I, some of the highest 

affinities reported in the literature are for relatively small protein 

antigens such as insulin and gastrin. Lower affinities seem to be 

characteristic of haptens, although some high affinity antisera have 

been encountered for such haptens as thyroxine (T4) and certain 

steroids (Cheung and Slaunwhite, 1977; St. Cyr, Sancho, and Melby, 

1972). 

Table I also lists some values of forward rate constants for 

these reactions. As depicted in Equation 1-1, the rate of an 

antibody-antigen reaction follows second order reversible kinetics 

(Nisonoff, et al., 1975). It is readily apparent from the data that 

the values for the forward rate constant kf do not vary much, 

especially among haptens and small proteins; further, these rate 

constants are among the highest seen in biochemical reactions. It is 

estimated that they approximate the value for a diffusion controlled 

reaction involving a macromolecule. Since the forward rates do not 

differ much, it is evident that differences in affinity constants for 

Ab-Ag reactions reflect differences in the reverse rate constants. 

Thus a reaction for which Ko= 1010 Llmol would have a reverse rate 

1000 times slower than one for which Ko = 107 L/mol. 

Immunos.orbents in Protein Purification and Assays 

The high specificity and affinity of the antibody-antigen 

reaction make it ideally suited for analytical and preparative 



TABLE I. EQUILIBRIUM AND KINETIC PARAMETERS OF SOME IMMUNOCHEMICAL REACTIONS 

Antigen or Hapten Ab Source T °c , Ko (~C1) kf(L/mol·sec) Reference 

e-DNP Lysine Rabbit 25.0 8 x 107 8 x 107 Day, et al. (1963) 

p-azophenylarsonate Rabbit 25.0 4 x 105 2 x 107 Froese, et al. (1962) 

Hemoglobin S Rabbit 2.0 2 x 1010 6 x 105 Noble, et al. (1972) 

Thyroxine (T4) Sheep 4.0-37.0 1 x 1010 Cheung and Slaunwhite (1977) 

Insulin Guinea Pig 4.0 1 x 1010 1 x 106 Berson and Yalow (1959) 

Gastrin Rabbit 4.0 3 x 1011 Goldenberg, et al. (1972) 

Thyroxine Rabbit 1 x 1010 Hertl and Odstrchel (1979) 

(immobi 1 i zed 

on CPG) 

Digoxin Sheep 2 x 1010 1.3 x 107 Smith and Skubitz (1975) 

IgA Sheep 1 x 1010 Schuurman and DeLigny (1978) 

..... 
w 
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separations. Immunoassay techniques make use of these features to 

selectively quantitate antigen in the complex sample matrices which 

are typically found in biological fluids. Three major approaches to 

immunoassa.Ys are commonly employed at present. These are shown 

schematically in Figure 4. The competitive binding assay (CBA) as 

originally developed by Berson and Yalow (1958) is essentially an 

isotope dilution technique in which the amount of a tracer 

radiolabelled antigen bound to specific antibody decreases with 

increasing unlabeled antigen (analyte) concentration. This gives a 

hyperbolic standard curve as shown in Figure 4a (Besch, 1974). The 

immunoradiometr'ic assay (Ir~RA) makes use of labeled antibody to 

quantitatively bind antigen; uncomplexed antibody is removed prior to 

determining the activity of the label, which is then directly 

proportional to the antigen concentration as shown in Figure 4b. The 

two-site immunoradiometric assay, (two-site IMRA) sometimes called a 

"sandwich" assay, involves affixing the antigen to an immobilized 

antibody followed by reaction with a second labelled antibody whose 

activity is then determined. Again, a linear calibration curve 

results (Miles, 1975; Rodbard and Feldman, 1979; Schuurman, 1979). 

Central to the success of all these immunoassay methods is an 

efficient separation step after the incubation of immunoreagents and 

prior to the quantitation. Thus in the CBA, antibody-bound label must 

be separated from that which remains unbound. In both IMRA's, 

uncomplexed labeled antibody must be separated from that which is 

bound to antigen. In some cases, these separations may be effected by 
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non-immunospecific precipitants which remove either antibody or 

antigen. However, it has been shown that specific immunosorbents are 

almost always superior for this purpose, giving an increase in 

sensitivity and precision (Schuurman, 1979). As suggested in Figure 

4, immunosorbents are in fact indispensable in immunoradiometric 

methods. 

Immunosorbents are of equal, if not greater, importance in 

protein purification methods. Figure 5 shows a schematic 

representation of an affinity chromatography experiment in which a 

column of immobilized antibodies binds antigen from an impure 

mixture. Following Porath (1981), the covalently immobilized species 

is called the "ligand", and the soluble species that adsorbs to the 

ligand is called the "ligate". After impurities are \'Jashed away, a 

desorbing irrigant such as a pH 2 glycine-HCl buffer is applied to 

elute the antigen ligate in purified form. The reverse of this 

experiment, in which antigen immunosorbent is used to purify antibody, 

is another important application of immobilized immunochemicals. 

Purifications of over 50,OOO-fold have been reported using such 

"immunoaffinity" techniques (Cuatrecasas, 1972). 

Immunoaffinity chromatography (IC) possesses several advantages 

over non-biospecific purification methods, most of which rely on 

differential migration (electrophoretic and conventional 

chromatographi c techni ques). Conceptually these adv'antages may be 

described in terms of chromatographic resolution, which is a function 

of column efficiency and selectivity. The latter of these for IC is 
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orders of magnitude greater than in differential migration methods. 

Thus for example liquid and gas chromatographic (LC and GC, 

respectively) columns can usefully resolve components whose capacity 

factors (essentially, equilibrium constants) for association with the 

stationary phase are between 1 and 20 under a given set of conditions; 

IC employs a selective, irreversible process whose K' is on the order 

of 106 to 1010 • Although the efficiency, i.e., number of 

theoretical plates, N, of irrmunoaffinity chromatography is modest 

compared with LC or GC, the superior selectivity gives IC advantages 

of speed and thoro~ghness of resolution. These effects are even more 

pronounced in the purification of proteins (to which IC is especially 

suited) because the low diffusivity and polymorphous exteriors of 

proteins make their separation by chromatography all the more 

diffi cu It. 

It is precisely this high selective affinity, however, which 

causes the most serious drawback to IC purification schemes, namely, 

the difficulty of desorption. Often, the classical approach of 

lowering the pH is sufficient to disrupt the antigen-antibody complex 

and cause elution from immunosorbents (Weliky and Weetall, 1969; 

Cuatrecasas, 1969). There are many instances, however, in which a 

ligate will not elute until strongly acid conditions are employed, 

causing irreversible losses of activity to ligate, ligand, or both 

(Miles, 1975). In the late sixties it was recognized that many 

antigen-antibody complexes owe their stability to hydrogen bonding and 

hydrophobic interactions (Kabat, 1968). This gave a reasonable basis 
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for the use of desorbing eluents such as 6M urea and 4M guanidine 

hydrochloride, which disrupt the normal organized structure of water 

and lower the stability. of these non-covalent interactions (Weintraub, 

1970). Similar effects could be achieved by the addition of organic 

solvents to the aqueous buffers as described in a patent (Johnson, 

1977) under which Becton-Dickinson, Inc. currently produces a 

commercial automated immunoassay system. Other methods for disrupting 

immunosorbent complexes include the use of alkaline buffers (Sairam, 

1981; Chidlow, Bourne and Bailey, 1974), distilled water (Scouten, 

1980) and electric fields (Morgan, George, and Dean, 1980). There 

appears to be no systematic approach to achieving the elution of 

ligates from immunosorbents; the empirical manner which investigators 

have used reflects the difficulty of assessing the microscopic 

mechanisms of antigen-antibody reactions, which are highly variable 

from one system to another (Kristiansen, 1976). 

Silica as a Matrix for Immobilization 

Controlled pore glass (CPG) beads have been used prior to this 

work for the immobilization of many proteins. Such silica beads 

possess many desirable features as a support for affinity 

chromatography. These include known pore sizes, dimensional stability 

at high pressures, high surface area and resistance to microbial 

attack. The known capacity for irreversible adsorption of proteins by 

silica surfaces is usually controlled by modifying the surface with 

organosilanes. The silanization of CPG particles also increases their 



resistance to dissolution at pH extremes and provides the means for 

covalent attachment of ligands. 

The first competent immunosorbents based on ePG were reported 

by Weliky and Weetall (1970). They introduced the use of 

aminopropyltriethoxysilane to form alkylamine derivatives of ePG 

particles. Antibodies were then attached to diazotized aryl amine 

derivatives of the alkylamine ePG. 

Since then a variety of methods for attaching immunoreagents 

and other proteins to alkylamine derivatives of glass have appeared 

(Weetall, 1974). Many of these have been used successfully in 

immunoassays (Line, et al., 1973, Hamaguchi, et ale 1976,) and in 

immunoaffinity purification regimes (Roy and Kundu, 1979). 

These successes with modified ePG promulgated the development 

of glycerylpropylsilane (GOPS) bonded silicas for protein 

chromatography and immobilization applications. Expectations were 

that a neutral, hydrophilic surface similar to that of the 

polysaccharide supports would result upon silanization of ePG with 

GOPS, whose bonded structure is shown below. 

I I 

~i-O-~i-eH2-eH2-eH2-o-eH2-~H-eH2oH 

OH 
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These hopes were largely fulfilled as demonstrated by the work 

of Regnier and Noel (1976) and later Karger et al., (1980) which 
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showed that GOPS bonded phases provided suitably deactivated supports 

for high performance size-exclusion chromatography of proteins. 

Royer (1976) and Bowers and Carr (1976) showed that enzymes 

could be coupled in active form with high yields to GOPS-bonded CPG. 

This immobilization method is known as reductive alkylation after the 

technique of the same name used to alkyl ate amino groups. As shown 

below, the first step is oxidation of the diol group on the GOPS-CPG 

to form an aldehyde. This is accomplished by the use of periodic acid 

(Dyer, 1956) whose specificity for diols makes this a quantitative as 

well as a preparative step. 

OH 

80% HOAc 

I I 

Si-O-Si-(CH2)3-0-CH2-CH=O + H2C=O + HI03 I I 

The aldehyde group can then react with primary amine groups on 

a protein to form a Schiff base as shown; sodium borohydride is then 

added to effect reduction of the double bond: 

I I pH 8.5-10 
~i-O-~i-(CH2)3-0-CH2-CH=O + NH 2---PROTEIN 3> 

I I 

~i-O-~i-(CH2)3-0-CH2-CH=N---PROTEIN 

I I 

~i-O-~i-(CH2)3-0-CH2-CH2NH---PROTEIN 



This method for protein immobilization may be considered much 

simpler than most of those based on alkylamine CPG, whose multi-step 

activation procedures also require noxious agents such as 

dinitrobenzoyl chloride, thiophosgene, nitrous acid, chloroform and 

other toxic substances (Weetall, 1974). 
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The obvious adaptation of silica immunosorbents to HPLC 

technology was finally realized through the use of antibodies 

immobilized by reductive alkylation onto GOPS-CPG. Ohlson, et ale 

(1978) demonstrated that HPLC columns packed with such sorbents 

enabled Ie immunoaffinity experiments to be performed quite rapidly. 

Thus human serum albumin (HSA) could be adsorbed by an anti-HSA 

immunosorbent column and subsequently eluted with a pH 2.2 glycine-HCL 

buffer in less than ten minutes; quantitative recoveries were seen, 

and non-specific proteins were passed unretarded. This first example 

of "high performance immunoaffinity chromatography" (HPIC) represented 

a 3 to 5-fold reduction in the amount of time required for a single IC 

run compared with methods based on conventional immunosorbents. The 

attractive possibilities of rapid irrmunoassays and protein 

purifications based on HPIC were immediately made apparent by this 

work. Of equal importance was the implication that fundamental 

kinetic and thermodynamic parameters could be conveniently extracted 

from HPIC data, leading to a more thorough understanding of the limits 

within which imaginative applications of immunosorbents and other 

semi-synthetic biosurfaces could be expected to perform. 



CHAPTER 2 

MATERIALS AND METHODS 

Materials 

Silicas 

Spherisorb SlOW, spherical silica of 10 micron diameter and 
o 

100 A pore size, was obtained from Phase Separations, Ltd., Queens 
o 

Ferry, U.K. Porasil A/50 (37-74 micron, 50 A pore size) and Porasil 
o 

1000, (37-74 micron, 1000 A pore size) were obtained from Waters Co., 

Medford, MA. LiChrosphere SI 1000, spherical silica (10 micron 
o 

diameter, 1000 A pore size) was obtained from MC/8 Manufacturing 

Chemists, Inc. Cincinnati, OH. Glycophase G, diol-bonded silica 
o 

(37-74 micron, 400 A pore size) was obtained from Pierce Chemical Co, 

Rockford, IL. 

Gels 

Sephadex G-25M, G-50M, G-75M, and G-200F were obtained from 

Pharmacia, Piscataway, NJ. Sepharose 68 was also obtained from 

Pharmacia. Reacti-Gel 6X (Carbonyldiimidazole-activated Sepharose 

68-CL) was obtained from Pierce Chemical Co. 

Proteins 

Human immunoglobulin G (IgG) was obtained from Armour 

23 
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Pharmaceutical Co., Phoenix, AZ, and was dialyzed against several 

changes of O.05M phosphate buffered saline (0.85%), pH 7.4 (PBS) prior 

to use. Goat anti-human IgG was obtained as the immunoglobulin G 

fraction of the antiserum (lot 284L013) from Kallestad Laboratories, 

Inc., Chaska, MN. Crystalline bovine zinc insulin was obtained from 

Lilly Research Laboratories, Indianapolis, IN. 

Monoclonal antibodies against beef insulin were the gift of 

Joyce Schroer of the National Institutes of Health, Bethesda, MD. The 

monoclonal preparation was obtained by cell fusion of beef insulin 

immune BALB/c lymph node cells and the myeloma cell line NSI.1-Ag4-1 

that makes only cytoplasmic MOPC 21 light chain. These so-called 

hybridoma antibodies bore the designation BE CB6 and were raised in 

ascites. The hybridomas had been purified from serum by ammonium 

sulfate precipitation of globulin fraction three times followed by 

extensive dialysis against phosphate-buffered saline. 

Antisera to porcine insulin, produced in the capybara, were the 

gift of Dr. E.C. Adams of Miles Laboratories, Elkhart, IN. These 

antisera were received as lyophilized whole sera which had been stored 

frozen for over 6 years. The suitability of these antisera for 

insulin immunoassay had been demonstrated (Adams, et, al., 1974). 

Guinea Pig antisera to beef insulin were obtained from Miles 

Laboratories, Elkhart, In (Lot GP-20). Cytochrome C (from horse 

heart, type IV), bovine serum albumin (RIA grade, Colin fraction IV), 

and ovalbumin were obtained from Sigma Chemical Co., St. Louis, Mo. 



[125I]-insulin, 100 uCi/ug, was obtained from New England Nuclear, 

Inc. Boston, MA. 

Special Reagents 

Fluorescein isothiocyanate (FITC) and fluorescamine 

(4-phenylspiro [furan-2-(3H), 11(3 I H)-iso-benzofuran]-3,3 1-dione) 

(FA~I) were obtained from Sigma Chemical Co., St. Louis, MO. Glycine 

was also obtained from Sigma. Iodine monochloride (IC1) was kindly 

provided by John Hubbard of this department. Na1251, 25 mCi/mL, was 

obtained from ICN Pharmaceuticals, Irvine, CA. 

Glycidoxypropyltrimethoxysilane (GOPS) was obtained from Petrarch 

Systems, Inc. Levittown, PA. 1,11 carbonyldiimidazole (COl) was 
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obtained from Aldrich Chemical Co., Milwaukee, WI. PEG 6000 

(polyethylene glycol, average MW 6000) was obtained from Sigma 

Chemical Co. Folin-Ciocalteu reagent (for Folin-Lowry assay) was also 

obtained from Sigma. All other chemicals were reagent grade except as 

noted. 

Phosphate buffers for HPLC were prepared by dissolving the 

appropriate amount of low absorbance grade potassium phosphate, 

monobasic, (Me/B Manufacturing Chemists, Cincinnati, OH) in 

doubly-distilled H20 and adjusting the pH with potassium hydroxide 

or phosphoric acid. 

HPLC grade acetonitrile (CH3CN) was obtained from J.T. Baker 

Chemical Co., Phillipsburg, N.J. All solvents and buffers for liquid 



chromatography were filtered through a 0.45 micron Millipore filter 

prior to use. 

Eguipment 
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Spectral measurments were made using a Cary 219 UV-VIS 

spectrophotometer. Fluorescence measurements were made using a 

Perkin-Elmer Model 204A Spectrofluorometer. Counting of radiolabeled 

materials was undertaken on either a Packard Model 9012 multi-channel 

analyzer system or a Nuclear Chicago Model 4454 Gamma well counter. 

Solvent delivery for liquid chromatography was accomplished 

using pressurized stainless steel reservoirs of 1m length and 

approximately 0.25L capacity. In later studies this apparatus was 

replaced with two Altex (now Beckman) model 110A solvent metering 

pumps. Still later, a Spectraphysics 8700 solvent delivery system was 

used. 

Fluorescence detection for liquid chromatography was done using 

either the ultramicro flow cell attachment with the Perkin Elmer 204A, 

or a Varian Fluorichrom fluorescence detector. Ultimately these were 

both superseded by the custom built fluorescence detector described 

below. 

Figure 6 gives the dimensions and arrangements of the 

components of the fluorescence detector (FD) built for detection of 

fluorescamine-labeled proteins. The source consists of a 150 watt 

Xenon arc lamp model VIX150UV, with holder R150-8 and power supply 

PS-150-8, all from Eimac/Varian, San Carlos, CA. The collimated beam 
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Figure 6. Diagram of fluorescence detector (top view). A: Eimac lamp; B: plano-convex 
lens; C: monochromator; D: plano-convex lens; E: hemispherical lens; F: flow cell; G: 
plano-convex lens; H: 470 nm interference filter; J: biconvex lens; K: photomultiplier tube; 
L: emission optics housing; M: flow cell housing. 
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from the Eimac lamp is focussed through a plano-convex lens of heat 

resistant "duran" composition, focal length f1 = 50.0 mm, diameter d = 

25 mm, (Rolyn Optics, Arcadia, CA) onto the entrance slit of the 

monochromator, which is an Instruments, SA, Inc. Model H.20-UV-V. The 

light emerging from the monochromator's exit slit is first focussed 

through a plano-convex lens (fl = 70 mm, d = 25 mm) and then through a 

cylindrical lens, 30 mm x 60 mm, fl = 80mIn, (r~elles Griot, Inc., 

Irvine, CAl onto the flow cell as shown in figure 6. 

The emitted light from the flow cell is first collimated by a 

plano-convex lens, d = 14 mill, fl = 26 mm, whence it passes through a 

460 nm interference filter (Corion Corp., Holliston, MA.) of 25 mm 

diameter. The final biconvex lens, d = 17 mm, fl = 50 mm, gives a 

magnification of the image of the flow cell of about five-fold at the 

photocathode of the photomultiplier. 

The photomultiplier tube (PMT) was a IP-28 (RCA) in a 

Jarrell-Ash housing. The high voltage power supply was a Fluke Model 

412B. The PMT current was amplified by an electrometer of 

conventional design. 

The Eimac lamp was typically run at 11 amps, and the high 

voltage power supply at -850V. Slit widths on the monochromator were 

left at 2 mm to maximize source power. 

Integration of chromatographic data was performed by a 

Hewlett-Packard 3390A reporting integrator. Detection of ultraviolet 

absorbance (280 nm) in column effluents was acheived by using an Altex 
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Model 153 Analytical UV detector or an ISCO UA-4 Absorbance Monitor. 

Methods 

Protein Assays 

Microgram quantities of proteins were determined by Folin-Lowry 

assay according to Peterson except that the reagent IAI mentioned 

therein consists simply of a 1 to 4 dilution of the CTC solution 

(Peterson, 1977). Standard curves were generated using the same 

protein as that being analysed. Larger (0.1-10mg/ml) quantities of 

soluble protein were determined by UV spectrophotometry directly. For 

immunoglobulins, an absorptivity of 1.4 mL'mg-1'cm-1 was used at 

278 nm; for insulin, a value of 1.06 ml'mg-1'cm-1 at 276 nm was 

used. 

Preparation of Diol-Bonded Silicas 

The porous glass spheres (lg) were silanated after first being 

treated with hot chromic acid cleaning solution followed by rinsing in 

hot 1M HN03 (100 mL) and water (50 mL). The silanation was 

performed by suspending the cleaned glass spheres in 50 mL of a 10% 

aqueous solution of GaPS, degassing with ultrasonic vibration for 10 

min. and then allowing the reaction to proceed at 900C for 2 h, 

during which time the pH was maintained at 3.0 with 1M HCl (Regnier 

and Noel, 1976). The glass spheres were then collected on a 

medium-porosity glass frit, rinsed with 10 mL of H20, and dried in 



vacuo overnight at 1050e. 

Preparation of Aldehyde-bearing Silica 

The method described below was used to activate diol-bonded 

silicas for protein coupling. The amount of diol present could also 

be quantitated by this procedure. 
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1. An amount of diol bonded silica corresponding to 30 to 100 

micromole of diol (about 0.3g for LiChrosphere SI 1000) is weighed in 

duplicate into glass-stoppered 125 mL erlenmeyer flasks. 

2. 10.0 mL of periodate reagent (made by dissolving 6 g 

periodic acid, H5106, in 200 ml H20, and adding to this 800 ml 

glacial acetic acid) is pipetted into each flask, and into 2 IIblank ll 

flasks. 

3. The flasks are stoppered and allowed to react for 1.0 h 

with occasional swirling, keeping them in the dark as much as possible. 

4. The sample is centrifuged to recover most of the glass for 

subsequent coupling of protein. The supernatant is transferred 

quantitatively back into the flask, and the glass particles are washed 

twice with 0.5 mL H20. The washings are combined back into the 

flask quantitatively. 

5. 2.0 mL 20% wt/vol potassium iodide is added to each flask 

(samples and blanks), mixed well and allowed to react in the dark for 

5 min. 

6. Samples and blanks are titrated with standardized 0.1 N 

sodium thiosulfate to a pale straw color. 1 mL of a 1% starch 



solution is added and the titration completed as evidenced by 

disappearance of the blue color. 

7. Letting B be the average of the blank titrations in m1, S 

the sample titration in m1, N the normality of the titrant, W the 

sample weight in grams, the amount of dio1 in meq/g is given by 

Ow = (B-S) N 
2 W 

Reductive Alkylation for Attachment of Proteins 

(2-1). 

1. 1 g aldehydic glycophase is washed with 20 mL H20, then 
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20 mL 0.1 M borate buffered saline, pH 9.0 (0.lBBS9.0), and s~cked dry. 

2. The washed beads are added to a screwcap tube containing 2 

mL of 5-10 mg protein per mL in 0.lBBS9.0. The buffer must be free of 

N-nuc1eophi1es such as ammonia, glycine, or Tris since these will 

interfere with coupling. 

3. The tube is briefly degassed and u1trasonicated, then put 

on a rotator for 20 h at 50 C (200C if the protein is stable). Be 

sure there is some original protein solution left for quantitation. 

4. At this time 5 mg NaBH4 is added three times in 15 min 

intervals. Care must be used because of effervescence. 

5. After 1 h, the mixture is transferred into a large, fine 

porosity filter funnel and washed five times with 0.lPBS7.0, 15-20 mL 

each time. A fine nylon mesh placed over the funnel helps to screen 

out large particles. 

6. All washings are combined and protein concentration 



determined by absorbance at 280 nm. The volume of washings IVI is 

measured. 

7. Taking mgt to be the total mg of protein initially added, 

C to be the final protein concentration in mg/mL and W the weight of 

glass, the amount of protein coupled, mg/g, is given by 

_ mgt - (V'C) 
Pw - - -T"TW---

(2-2) 

Carbonyldiimidazole Activation of Diol Bonded Silica or Cross-Linked 

Agarose 

1. 1 9 matrix (for agarose gel, 2-S ml, packed volume) is 

washed twice with 30 mL anhydrous dioxane (CaH2-dried) (anhydrous 

acetone may be used in place of dioxane). 
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2. The washed matrix is suspended in S mL dioxane, to which is 

added 0.3 g 1,1 1-carbonyldiimidazole with swirling to dissolve. The 

mixture is degassed and ultrasonicated, then allowed to react 30 to 60 

min at room temperature with occasional swirling. 

3. At this time, the matrix is filtered and washed three times 

with 20 mL anhydrous acetone or dioxane. 

4. COl-activated matrices should be stored dessicated at SoC. 

Attachment of Protein to COl-activated Matrices 

1. The activated matrix (1 g of glass or ca. Iml, packed 

volume, of Reacti-gel) is washed with 20 mL 7:3 acetone:H20, 20 mL 

3:7 acetone: H20, 20 mL H20, then twice with 20 mL of coupling 



buffer, which may be any pH 9-10 buffer greater than .2 molar and 

containing no N-nucleophiles. 

2. The washed matrix is suspended in 2 mL of the coupling 

buffer, containing 5-10 mg protein/mL. The suspension is allowed to 

react 20 h at room temperature, or 30h at 50C with inversion or 

occasional swirling. 
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3 The particles are filtered and washed as for reductive 

alkylation. The filtrate is saved for protein determination by 

spectrophotometry. The amount of protein coupled is calculated as per 

the reductive alkylation procedure. 

Determination of Total Matrix-bound Protein 

1. 100 mg or less of matrix, wet or dry weight, is washed 

three times with 25 mL PBS, twice with 5 NaC1 (25 mL), twice with 

water (25 mL), and once with AR acetone or methanol. Washing may be 

by filtration or centrifugation. 

2. The washed matrix is dried 30 min. at 1000C then cooled 

to room temperature in a desiccator. 

3. Duplicate samples of 25-50 mg are weighed into 5-mL glass 

ampoules. 

4. Standards are prepared by pipetting, into separate 

ampoules, aliquots of a solution of the (soluble) protein of the same 

kind as was attached to the glass, amounting to convenient increments 

between 0 and 200 micrograms protein. Volumes taken should be less 



than 100 microliters. A blank is included. 

5. 1.0 mL 6N Hel is added to all ampoules, trying to wash 

everything below the neck. 
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6. The ampoules are sealed with an oxygen/gas flame or Fisher 

burner, followed by heating to 1000C 2 h or more with occasional 

swirling. 

7. At this time the ampoules are cooled and the seals broken. 

Samples with insoluble matrix are transferred into microcentrifuge 

tubes and spun at 12000xg for 2 min. to remove particles. The 

supernatant is put back into the rinsed ampoule. The pelletized 

matrix is washed with 0.5 ml. H20, centrifuged 2 min., and the 

washings are combined. 

8. The ampoules are placed in a vacuum desiccator over solid 

NaOH and evaporated to dryness under vacuum. 

9. The dried samples are brought to 1.0 mL in the ampoules. 

Folin-Lowry is run as described above, right in the ampoules. 

Radiolabeling of Proteins 

The method described below is used to incorporate 1251 into 

proteins. It uses iodine monochloride (IC1) to convert the inorganic 

isotope into the appropriate +1 oxidation state (Helmkamp, et al., 

1967). 

1. The protein solution is dialyzed against several changes 

of 0.1 M borate buffer, pH 9.0 (88). 

2. A 0.5 mM ICl reagent is prepared by adding 4 uL of pure ICl 
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to 100 mL of 2 M NaCl. Because of its volatility, ICl is best divided 

up and stored in sealed 1 mL glass ampoules upon receiving. 

3. In a 1 mL conical iodination vial is placed 80 uL of 0.5 mM 

Iel and the desired volume of Na[125 I] solution. Typically, 0.5 to 

1.5 mCi of 1251 is used to iodinate 0.01 to 1.5 mg of protein, 

depending on the specific activity needed. 

4. The desired amount of protein in a volume of 100 uL is added 

to the reaction vessel with the room lights turned off. 

5. The contents of the vessel are mixed by tapping and allowed 

to react 2 min in the dark. 

6. A 5.0 uL aliqout is withdrawn from the reaction mixture and 

diluted to 25 mL in a volumetric flask with water. This is labeled 

solution IPI. 

7. The rest of the reaction mixture is applied to the top of a 

25 X 1 cm column of Sephadex G-25 or G-1S which has been equilibrated 

with PBS. 

8. Elution is continued with PBS and 1 mL fractions are 

collected. The first radioactive peak represents the labeled protein. 

9. These first peak tubes are pooled and the amount of 

protein-bound iodide is determined by TCA precipitation as described 

below: 

a. 20 uL of labeled protein solution is pipetted into each of 

two 1.S mL microcentrifuge tubes marked IAI and IBI. To each tube is 

added 200 uL of 1% wt/vol BSA. 

b. To tube A is added 2S0 uL of 2 M NaCl. 
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c. To tube B is added 250 uL of 10% wt/vol trichloroacetic 

acid (TCA). 

d. The tubes are mixed well and allowed to stand 10 min, then 

centrifuged at 12000xg for 2 min. 

f. Two 200 uL aliquots are withdrawn from the supernatant of 

each tube and counted. Taking the average of the counts or CPM from 

each tube as A and B, the fraction of iodide which is protein bound, 

expressed as percent, is given by eq 2-3: 

Ipb = A-B X 100 

A 

(2-3) 

10. Two 50 uL aliquots of solution P are counted to assess 

total mCi dispensed. 

11. TCA precipitation is performed on 50 uL aliquots of 

solution P to assess efficiency of iodination. The specific activity 

of the labeled protein is calculated as uCi/ug from the data in steps 

9,10, and 11. 

12. If the pooled protein fraction from the G-25 filtration 

shows 95% or more protein-bound iodide, the lot is made up to 0.5% BSA 

to minimize damage by autoradiolysis. Any portion not to be used 

immediately should be divided into aliquots and quick-frozen in dry 

ice/acetone. The frozen aliquots are stored in pre-cooled lead 

containers at -40 C. 

13. If necessary, the pooled protein may be dialyzed to remove 

unwanted inorganic 1251 prior to addition of BSA and freeze-storage. 



Fluorescamine Labeling of Proteins 

This method is adapted from that of Sung, et al., (1975). 

1. The protein to be labeled is dissolved in, or dialyzed 

against, a 0.1 M borate buffer, pH 9.5. 

2. The FAM reagent is prepared by dissolving 0.8 mg 

fluorescamine in 50 uL anhydrous acetonitrile. 
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3. 2.0 mL of the protein solution at a concentration of 1-2 

mg/ml is placed in a 10 mL beaker. A small magnetic stir bar is added 

and gentle stirring is begun. Care must be taken to avoid heating of 

the vessel by the magnetic stirrer's surface. 

4. The FAM reagent is added slowly over the course of 1 min 

with constant stirring. The appearance of a slight amount of 

precipitate is normal. The solution will assume a fluorescent green 

color. The reaction is allowed to proceed 20 min. 

5. At this time the FAM-labeled protein may be desalted on a 

G-15 or G-25 column (25 X 1 cm) or dialyzed against an appropriate 

buffer if the molecular weight of the protein is greater than about 

10000 daltons. 

Titering of Soluble or Immobilized Antisera. 

A titering experiment is run to determine the optimum antiserum 

(or "binder") dilution for a given range of antigen concentration over 

which a dose response curve is to be generated. The correct dilution 

to use is that which will give approximately 30% binding of antigen at 

the highest concentration to be studied. 



Two rows of ten test tubes each are set up and labeled I-IDA 

and I-lOB (These tubes should be precoated with BSA by overnight 

incubation with 1% BSA in PBS followed by rinsing with H20 and 

drying. For immobilized antisera, 1.5 mL microcentrifuge tubes, 

similarly coated with BSA, should be employed in place of test 

tubes). To each tube "1" and "211 is added 0.25 mL of an initial 

dilution of the binder, which may be an immobilized or soluble 

antiserum. The actual value of the dilution will depend on the 

antigen concentration and on the concentration of binder to begin 

with; for most soluble hyperimmune antisera, a 1:50 dilution is 
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appropriate for concentrations of antigen below 100 nanomolar, whereas 

a 1:5 dilution of a 100 mg/mL immunosorbent suspension might be used 

for an immobil i zed antiserum. A 11 d il ut ions shou 1 d be made in an 

albumin buffer, 0.2% wt/vol BSA in 0.1 M phosphate buffered saline pH 

7.4, or similar buffer (see Adams, Layman, and Hartnagl, 1974). 

To each tube 2 through 10 is added 0.25 mL albumin buffer. 

Tubes "2" are mixed thoroughly and 0.25 mL transferred into tubes 

"3". This "serial dilution" is carried out through tubes 10, from 

which the excess 0.25 mL is withdrawn and discarded. 

The antigen is then diluted to its appropriate concentration, 

and 0.10 ml of this is added to every tube labeled 'B'. Then 0.10 mL 

of albumin buffer is added to every tube 'A'. Finally, 0.10 mL of 

labeled antigen, which should have approximately 30,000 cpm of 125r , 

is added to every tube. 

The tubes are capped, mixed well, and placed in a 350C 



temperature bath. Immobilized antisera must be rotated end-over-end 

or otherwise regularly agitated during the incubation. 
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After 2 hours, the tubes are removed and the antibody-bound 

antigen is separated from that which is unbound. In the case of an 

immunosorbent, the tubes are simply centrifuged 5 min. at 12000Xg and 

the supernatant discarded. The pellet is counted. For a soluble 

antiserum, the separation must be effected by a selective 

precipitant. For the insulin-antiinsulin system, an equivolume amount 

of 250 mg/mL polyethylene glycol 6000 (PEG 6000, "carbowax") in which 

has been suspended about 0.8 mg/mL human IgG, followed by 

ultrasonication 15 min, is added to effect the precipitation of all 

globulin and hence all antibody-bound insulin, leaving 'free ' insulin 

in the supernatant after centrifugation at 12000Xg 5 min. The 

supernatant is discarded and the pellet counted. Alternatively, 2 mL 

of dextran-coated charcoal suspension (DCC) may be added to adsorb out 

all free insulin. This precipitant is made by dissolving 0.25 g 

dextran T70 (70,000 MW) (Pharmacia) in 200 mL of phosphate or barbital 

buffer, pH 7.0-8.0 and then adding 5 g of Norit 'A'. The 

precipitating capacity of the suspension should be checked on a 

representative "dummy" sample containing labeled and unlabeled antigen 

in roughly the same concentrations as those used in the experiment. 

After adding the DCC, the tubes are shaken well for 20 sec and 

then centrifuged at 2000Xg for 15 min. The supernatants are decanted 

into separate tubes for counting. 
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Batch Standard Curve for Analysis or Scatchard Plot 

The method given be'low may be used with soluble or immobilized 

antibodies. 

1. The titer of the antiserum or immunosorbent (binder) is 

determined according to the directions given above. The titer in this 

case will be the dilution of the binder which results in 30% of the 

labelled Glntigen being bound at the highest antigen concentration to 

be used in the assay. 

2. This highest antigen concentration is serially diluted with 

BSA buffer such that 0.10 mL of each dilution ends up in the test 

tube. Five to ten dilutions should be made up, and the serial 

dilution schedule need not be 0.5, i.e., each tube may contain some 

fraction of the antigen concentration of its predecessor other than 

0.5, e.g. 0.6, if a narrower antigen concentration range is to be 

studied. For immobilized binder, the microcentrifuge tubes should be 

used. For soluble antiserum, polystyrene tubes pre-coated with BSA 

should be used. 

3. To each tube containing 0.1 mL of given antigen 

concentration, as well as 2 blanks containing 0.1 ml of BSA buffer, is 

added 0.25 mL of the predetermined binder dilution. This same aliquot 

is added to any unknowns whose volume should also be 0.10 mL. 

4. 0.10 mL of labeled antigen is added to every tube, and the 

tubes are capped, shaken to mix and placed in a SoC water bath 20 

h. If an immobilized binder is used, end-over-end rotation or 



occasional shaking must be employed. 

5. After 20 h., the same separation technique as used in the 

titering assay is used to separate antibody-bound ligand from that 

which is unbound. 
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6. A standard curve is constructed by plotting the ratio of 

bound to unbound (bound-to-free or B/F) labeled antigen vs. total 

antigen concentration. The hyperbolic shape of such standard curves 

may make it desirable to linearize by the logit transformation. Here, 

the response variable B/F is transformed into a log function. 

Defining {B/F)/{B/F)o as Y, where {B/F)o is the bound-to-free 

ratio of the blank (zero unlabeled antigen concentration), then logit 

(Y) is given by 

logit (Y) = 10g(Y/(1-Y)) (2-4) 

The variable B/Bo' where B is the bound counts at any finite 

concentration of Ag and Bo is the bound counts at zero Ag 

concentration, may be used in place of Y. 

The logit of the response variable is plotted against the log 

of the antigen concentration to give a straight line for a standard 

curve (Skelley, 1972). 

Scatchard plots may be generated from a standard curve by 

plotting B/F versus [B], the bound antigen concentration at 

equilibrium. This value may be calculated from the total antigen 



concentration [Ag]t, by eq 2-5: 

[B] = [Ag] B/F 
t (l+B/F) 

(2-5) 

The total binding site concentration [Ab]t and affinity Ko 

is then obtained by plotting B/F vs [B] according to eq 2-6 

(2-6) 

and extrapolating the linear portion of the curve (at higher antigen 

concentrations) to the abscissa (Karush, 1975). 

Packing of Columns for HPIC 

The dimensions of columns used for HPIC depended on the 
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concentrations of antigen to be studied, which in turn depended on the 

application involved. For runs involving antigen concentrations on 
-7 -5 the order of 10 to 10 molar, a 1/4" 0.0. 315 stainless steel 

(SS) column of typical dimensions 3 cm x 0.2 cm 1.0. was used; for 

lower concentrations of antigen" the column shown in Figure 7 was 

used. This consists of a SwagE~lok zero dead volume (ZDV) reducing 

union, 1/411 to 1/16", with a secured 2 micron frit and a special male 

fitting consisting of a 1/4", 0.2 cm 1.0. SS tube into which a 1/16", 

.002" 1.0. tube had been silver soldered so that the inner tube was 

flush with the outer tube. This arrangement resulted in a column 

whose dimensions were 1/4" 1.0. by 0.2-0.7 cm in length. Such columns 

are hence referred to as "low capacity" columns. The previously 
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Figure 7. Low-capacity column for HPIC studies. A: 1/16" 
O.D., 0.002" I.D. 55 tubing; B: 1/411 O.D., 4 mm LD. 55 tubing; 
C: ferrules, front and back; D: glass wool plug; E: immunosorbent; 
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F: 2 micron 55 frit set in teflon ring; G: 1/4" 5wagelok nut; H: silver 
soldered seal; I: 1/4" to 1/16 11 zero dead volume (ZDV) reducing union 
(Swagelok). 



mentioned 3 cm x 0.2 cm columns are then called Ilhigh capacity" 

columns. 
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High capacity columns were packed by slurrying 0.5 g of 

immunosorbent (10 u particles) in 50 saturated sucr-ose. This slurry 

was then pumped from a reservoir column (1/4" 0.0., 7cm x 4mm 1.0.) 

through a 1/4" union, which had been drilled out to accept the longer 

ZOV columns, into the high capacity column which had a 2 micron SS 

frit secured into its ZOV 1/4" to 1/16 11 reducing union, as in ordinary 

HPLC columns. Phosphate buffer (0.1 M, pH 7.0, 'PB~) was pumped 

through this reservoir/column arrangement at 2.0 mL/min for 15 min. 

At this time the packed column was carefully disconnected from the 

packing apparatus and the proper inlet fittings attached (ZOV reducing 

union and 2 micron frit). 

Low capacity columns were packed by suspending 70 mg of 

immunosorbent or immunosorbent mixed with diol bonded phase in 0.5 mL 

of PB and placing this suspension in the ZOV fitting. After the 

sorbent had settled by gravity, excess liquid was drawn off by pipette 

and a silanized glass wool plug, soaked in the buffer to exclude 

trapped air, was carefully inserted over the top of the bed. 

Water was then added to prevent trapped air during the 

insertion of the male inlet fitting. 



CHAPTER 3 

CHARACTERIZATION OF CONTROLLED PORE GLASS DERIVATIVES 

Diol-bonded silica was chosen as the matrix for HPIC because of 

its purported low capacity for nonspecific adsorption (Regnier, 1975) 

and the ease with which proteins could be attached to the aldehyde 

derivatives (Ohlson, 1978; Bowers and Carr, 1976). Several kinds of 

silica were investigated from the standpoint of the extent of 

silanization attainable, with the ultimate criterion being how much 

protein could be attached. 

Table II gives the yields of diol bound to each of the silicas 

investigated, as well as the amount of protein attached to each where 

this was done. The first batches (G1-G3) were prepared from 

Spherisorb SlOW spherical silica. It soon became apparent that 

silanization in anhydrous toluene (e.g., Gl, G3) represented no 

improvement over aqueous methods (G2, G7, G8) and all subsequent 

silanizations were performed in aqueous solution. The increase in 

yield of diol seen for G7 and G8 shows the importance of pre-treatment 

of the uncoated CPG with oxidizing acids, a procedure which was 

followed after discovery of its merits. This treatment of glass 

surfaces is known to serve a two-fold purpose: one, to ensure that all 

siloxane groups are protonated, since it is this form which reacts 

. 45 
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TABLE 11. Characteristics of ePG Derivatives 

Pore Surface 
protein2 ID dp1 size area Dial yield 

no. ePG (ll) (A) (m2/g) (llmol/g) (mg/g) 

G-1 Spilerisorb SlOW 10 100 300 211 

G-2 Spherisorb S10H 10 100 300 320 

G-3 Spherisorb SlOW 10 100 300 240 

G-4 Porasil 1000 37-74 1000 40 100 AIgG 0.8 
globulin 

G-7 Spherisorb SlOW 10 100 300 400 

G-8 Spherisorb SlOW 10 lOu 300 610 AIgG 6.8 
globulin 

G-9 Poras il 1000 37-74 1000 40 110 AlgG 3.4 
globulin 

G-10 LiChrospher 10 1000 20 336 CB6; AlgG 3.2; 
globulin 6.0 

G-ll Poras i 1 60 37-74 60 70 307 AIgG 1.5 
globulin 

G-14 5pherisorb 510W 10 100 300 560 CB6 3.2 
globulin 

G-15 Dow Corning 5-10 1500 20 55 
CPG-1500 

G-16 CPG-1500 5-10 1500 20 450 CP2 4.5 
globulin 

G-17 LiChrospher 10 1000 20 333 insulin 8.5 
51 1000 

G-19 CPG-1500 5-10 1500 20 67 S107 18. 
globulin 

G-20 CPG-1500 5-10 1500 20 58 CP3 24. 
globulin 

G-21 CPG-1500 10 1500 20 340 CB5 28. 
globulin 

G-22 LiChrospher 10 1000 20 97 CP3 2.8 
51 1000 globulin 

G-23 LiChrospher 10 1000 20 95 CP3 4.5 
51 1000 globulin 

G-24 LiChrospher 10 1000 20 100 -insulin 7.7 
51 1000 

1particle diameter 

2see following page 
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Notes to Table II: AIgG globulin is Kallestad goat anLi-human 
IgG antiserum from which the gamma G component has been purif'ied; CB6 
is monoclonal anti-insulin from NIH; CP2 and CP3 are'capybara 
anti-insulin antisera; and S107 is a monoclonal IgA with 
anti-dinitrophenyl activity. 
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with the silane; two, to strip the silica surface clean of any 

adsorbed organic material which might interfere with the silanization 

reaction. The importance of the latter was suggested by Dr. Art 

Barry, formerly of Dow Corning, who recommended hot chromic acid for 

this end. 

The highest yields of diol attend the SlOW beads, which not 

surprisingly had the highest surface area of those silicas 

investigated. Indeed a fair correlation exists between surface area 

and yield of diol, as may be seen by comparing the data for these 

values in Table II. It is of interest to note that the silanization 

reaction is quite reproducible, provided the same batch of silica is 

considered. Thus G-lO and G-17, prepared on two occasions from a 

single batch of LiChrospher SI 1000 (a gift of Altex Inc.) gave values 

of 334 ~ 2 umol/g. A second lot of the same silica, purchased from 

Me/B, gave values of 98 ~ 3 umol/g (G-22 thru G-25). The same batch 

of Dow Corning CPG-1500, silanized on 4 different occasions gave 

values of 55,58 and 67 umol/g on three of these. The one value of 450 

umol/g attended an experiment in which the silica particles were not 

rinsed at all following silanization; the reaction liquor was merely 

filtered off, in hopes that the yield of diol would thereby be 

increased. 

The apparent improvement in diol yield in this case can be 

explained by noting that the formation of silane polymers in the 

reaction medium precedes or occurs Simultaneously with condensation of 

silane on the silica surface (Carr and Bowers, 1980). This 
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condensation results in the formation of a loosely adsorbed polymer 

layer on the surface which upon dehydration forms the final covalent 

linkages with the surface as intervening water layers disappear. It 

has been seen that, prior to dehydration, this polymer layer is 

subject to partial desorption by extensive washing (Hunter, Gordon, 

Barry, Hyde, and Heidenreich, 1947). For this reason, it is expected 

that no washing at all will leave several polymer layers which upon 

dehydration would give much higher diol yields than a silica which is 

washed prior to drying. However, occlusion of the pores of CPG might 

be expected when interstitially trapped silanating reagent is left 

behind to react further during drying. 

An examination of the protein yields of the various silicas 

demonstrates that high concentrations of dial do not produce a 

corresponding ability to bind more protein. Thus G-19 and G-20, 

prepared from 1500 A pore size silica, displayed unusually high 

capacities for antibody globulin, whereas G-16 bound 4-5 times less 

per gram, despite a much higher diol concentration. Indeed the large 

amounts of protein found on the G-19 and G-20 sorbents presumably 

reflect the greater accessibility of the internal pores of the matrix 

relative to other silicas of lesser pore diameters; the lower capacity 

of G-16 for protein might then be explained by the restriction in pore 

diameter due to extensive silanization. 

The values for attached proteins compare reasonably well with 

those reported by other workers. Smith (1977) gave a maximum of 0.4 

mg protein/g of alkylamine-derivatized CPG, but unfortunately no 
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reference is made as to which CPG this is. Robinson et ale (1971) 

reported yields of 12-16 mg of protein per g for chymotrypsin and 

B-galactosidase, usin.g Corning CPG 10 of 2000 ~ pore diameter. This 

is similar to values of 20 mg/g obtained by Royer for trypsin attached 
o 

to 500 A glycophase G by reductive alkylation. These cases involved 

the use of either relatively large pore sizes, small proteins, or 

both. The importance of steric considerations in the design of 

affinity systems is well illustrated in the case of immunosorbents 

based on glass, where the globulin protein is of higher molecular 

weight; here, the yields reported by various workers are seen to be 

more in line with the results in Table II. Roy and Kundu (1979) 
o 

reported 5 mg of antibody protein attached per g of 500 A 

aminoalkylsilyl glass. Ohlson and co-workers (1978) obtained a yield 
o 

of 4 mg/g for antibodies immobilized on 10 u, 60 A GOPS-CPG particles. 

The results reported here lead to the conclusion that maximum 

loadings of globulin protein onto CPG are to be achieved using 
o 

particles with pore sizes of 1500 A or greater. Other considerations 

dictate the optimal particle size, which for HPIC work should be as 

close to 5 u as possible to minimize mass transfer resistance 

(Horvath, 1978). As the particle sizes and pore diameters converge, 

however, the fragility of the matrix will increase, thus imposing 
o 

limits on the pore size used. Probably a 5 u, 2000 A pore size 

particle would prove the best suited for the work to be discussed 

subsequently. At present, however, such particles are not available 

commercially. 

At this point it is worth noting that the determination of 



51 

total protein bound to adsorbents is a problem still lacking an 

entirely satisfactory solution. The method given in the experimental 

section was found to be in genera) agreement with a protein balance 

method based on difference between the protein initially offered and 

that recovered in the washes. The protein balance method suffers from 

the inherent disadvantages of being an indirect technique, and is 

subject to serious errors if protein is lost due to adsorption or 

spillage during the transfers and separations which accompany the 

coupling reactions. On the other hand, hydrolysis followed by 

separation of the matrix and evaporation of the HCl is a 

time-consuming process with at least two transfer steps giving ample 

opportunity for losses; another source of loss is violent boiling 

during the initial application of vacuum. A possible avenue to 

explore is the dissolution of the matrix by hydrofluoric acid prior to 

quantitation by Folin-Lowry assay. Preliminary experiments indicate 

that a 50 mg sample of immunosorbent can be totally dissolved by as 

little as 100 uL of HF. This small an amount of HF does not appear to 

interfere with the subsequent assay of the solubilized protein. 

Surface Area Coverages 

Taking the average dimensions of an IgG antibody molecule as 
o 

150 x 35 x 100 A, a conservative average value for the cross-sectional 

area can be obtained of about 3600 A2 (Karush, 1975). For the 

anti-human IgG coupled to G-10, a loading of 0.05 umol/g of glass was 

obtained. This silica has a BET surface area of 20 m2/g. Thus the 



fractional coverage of the surface can be computed as shown below: 

3600 A02/ 1 -8 / - 23 mo ecule x 5 x 10 mol g x 6.02 x 10 molecule/mol 

= 0.056 or 5.6 of the BET surface area is "covered" by immobilized 

antibody. Since the size of the reacting antigens studied in the 

following pages is never greater than the antibody, it is clear that 

the nature of the uncovered surface can playa role in the overall 

chromatographic behavior. 

Stability of Bonded Antibodies 
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The stability of silica-immobilized antibodies was evaluated by 

subjecting immul1osorbents prepared from [125I]_IgG to a series of 

successive washes in either PBS, pH 1.5 sulfamic acid (SAM), or 50 

CH3CN/SAM, all of which were used as column irrigants for later 

experiments. The results of these studies are shown in Figure 8. In 

each case, the immunosorbent was subjected to 24 hours of end-over-end 

rotation in 4 ml of the appropriate solvent, whereupon the supernatant 

was separated by centrifugation and its activity determined. The 

solid phase was also counted, and then fresh solvent added and the 

experiment continued. 

In all three cases it can be seen that rate of leakage of the 

immobilized ligand is negligible after the fourth wash, up to which 

point the leakage is undoubtedly due to desorption of non-covalently 

bound protein. 
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Figure 8. Leakage of immobilized [1251]-lgG from 
diol-bonded silica immunosorbent. Rate is expressed as ratio of 
supernatant/solid phase activity. 1mmunosorbent (0.25 g) was 
suspended in 4 mL of solvent with 24 h of agitation between washes. 
Solvents: PBS, pH 7.0 (~); 0.03 M sulfamic acid, pH 1.5 
(6····· .. l:l); 1:1 CH3CN:0.03 M sulfamic acid (&-~). 
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CHAPTER 4 

NON-SPECIFIC ADSORPTION 

The adsorption of proteins onto surfaces is a phenomenon well 

known to those whose work involves biomacromolecules. It has been 

made the subject of this chapter because of its relevance to 

immunoaffinity systems, whose highly dispersed matrices offer enhanced 

opportunities for non-specific adsorption. 

It has been repeatedly observed that bioaffinity systems will 

exhibit tandem binding by both the intended biospecific interactions 

and accidental non··specific ones (Egly and Porath, 1978). The 

consequences of these competing processes can often be such as to 

render a planned purification or assay scheme useless. This can be 

seen for the general case of a purification by affinity 

chromatography. Considering the binding of a ligate to occur with 

just two sites, one non-specific, the other bio-specific, one can 

assign relative binding affinities and concentrations to these. A 

realistic model would be one in which the specific ligand exhibits an 

affinity for ligate three orders of magnitude greater than the 

non-specific sites. The surface concentration of these non-specific 

sites would probably be as much as lOaD-fold greater or more than that 

of the specific ligand (Sportsman, Liddil and Wilson, 1982). 

Equilibrium calculations can be performed (Appendix II}to demonstrate 
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that at increasing ligate concentrations, the fraction bound to 

non-specific sites will exceed that specifically bound, even when the 

ligand concentration is still in excess of the total ligate. If the 

conditions which cause bio-specific elution do not also elute the 

non-specifically bound ligate, then the recovery will be poor; if on 

the other hand the eluting conditions disrupt both types of binding, 

then the separation of ligate from a complex mixture will be poor 

since other non-specifically bound constituents of the mixture will be 

co-eluted. 

Similar considerations can be invoked to qualitatively assess 

the detrimental effect of non-specific adsorption on analysis schemes 

using an immunosorbent. Figure 9 shows the loss in sensitivity 

suffered by each of three common solid phase immune assay systems: 

competitive binding, immunoradiometric assay, and a sandwich assay. 

In all cases this loss in sensitivity results from the non-specific 

adsorption of a labelled antigen or antibody to the solid phase 

surface. 

The mechanisms of non-specific adsorption (NSA) vary depending 

on the matrix and the protein being studied. In general these include 

all non-covalent interactions: hydrophobic, electrostatic, dispersion 

forces and hydrogen bonds (Eg1y and Porath, 1978). 

Hydrophobic interactions have already been imp"iicated in the 

association of proteins with cell membranes and with each other, as 

well as in the mechanism of adoption of ternary protein structure 

(Moon, Poland and Scheraga, 1965; Dand1iker and De Saussure, 1971). 
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Figure 9. Effect of non-specific adsorption on immunoassay 
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bearing Ab or Ag binds to NSA sites whosr concentration is 10-3 M. 
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for NSA is 105; for speclfic interaction, lOla. 



57 

Speculations still exist as to the exact nature of these interactions, 

but clearly the high surface tension of water plays a major role in 

defining the energy of hydrophobic phenomena (Tanford, 1979). It is 

now well known that the exterior regions of soluble proteins can be 

quite hydrophobic in nature (Shaltiel, 1974), thus providing ample 

opportunity for interaction in this way with a surface. 

Electrostatic interactions of proteins, which are 

polyelectrolytes, with charged surfaces can be quite strong, depending 

on the isoelectric point (pI) of the protein, and solution parameters 

of pH, and ionic strength. Ion exchange chromatography of proteins is 

an example of a useful application of this type of protein binding to 

surfaces. The charge exhibited by many bioaffinity surfaces may endow 

them with undesirable ion-exchange properties leading to non-specific 

interactions. 

The evidence for interactions other than ionic or hydrophobic 

is scarce. Hofstee and Otillio (1978) ruled out either of these 

mechanisms as an explanation for the adsorption of globulin to 

CNBr-activated sepharose, implying that hydrogen bonding was 

responsible. Barford, et ale (1982) have recently suggested that 

adsorption of proteins in reverse phase HPLC is a function of 

interfacial tension, which led them to propose a van der Waals 

interaction as the force binding the protein to the surface. 

A review of the literature on non-specific adsorption reveals 

much work on this phenomenon as it applies to polysaccharide 

supports. Most activation methods for these materials leave a matrix 



bearing an amine (aminobenzyloxymethylcellulose) or imidocarbonate 

(CNBr activated-sepharose). Such procedures result in a 

charge-bearing matrix which may contribute to non-specific 

interactions. Nardella and Mannik (1978) demonstrated that ionic 

interactions govern the non-immunospecific binding of IgG to CNBr 

activated sepharose. Murphy, et al. (1977) showed that use of a 

non-ionic activation procedure for preparation of Sepharose 4B 

i~nunosorbents eliminated the need to use strongly deforming elution 

conditions which were found necessary to cause elution from CNBr 

activated sorbents. Wilchek, et al. (1974) demonstrated the ion 

exchange mechanism of these interactions. In some cases, the strong 

adsorption could be overcome by adding increasing concentrations of 

ionic salts such as NaCl, until the problem was controlled (O'Carra, 

et al., 1974). 
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However, that the adsorption of immunoglobulins to 

CNBr-activated agarose is due to non-ionic forces is also known. 

Hofstee and Otillio (1978) showed that when residual charged groups on 

CNBr-activated aminoalkyl agaroses are inactivated by heating or by 

presence of salt concentrations greater than 0.3 M, hydrophobic 

bonding, reversible by 50% ethylene glycol, was seen. In addition, 

these authors detected another type of NSA which they ascribed to 

hydrogen bonding to the agarose matrix. 

In the early seventies it was generally agreed that the use of 

a "spacer arm" to attach biomolecules to the surface of a support 

resulted in enhanced preservation of biological activity (Cuatrecasas, 
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1970 and 1972}. Initially, hydrocarbon spacers were used, containing 

six to 10 methylene groups terminated at either end by amino groups. 

It soon became apparent, however, that these alkyl arms were often 

responsible for binding of a purely non-specific, hydrophobic nature. 

(O'Carra 1974a, 1974b). It was noted that in some enzyme purification 

systems, application of a competing counter-ligand would not effect 

elution of the enzyme, nor would strong salt solutions or dilute 

acids. The replacement of hydrophobic arms by those of a more 

hydrophilic nature alleviated this problem. Indeed the separation of 

proteins by hydrophobic effects using aminoalkyl-substituted agaroses 

was subsequently popularized by Shaltiel (1973). 

The treatment of NSA on these surfaces has been approached in 

numerous ways. The difficulty in developing ~ priori an 

immunoaffinity scheme whose non-specific interactions may be predicted 

is exacerbated by the fact that protein tertiary structure is quite 

variable. Thus one is led to adopt an empirical approach such as that 

of Smith, et al. (1978) who found that NSA of serum proteins by 

sepharose-bound antigens could be controlled by adding both surfactant 

(0.1% Tween) and 1 M NaCl to overcome the above-mentioned dominant 

effects. 

An important phenomenon is compound affinity, in which 

biospecific binding is accompanied by non-biospecific interactions. 

It has been observed that the interactions of proteins with 

immobilized bioligands may be strengthened by secondary ionic or 

hydrophobic interactions, and this may be advantageous to the 
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separation. (Parikh, et. al., 1974) The increase of the strength of 

compound affinity with residence time of the ligate in the matrix 

points to the primacy of the specific interaction and to the generally 

slower kinetics of NSA. 

Protein adsorption on glass surfaces 

The adsorption of proteins onto glass surfaces has been studied 

by several investigators. In their review on the subject, Brash and 

Lyman (1971) have shown that the binding of protein by powdered glass 

follows a Langmuir adsorption isotherm. The fact that this adsorption 

seems to be minimal at the protein's pI has been taken to indicate 

that this binding is non-ionic. On the other hand, considerable 

evidence exists for an ionic mechanism. The desorbing effects of 

acids and salts, as well as changes in apparent pI upon binding to 

charged surfaces, all point to some kind of charge interaction. 

Messing (1975) observed that an initial binding of protein to 

controlled pore glass (CPG) was greater for those proteins having 

higher pI values. He concluded that interactions of protonated amines 

with negatively charged surface silanols were responsible for this 

"rapid" «20 min) binding. However, desorption of the protein 

required both urea and acid simultaneously, an observation which led 

him to conclude that both hydrogen bonding and ionic interactions 

played a role in the adsorption of proteins. 

Alkylamine derivatives of CPG have been investigated as 

substrates for immunoaffinity chromatography. It has been generally 
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agreed that the si1anization of silica supports promotes the 

deactivation of the surface to irreversible adsorption, while 

providing both Iispacer arm" and chemical reactivity for attachment of 

ligands (Smith, 1977; Weeta1l, 1974). The preparation of active 

immobilized enzymes and immunosorbents from these materials has been 

undertaken with reasonable success. Nonetheless, the charge on the 

amine has been implicated in non-specific adsorption. Hamaguchi, et 

a1. (1976) estimated that the detection limit of a sandwich enzyme 

immunoassay for human IgG was governed by the extent of nonspecific 

adsorption to aminoa1ky1si1yl glass rods, which incidentally was less 

than with a CNBr-activated Sepharose 4B matrix. Hodes and Glier 

(1975) noted irreversible adsorption of DNase and amylase to 

immunosorbents based on aminoalkylsily1 CPG; furthermore, the affinity 

behavior of these sorbents was highly irreproducible. 

Difficulties such as those described above have led to the 

development of modified CPGls with surface morphologies which attempt 

to mimic the carbohydrate properties of the more inert polysaccharide 

matrices. Regnier and Noel (1976) demonstrated a dramatic reduction 

in irreversible adsorption of a wide variety of proteins by CPG 

treated with glycero1propy1si1ane. Using similar diol-bonded phases, 

Karger, et ale (1980) demonstrated that proteins would exhibit 

theoretical size-exclusion HPLC chromatographic behavior. Departures 

from expected linearity in the relationship of log MW to 

chromatographic retention could be controlled by addition of ethylene 

glycol to the aqueous buffers, suggesting that non-ionic interactions 



might be contributing to retention. Ohlson, et ale (1979) 

demonstrated the suitability of GOPS-bonded silica for high 

performance immunoaffinity chromatography, using anti-human serum 

albumin antibodies immobilized on this matrix by reductive 

alkylation. Tayot, Tardy and Mynard (1978) used anti-cholera toxin 

antibodies bound to dextran-coated CPG for the immunoaffinity 

chromatography of cholera toxins. They were able to demonstrate a 

separation free of non-specific adsorption effects. 

Studies of Non-specific Adsorption on Silica 

The awareness of the interferences resulting from possible 

non-specific adsorption led to many experiments designed to evaluate 

the extent of this problem during the course of this research. 
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It was found that bovine serum albumin (BSA) was retained by 

neither the antihuman IgG (AIgG)-G8 immunosorbent nor the CB6 

antiinsulin G-14 immunosorbent (see Table II), when concentrations of 

about 1 mg/mL were studied. However, apparent non-specific binding of 

fluorescamine-labeled human IgG (FAM-IgG) by the antiinsulin CB6-G14 

column was observed. When 50 uL of 100 ug/mL FAM-IgG was injected, 

approximately half of the fluorescence eluted only after the 

acetonitrile content was raised to 30%. This effect could be lessened 

by a factor of 10 or more by addition of as little as 6% CH3CN in 

the phosphate buffer mobile phase. However, the supposedly 

biospecific binding of FAM-insulin to the column was affected in 

roughly the same manner, indicating that some degree of NSA occurs 
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even in this case. 

These results are in agreement with those of later experiments 

whose original purpose was to separate insulin and FAM-insulin from 

other proteins by reverse phase or high pressure size exclusion liquid 

chromatography. In retrospect these experiments afforded an 

opportunity to observe the chromatography of insulin on other types of 

silica. Surprisingly, the type of silica used seemed to have little 

bearing on the chromatographic behavior of insulin. Figure lOa shows 

a chromatogram of insulin on a LiChrosorb RP-18 column, 15 cm X 0.4 

cm. Insulin is completely retained until the mobile phase composition 

reaches 80% CH3CN, at which point it elutes as a broad peak. 

Subsequent blank runs continued to show a memory effect, sometimes 

even after 3 cycles through the gradient program. 

On the other hand, no retention occurs at all when the 

FAM-insulin is injected with 80% CH 3CN as the mobile phase. 

Equivalent behavior was seen on columns packed with diol-honded CPG 

(G-23), and with unsilanized CPG, as shown in Figures lab and lac. 

Here, however, elution is accomplished by a lower CH 3CN content 

(35%), indicating that insulin is less strongly adsorbed by these 

silicas than by the RP-18 (octadecylsilane-bonded) silica. 

Cytochrome c, with its large number of exposed lysine residues, 

is often considered to be a good probe for negatively charged surface 

silanols on silica (Messing, 1975). Regnier and Noel (1976) noted 

that 60% of 100 ul of a 10-6 molar cytochrome c aliquot could be 

recovered from a 1 meter column of diol-bonded CPG (glycophase G, 
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Figure 10. HPLC behavior of FAM-insulin. a) column: Altex 

ODS, 15 x 0.4 cm; buffer: 0.2 M triethylammonium acetate, pH 3.0; flow 
rate: 1.0 mL/min; sample: 20 ug/mL FAM-insulin in 0.1 BSA. b) column: 
5 x 0.2 cm LiChrospher SI 1000 (silica); buffer: 0.1 M P04, pH 7.0; 
flow rate: 0.5 mL/min; sample: 50 ug/mL FAM-insulin. c) column: 
7.5 x 0.2 cm diol-bonded LiChrospher SI 1000; buffer: 0.05 M P04 pH 

7.0; CH3CN modifier includes equivolume 0.03 M sulfamic acid pH 1.5; 
other conditions as in b). All cases: 10 uL injection volume; 
detection by FO with 390 nm excitation and 470 nm emission. 



37-74 u particles), whereas the same column packed with uncoated CPG 

totally adsorbed this protein. 
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Studies conducted in this laboratory largely confirmed these 

findings. A high capacity column was packed with G-14 diol-bonded CPG 

and tested for cytochrome c adsorption. Aliquots of 20 ul of 8 X 

10-5 M cytochrome c were injected, at a flow rate of 0.3 ml/min. 

Under these conditions the contact time between solute and stationary 

phase is about 0.5 min. It was found that 92 ~ 1% (one standard 

deviation, 5 trials) of the cytochrome c was non-retained. 

Conservative surface area calculations show that this column should be 

able to accommodate 83 mg of this protein. Since the amount applied 

was over one thousand times less, it seems unlikely that saturation 

was occurring. Thus the diol bonded silica displays much lower 

non-specific adsorption for this protein than for insulin, FAM-insulin 

or FAM-IgG. 

The conclusion to be drawn from these studies is that the 

extent of non-specific adsorption on silica is a function of the type 

of surface, the probe molecule used, and the mobile phase. In the 

case of insulin, the adsorption appears to be a function mostly of the 

mobile phase; although the more hydrophobic RP-18 column exhibited 

stronger binding of this protein than either of the other two columns, 

the nature of this interaction appeared to be the same for all three, 

since elution was accomplished by increasing the CH3CN content of 

the mobile phase in all cases. In light of recent studies (Barford, 

et ale 1982) pointing to the importance of interfacial tension, and 



hence mobile phase surface tension, to the retention of proteins in 

HPLC, it can be postulated that mobile phase surface tension plays a 

major role in the non-specific adsorption of insulin. The lack of 

significant retention of BSA and cytochrome c, on the other hand, 

indicates that this effect does not govern the retention of all 

proteins. The indications are, again, that the complexity of the 

phenomena which result in non-specific adsorption dictate that the 

researcher approach the problem in an empirical manner. 
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Just such an approach has been taken by those working in 

immunoassays. It has been common practice to run protein-binding 

assays in a medium containing large excesses of some "inert" 

non-specific protein such as BSA or fetal calf serum. The rationale 

for this is that the adsorptive sites encountered by analyte during 

the assay will be saturated by the inert protein. That the inert 

protein is truly inert must be established for each new assay 

employing it, however. As discussed in succeeding chapters, the use 

of BSA in the above manner was often sufficient to deal with problems 

of non-specific adsorption on dial-bonded silica when performing 

immuno-specific binding experiments. 



CHAPTER 5 

PROPERTIES OF CPG IMMUNOSORBENTS SPECIFIC FOR 

HUMAN IMMUNOGLOBULIN G ANTIGEN 

Preliminary studies by Smith, (1977) and those of Ohlson et ale 

(1979) demonstrated the feasibility of carrying out an immunoaffinity 

experiment using high performance liquid chromatography (HPLC) 

technology. In both cases, macromolecular antigens (human IgG (HIgG) 

and human serum albumin (HSA), respectively) were applied to columns 

packed with appropriate antibodies immobilized on 10 u silica 

particles. It was anticipated that such chromatographic experiments 

could provide fundamental information about the antibody-antigen 

interaction. Thus experiments were performed to prepare and 

characterize an immobilized goat antibody to HIgG both in the batch 

mode and chromatographically. The goat antihuman IgG (AlgG) antiseum 

was supplied as the IgG fraction of the serum. This was dialyzed 

against 0.1 M borate buffered saline (BBS), and attached to the glass 

as in the Methods Section. The glass used was G-8, and the resulting 

immunosorbent had the yield of 6.8 mg/g reported in Table II. 

The HIgG to be used as antigen was radiolabeled as described 

under the Methods Section and was shown to be reactive toward antibody 

by double diffusion in 1% agar after the method of Ouchterlony 

(Ouchterlony and Nilsson, 1973). The specific activity was 1600 
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Cilmo1 indicating that only 1 IgG molecule in 1000 is labeled. This 

low specific activity provided sufficient sensitivity and minimized 

radiation damage. Initial experiments designed to measure the binding 

of [125 r]_IgG to the immunosorbent were unsuccessful; the B/F values 

(based on radioactivity) were erratic and showed no correlation to 

total antigen concentration. This was attributed to a random 

non-specific adsorption of the protein to the polyethylene test tubes, 

a problem which was ultimately controlled by pre-coating the tubes 

with BSA. In later experiments BSA (0.1% wt/vo1) was also included 

in the buffers used for dilutions and assays. 

This [125 I]_HIgG was then used to titer the immunosorbent and 

generate a Scatchard plot. A successful binding constant 

determination is shown (solid line) in Figure 11. The hyperbolic 

shape of this curve is indicative of a heterogeneous interaction 

(Steward, 1975). The Sips transformation of these data yields a value 

for the average affinity, Ko' of 4.4 X 107 L/mol. The value of 

the heterogeneity index "a" obtained from this plot was 0.73, 

indicating that 75% of the antibody population exhibits affinities 

from 0.16Ko to 6Ko (Nisonoff, et al., 1975). 

Control experiments were run to ascertain the biospecific 

nature of this binding. A "dummy" immunosorbent consisting of BSA 

bound to the same CPG was suspended in the same concentration as that 

used for the actual binding constant determination, and various 

similar concentrations of [125 I ]_HIgG were allowed to equilibrate as 

in the specific binding studies. The dashed line of Figure 11 depicts 
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Figure 11. Scatchard plot for binding of [125IJ-IgG to 
immunosorbents. Solid line and circled points represent binding by 
AlgG-G10 (specific) immunosorbent; dashed line (triangles) represents 
binding by BSA-G13 (non-specific) immunosorbent. 
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the observed behavior, demonstrating that non-specific binding is very 

low under these conditions. 

Chromatographic Method for Studying Antigen-Immunosorbent Interaction 

Once an effective immunosorbent had been made, its 

incorporation into the technique of HPIC for binding constant 

determinations required much experimentation. It became apparent that 

the elution of bound antigen was best accomplished by applying a 

sudden, sharp "step" change from the initial buffer to a low pH 

buffer. This was ultimately accomplished by inclusion of a three-way 

switching valve with 1/8" i.d. ports and an outlet adapted to 

accomodate the 1/16" SS tubing leading to the injection valve. The 

dual-reservoir ("di-isocratic") solvent delivery system in its final 

form is shown in Figure 12. The detector in this case was a 

Perkin-Elmer model 204A spectrof1uorometer equipped with an u1tramicro 

flow cell. Excitation and emission wavelengths were 280 and 335 nm, 

respectively, for monitoring IgG natural fluorescence. Fluorescence 

monitoring was chosen for its greater sensitivity and freedom from 

refractive index changes which severely limited the usefulness of 

absorbance detectors. 

Stainless steel columns, 4 cm X 2.1 mm i.d., were packed by 

slurrying the immunosorbent in 50% saturated sucrose. The column void 

volume was determined by measuring the elution volume of 10 uL of 

bovine serum albumin (1 mg/mL) or of pure water, both of which are 

nonretained. 
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Figure 12. Block diagram of HPIC apparatus. Detector is a 
Perkin-Elmer spectrofluorometer equipped with a micro flow cell. 
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Initially, the pH 7.4 buffer supplied from reservoir A flows 

through the column at a constant flow rate. When a 10 ul sample of 

human IgG is injected onto the column, a peak which elutes with the 

void volume of the column is seen. This is represented by the event 

marked "A" on th~ chromatogram shown in Figure 13. When the mobile 

phase is changed to pH 2.2 buffer by switching to reservoir "B", the 

antigen-immunosorbent complex formed during event "A" dissociates 

(Ohlson, et al., 1978; Weliky and Weetall, 1972), giving rise to the 

peak which follows event "8" on the chromatogram. The eluting antigen 

is detected by monitoring the native fluorescence of the protein. 

Since this fluorescence is quenched at pH 2.2, a postcolumn 

pH-adjusting buffer (0.3 M phosphate, pH 8.0) is introduced as shown 

in Figure 12. To ascertain that the peak areas on the chromatograms 

may be correlated to the mass of eluted antigen, 1.0 ml fractions were 

collected during three runs at IgG concentrations of 4.0, 6.0 and 16.0 

mg/ml. The amount of protein in each was determined by Folin-lowry 

assay. The ratio of the protein content in each pair of peak 

fractions was found to parallel that of the corresponding 

chromatographic peak areas. The recovery of antigen in all cases was 

greater than 95 percent. 

Determination of Apparent Binding Constants 

Studies were made by using varying concentrations of antigen at 

a given flow rate. It was observed that the ratio of the amount of 
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Figure 13. HP1C chromatogram for 19G system. 1mmunosorbent: 
A1gG attached to LiChrosphere Si 1000; column: 4 x 0.2 cm; flow rate: 
0.5 mL/min; mobile phase "A": PBS pH 7.4; mobile phase "B": 0.01 M 
phosphate pH 2.2; antigen (lgG) concentration: 1.4 mg/mL; volume 
injected: 10.0 uL; fluorometric detection with excitation 283 nm, 
emission 335 nm. 



antigen which elutes immediately upon injection to that which 

subsequently elutes upon changing the mobile phase is a hyperbolic 

function of concentration, as shown in Figure 14 for the 19G system. 
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The similarity of this curve to those obtained in ordinary 

immunoassay procedures led toa description of the data in terms of an 

apparent binding constant, K' , given by 

K' = (~bAg) 

(~Ab)(Ag) 

= B (5-1) 

Here, B is the moles of antigen bound by the immobilized 

antibody upon injection. F is the moles of antigen which pass 

unretarded through the column, (~Ab) is the moles of immobilized 

antibody binding sites left unoccupied during the interaction, and 

brackets signify that these quantities are expressed as molar 

concentrations. 

Since the unretarded antigen elutes at vo' the void volume of 

the column, the interaction with immobilized antibody is assumed to 

occur in an effective volume equal to this void volume. Taking A9t 
to represent the total moles of antigen injected, the concentration 

terms of eq 5-1 may be rendered into the following relations: 

[B] = B/vo = [A9t(B/F)/(1+B/F)]/vo 
[F] = F/vo = [B]/(B/F) 

[~b] = (~b)/vo 

(5-2) 

(5-3) 

(5-4) 
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Figure 14. Plot of B/F ratio vs. total antigen concentration 
for IgG system. 



Since (Ab)t defines the total moles of antibody binding sites 

on the column, then by invoking the appropriate mass balance 

relationships, one can derive the Scatchard equation from the above 

equations: 

(5-5) 

A plot of the area ratio of the peaks labeled 'A' and 'B' in 

Figure 13 against [B] gives a slope of -K' and an intercept on the 

abscissa from which the concentration of antibody binding sites 

[Ab]t may be calculated. For example, when the data of Figure 14 

are plotted in this fashion, the nonlinear curve of Figure 15 

results. The hyperbolic shape of this plot indicates that a 

heterogeneous population of binding sites is present. 
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The data can be plotted according to an equation similar to Sips 

log[r/(n-r)] = a log K' + a 10g[F] (5-6) 

where r = [B]/[Ab]t, n is the number of Ag binding sites per 

molecule of antibody, and a is the so-called "heterogeneity index" as 

described in Chapter 1. 

Extrapolation to the abscissa of the linear portion of the 

curve of Figure 15 yields [Ab]t; from this, r and thus log(r/(n-r)) 

may be calculated. When this parameter is plotted vs. log [F] using 

data as in Figure 15, the value of log K' is then obtained as either 
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intercept while a is the slope. 

Verification of Theory 

The values of the apparent binding constant K' and 

heterogeneity index a for the anti-IgG column were determined at 

several flow rates. The results are shown in Table III along with the 

batch results. Figure 16 shows the flow-rate dependence of K'. It is 

to be noted that the least-squares straight line extrapolates to a 

value for log K' of 7.8 at the ordinate intercept. This compares 

favorably to the batch (static) value of 7.6 ~ 0.2 (one standard 

deviation) for the same immunosorbent. 

A comparison of Figures 11 and 15 further serves to indicate 

the validity of the chromatographic method for determining K'. It can 

be seen that both curves display a similar hyperbolic shape. 

Inspection of Table III shows that the values of the heterogeneity 

index for these two sets of data are indeed similar suggesting that 

the heterogeneity is not an artifact of the chromatographic process. 

In all cases the IgG-anti-IgG system shows considerable heterogeneity 

as seen in Table III. 

The values for [Ab]t as shown in Table III for the IgG system 

seem to increase with decreasing flow rate. This indicates that the 

reaction of antigen with immobilized antibody binding sites is 

sufficiently slow that the residence time of the antigen in the column 

dictates the availability and hence the apparent concentration of the 

binding sites. The limiting value for [Ab]t appears to be 0.10 mg/g 



Table III. Apparent binding constants for antibody-antigen 

flow rate,a 
K I, M-1 a b immunosorbent antigen mL/min 

anti-IgG IgG 0.1 5.6 x 107 0.52 

anti-IgG IgG 0.3 1.7 x 107 0.77 

anti-IgG IgG 0.8 7.3 x 106 0.75 

anti-IgG IgG 2.0 1.6 x 105 0.50 

anti-IgG [125I]-IgG 0 4.4 x 107 0.73 

CB6d FAM-insulin 0.3 8.8 x 105 0.94 

a A zero flow rate indicates a static or batch measurement. 

b Heterogeneity parameter determined from Sips plot. 
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reactions. 

[Ab]t,C 
mg/g 

0.10 

0.072 

0.039 

0.027 

0.098 

0.19 

c Expressed as weight of specific active antibody per gram dry weight 
of glass; value obtained from equation 5. 

d Monoclonal antiinsulin obtained from NIH. 
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Figure 16. Flow rate dependence of apparent binding constant 
K'. Antigen: human IgG; immunosorbent: goat antihuman IgG bound to 
LiChrospher Si 1000. Conditions as in Figure 13. 
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as shown in Table III. A value of 0.82 mg of specific antibody/g of 

immunosorbent was determined by analysis of the immunosorbent. The 

specific antibody content of the antiserum as supplied was assumed to 

be 12.0% of the total protein on the basis of data provided by the 

manufacturer. It can be concluded that the coupling procedure results 

in loss of activity (Line, et al., 1973), such that 11% of the 

original antibody activity remains. This is confirmed by the results 

of the batch experiment, from which a value for [Ab]t of 0.098 mg/g 

glass was calculated (Table III), again representing a recovery of 11% 

of the original antibody activity. 



CHAPTER 6 

PROPERTIES OF ANTI-INSULIN IMMUNOSORBENTS 

The HPIC of IgG indicated that attempts to extract quantitative 

thermodynamic parameters of immunochemical reactions can be hampered 

by the heterogenous nature of the antibodies and/or antigens used as 

reactants. The possibility exists that an immobilized antibody may 

exhibit additional heterogeneity as a consequence of its association 

with the surface of the support. Any attempt to observe this 

additional heterogeneity will be hopeless unless the reactants are 

initially homogeneous with respect to binding affinity. 

For this reason the insulin/anti-insulin system was selected 

for study by HPIC. Hybridoma antibodies against insulin were obtained 

as described in Chapter 2. Such antibodies are the products of 

cultured hybrid cells made by the fusion of specific Ab-secreting 

spleen cells with tumor cells (Kohler and Milstein, 1975; St. Groth 

and Scheidegger, 1980). The resulting hybrids have the desirable 

properties of growing avidly ~ vitro and secreting monoclonal 

antibodies possessed of a single type of binding site and hence a 

single binding affinity. The acquisition of the so-called CB6 

monoclonal anti-insulin antibodies thus provided a system consisting 

of homogeneous antibody and antigen. 

An immunosorbent prepared from the CB6 antibodies and CPG 

(G-14, see Table II) had a protein load of 3.2 mg/g. The HPIC 

behavior of this immunosorbent was investigated in the same manner as 
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for the HIgG-AIgG system. However, it was found that the native 

fluorescence of insulin was too weak to enable detection at the 

required levels. A fluorescamine-labeled insulin (FAM-insulin) was 

prepared according to the method of Sung, et al., (1976). This 

FAM-insulin could be detected in sub-microgram amounts using 

excitation and emission wavelengths of 390 and 470 nm, respectively. 

The number of fluorophors attached per molecule of insulin was 

determined to be 0.7 using a molar absorptivity of 1.7 X 104 

M-1'cm-1 for fluorescamine at 390 nm. For FAM-insulin it was 

necessary to determine protein concentrations by Folin-Lowry assay 

rather than by simple absorbance at 280 nm because of apparent 

interference by the fluorophor. 
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The chromatographic behavior of the FAM-insulin-antiinsulin 

system is shown in Figure 17. In this case, elution of the 

antibody-bound FArv!-insulin (i.e., event "8") is accomplished by 

applying 25% acetonitrile in P8S from reservoir 8 to the column, since 

elution was not observed using an acid buffer as in the case of the 

IgG system. Naturally, the postcolumn pH adjustment was not needed. 

Initially it was found necessary to collect fractions and 

determine by spectrofluorometry the amount of FAM-insulin in each, 

since under the conditions of the experiment, the fluorescence yield 

of FAM-insulin differs for the two eluents. This difference in 

fluorescence yield became apparent when it was found that the sum of 

the areas of the IAI and IBI peaks (Figure 17) exceeded the area of 

single peak resulting when the same sample was injected under 

conditions of no retention (e.g., with the column removed, or with 30% 



84 

> r 
H 
0 
Z w 
~ 
Z 
H 

W 
> H 
~ 
~ 
~ w B ~ A , 

Figure 17. HPIC chromatogram for FAM-insulin. Immunosorbent: 
BE CB6 monoclonal antiinsulin attached to LiChrospher Si 1000; column: 
4 X 0.2 cm; flow rate 0.3 mL/min; mobile phase "A": PBS pH 7.4; mobile 
phase B: 28 acetonitrile in PBS; antigen (FAM-insulin) concentration: 
4.0 ug/mL; volume injected 50 uL; fluorometric detection with 
excitation at 390 nm and emission at 470 nm. 
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CH3CN in the mobile phase}. After comparing the concentrations of 

FAM-insulin in peak fractions, as determined by spectrofluorimetry, 

with the ratios of the chromatographic peak areas, it was determined 

that the peak area of that peak which appears just after injection 

(i.e., event "A" in Figure 17) must be multiplied by a response factor ,-
of 0.51 in order to be correlated to the area of the subsequent peak 

(peak II B"). Thi s response factor \\}as found to be constant for the 

range of concentrations used. 

It is interesting to compare the results of the IgG system with 

those obtained for the FAM-insulin system, whose Scatchard plot (eq 

5-5) is shown in Figure 18. This plot demonstrates essentially linear 

behavior as opposed to the distinctly hyperbolic shape of the 

Scatchard plots (Figures 11 and 15) for the IgG system. As shown in 

Table III, the Sips plot of these data yields a value for K' of 8.8 X 

105 fvr1 with a heterogeneity index of 0.94. This would be 

consistent with the fact that the antibody is monoclonal and possesses 

a single type of binding site (Karush, 1975). This hybridoma antibody 

has a binding affinity for beef insulin of 1.5 X 106 M-1 as 

determined by cold competition radioassay (Farr, 1958). The 

monoclonality of the antibody is proven both by the linearity of a 

Scatchard plot and by the isoelectric focusing pattern which this 

antibody demonstrates (Schroer, 1980b). Thus the chromatographic 

method for determination of K' appears to adequately describe the 

behavior of the FAN-insulin system. The difference between the value 

of the homogeneous equilibrium constant and the value of K' is 

possibly due to the fact that K' was here determined at a finite flow 
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Figure 18. 5catchard plot for binding of FAM-insulin to 
immunosorbent (BE CB6 monoclonal antiinsulin attached to LiChrospher 
5i 1000). Conditions are as in Figure 17. 



rate. By analogy with the flow-rate dependence of K' seen in Figure 

16, a reduction in the value of K' by about a factor of 2 would be 

expected as the flow rate goes from 0 to 0.3 mL/min. This is indeed 

what is observed. 
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The value for [Ab]t shown in Table III (Chapter 5) for the 

insulin system is 0.19 mg antibody/g of glass; using the assay value 

of 3.2 mg total antibody/g, the activity remaining is calculated to be 

7%, although this figure is probably biased toward the low side since 

the value of [Ab]t was determined at 0.3 mL/min. 

Subsequent studies were undertaken to determine the batch mode 

values of the binding parameters for FAM-insulin. A fresh lot of this 

antigen was prepared (8/81) and experiments were performed in which 

the uptake of FAM-insulin by suspended CBG-G14 immunosorbent was to be 

measured by determining the amount of unbound antigen in the 

supernatant upon centrifugation of the immunosorbent-bound antigen. 

However, background emission of bilirubin impurities in the BSA 

buffers and scattering due to particulate matter made it difficult to 

obtain reliable data by fluorescence (Liddil, 1982). Furthermore, an 

assessment of the interaction of FAM-insulin with diol-bonded silic~ 

and a "dummy" BSA-immunosorbent showed that extensive non-specific 

binding was occurring at the ug/ml levels studied. More careful 

quantitation of this effect was achieved using radiolabeled insulin as 

a tracer to determine the distribution of microgram amounts of 

FAM-insulin between solid phase and solution. A Scatchard plot of 

this non-specific binding to diol bonded phase is shown in Figure 19. 

The large error in the data is at least partially attributable to fact 
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Figure 19. Scatchard plot for insulin binding to diol-bonded 
silica. B/F based on distribution of [125I]-insulin in competition 
with 0.2 to 2.1 ug/mL unlabeled insulin. 
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that the binding is being studied under sub-optimal conditions, i.e., 

in a region of antigen excess, since the B/F ratios are low. 

Nonetheless, the slope of the least-squares line is 5 X 103 with a 

relative standard deviation of about 500%. Thus the "binding" 

constant for NSA is in the range of 102 - 104 L/mol. 

These observations lead to the conclusion that a simple 

determination of the binding constant for a silica-immobilized insulin 

antibody whose native affinity constant is only 106 Llmol is liable 

to give misleading results. Equilibrium considerations show that the 

error in determining the Scatchard parameters [Ab]t and K' becomes 

appreciable as the product of the binding affinities and 

concentrations of the non-specific binding sites on the matrix 

approaches that of the antibody itself. (Sportsman, Liddil, and 

Wilson, 1982) This effect is discussed below in more detail. 

It is of interest to note that insulin and FAM-insulin showed 

strong retention when chromatographed on unmodified CPG, diol bonded 

CPG, and ODS-silica (Chapter 4). In all cases the insulin could 

subsequently be eluted by increasing the acetonitrile content of the 

mobile phase. Since similar conditions caused elution from the 

CBG-G14 immunosorbent, one is led to wonder whether immunospecific 

interactions were being studied at all by HPIC with this sytem. 

Indeed, later studies showed that a pH 2.5 phosphate buffer was 

sufficient to cause elution of insulin bound by an CB6 immunosorbent 

prepared from Reacti-gel, an agarose matrix, or from CNBr-activated 

matrices (Sportsman, et al., 1982; Schroer, 1980b; Appendix I). 

However, biD-specifically bound insulin is also eluted by increasing 



the CH3CN content of the mobile phase. This indicates that the 

HPIC of FAM-insulin on the CB6 immunosorbent represents a mixture of 

non-specific and specific processes. The apparent similarity of the 

HPIC value of KI to the homogeneous value of KI , as well as the 

apparent preservation of the monoclonality of the CB6-G14 are, most 

likely, accidental consequences of the fact that the non-specific 

binding constants and specific binding constants are both low and of 

similar magnitudes. 

The use of monoclonal antibodies of low affinity does not 
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provide an answer to the question of whether immobilization produces 

additional heterogeneity. Anti-insulin monoclonals of higher affinity 

are not likely to be soon available, as insulin is a weak antigen in 

the mouse which is the species of choice for hybridoma technology 

(Milstein, et al., 1977). The heterogeneity issue would be better 

resolved with a different antigen-monoclonal Ab system of higher 

affinity, e.g. 1 X 108 Llmol or greater. 

It was expected that use of anti insulin antibodies of higher 

affinities would enable the discrimination of bio-specific from 

non-specific binding of insulin. This, as well as the desire to 

demonstrate the feasibility of a sensitive immunoassay for 

physiologically significant levels of insulin (i.e. 0.1 - 10 ng/ml) 

prompted the investigation of the HPIC of immobilized antibodies 

against insulin from antisera raised in the capybara (Adams, et ale 

1974). This antiserum had been shown to be of sufficient affinity 

(ca. 1 X 109 L/mol) and titer (1:32000) to qualify as an RIA quality 

reagent. The lyophilized antiserum was reconstituted and the globulin 



fraction prepared by precipitation with Na2S04 three times, 

followed by dialysis against borate buffer (0.2BBS9.0). 

The silanization of a CPG support by aqueous GOPS to give a 

diol bonded phase was performed as described in Chapter 2. This 

bonded silica was given the designation IIG23 11 • The capybara immune 

globulin was then attached to this support by reductive alkylation as 

also described under the. Methods section. Analysis of the resulting 

immunosorbent by Folin-Lowry protein assay gave a value of 6.3 mg 

protein per gram of glass (dry weight basis). The antiserum as 

supplied was labeled IICAPY. 211. Hence the resulting immunosorbent was 

given the abbreviated designation IICP2-G23 11 • 

Both soluble and immobilized immune globulin were titered as 

described in the Methods section. Figure 20 shows representative 

results of these experiments. The separation of the upper and lower 

curves is due to the competition of unlabeled antigen (60 ng/ml) 

against labelled antigen for limited specific binding sites. The 

titer for an assay whose higher antigen concentration would be 60 

ng/ml is then that dilution at which the difference between the upper 

and lower curves is the greatest. This is nicely shown by plotting 

this difference vs. reciprocal dilution, as shown by the dashed lines 

in Figure 20a. 

Standard curves were generated from serial dilutions of 60 

nglml insulin using the dilution of antibody or immunosorbent 

determined by the titering experiment. Scatchard plots for the 

soluble CP2 antibody and its immobilized counterpart CP2-G23 are shown 

in Figure 21. A value for Ko of 5 X 109 Llmol can be gotten for 
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Figure 21. Scatchard plots for insulin binding to capybara 
antisera. a) binding to CP2-G23. b) binding to soluble globulin 
fration of antiserum. 
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both cases, and it is probable that antibodies of higher affinities 

are present, given the limited range of concentrations studied here. 
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The capybara antisera turned out to be very useful for the 

quantitation of a wide range of insulin concentrations. An important 

application of standard curves in the uglml region was the assessment 

of the immunological reactivity of FAM-insulin relative to fresh 

insulin preparations. This information would be essential to the 

design of competitive binding experiments based on use of a 

fluorescent labeled tracer. It was found that the apparent reactivity 

of the FAM-insulin was less than 3% relative to unlabeled 

insulin,using the CP2-G23 in a competitive binding assay. This lot of 

FAM-insulin (8/81) had been prepared for the non-specific binding 

studies discussed above, and this more than a year after preparation 

of the first batch of FAM-insulin used in the original HPIC studies. 

The passage of time apparently resulted in an unintentional change in 

the labeling procedure, for it was discovered that a 10-fold excessive 

volume excess of the fluorescamine reagent (10 mg/ml in CH3CN) had 

been used to prepare the 8/81 FAM-insulin. A new batch (11/81) of 

FAM-insulin was then prepared. Size-exclusion gel chromatography was 

run on this new preparation. A typical G-75 chromatogram of the raw 

reaction mixture is given in Figure 22. Two peaks are detected by 

absorbance at 280 nm. For comparison, the HP size-exclusion 

chromatography of the same FAM-insulin is shown in Figure 23. The 

appearance of the same two peaks at retention volumes roughly midway 

between the void volume (for MW greater than 20 kD, represented by the 

BSA peak) and the totally included volume (for MW less than about 1 
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Figure 22. Gel filtration of FAM-insulin. Column: 60 X 2.5 em 
Sephadex G-75 M. Mobile phase: 0.1 M P04, pH 7.0 at a flow rate of 
0.5 mL/min. Sample: 0.25 mL of 1 mg/ml FAM-insulin. 



C1) 
(J 
s::: 
a:s 
..c 
~ 

o 
en 

..c 
a:s 

FAM-Ins. 

. . 

t 
I 

: 0.05 AU FS 
I ., 

I 0.01 AUFS 

BSA 
~ ,I 
." , I 
, I 
, I 
, I 
• I . ' 
I ' ! I , , , , , 

InJ : , 
~ ; .... --._. - ._-- --- -- ----------------

o 2 4 

time, min. 

'-. 

6 

t 
II :-
" ,I 

.' II 
'I 
II 
II 
II 
: I I' I I 
I' 

Ins. 

•• 
I ' I I . ' 
I • I 
I 
I 
I 

96 

Acetone 

., 
• 

i 
I 

• I 
I 
I 
I 
I 

~ .. 
II 

" 'I 
I 
o 

8 

Figure 23. High performance gel filtration of FAM-insulin. 
Column: Waters, Inc. 1-60 (25 X 0.5 em); mobile phase: 35:65 
CH3CN:O.1 M P04, pH 6.8 at flow rate 1.0 mL/min; dashed line: 10.0 
uL of a solution which is 1 mg/mL BSA, 5 mg/mL insulin, and 50 mg/ml 
acetone; solid line: 10.0 uL of 1 mg/mL FAM-insulin (desalted on 
Sephadex G-25). 
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kD, represented by the acetone peak) suggests that these peaks are due 

to molecules which have molecular weights which lie between 3000 and 

10000 daltons, assuming no retention mechanism other than size 

exclusion. Native insulin elutes at a point midway between the two, 

suggesting that the lower molecular weight material is a fragment of 

some kind, possibly a consequence of the labeling process. 

The G-75 fractions of the 11/82 FAM-insulin were collected into 

roughly equal volumes and their immunological reactivity assessed by 

RIA as above. The first peak material was clearly more fluorescent 

than the second and also possessed the most immunological activity. 

Folin-Lowry assay determined that 52 ug/ml of protein was present, and 

an RIA value of 13 ug/ml was determined. Thus the adoption of the 

correct labeling procedure, followed by fractionation on G-75, enabled 

the preparation of a much more active antigen. An obvious implication 

of this work is that FAM-insulin should be affinity purified prior to 

use in a competitive binding immunoassay. This would be best 

undertaken using the same immobilized antibody as for the assay itself. 

The successful use of CP2-G23 in several immunoassays prompted 

an investigation of the HPIC properties of this immunosorbent. It was 

shown previously that the binding of antigen by an HPIC column could 

be described in terms of an apparent binding contant, K' , and an 

apparent total binding site concentration [Ab]t whose values could 

be determined by assessing the extent of antigen binding as a function 

of concentration according to quasi-equilibrium arguments. The values 

of K' were shown to vary inversely with flow rate. 

Given these observations, it was decided to investigate whether 
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an increase in concentration of antibody binding sites would show up 

as a corresponding increase in the value of [Ab]t and whether this 

would affect tne value of K'. Since the value of K' appears to change 

with flow rate and hence residence time of antigen in the column, 

kinetic studies were also undertaken to further elucidate this 

phenomenon. 

The need to evaluate the binding of insulin at low levels, on 

the order of nanomolar concentrations, led to the development of a 

column which would have as low a capacity as possible while 

maintaining relative ease and reproducibility of packing. The latter 

requirement is generally best fulfilled in HPLC work with a 4.6 mm 

diameter column; the former with as short a column length as 

possible. It was also desirable to keep column dead volume as low as 

possible. A design which met these specifications is shown in Figure 

7 and described in the Equipment section of Chapter 2. The column 

dimensions are 6 mm i.d. x 0.5 cm length. 

To quantitatively study the e~fect of variation of antibody 

binding sites in HPIC, a series of columns as described above were 

packed with sorbents consisting of various uL volumes of immunosorbent 

suspension (100 mg per mL) diluted with up to 70 mg of dial bonded 

phase. The mixture was ultrasonicated and then packed as described. 

Binding measurements by HPIC were performed by making 

appropriate dilutions of antigen with 0.1% wt/vol BSA in PBS, adding 

C125 I]-insulin to a final activity of 30,000 CPM per 100 uL and then 

injecting 50 ul samples onto the column at a given flow rate. At this 

point, the mobile phase is 0.1 M phosphate pH 7.0. After 2 mL, 
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including the "free ll fraction (F), have been collected at the column 

outlet, the mobile phase is changed to 0.03 M sulfamic acid, pH 1.2, 

whereupon antigen bound to the antibody on the column is displaced 

(Sportsman and Wilson, 1980). Eluting antigen is again collected as a 

2 mL fraction (fraction B for "bound"). The 1251 activity of each 

fraction is then determined. 

Binding data were evaluated as described in Chapter 5. It was 

shown previously that an apparent binding constant could be calculated 

by determining the ratio of bound to free antigen (B/F) and plotting 

this value against the concentration of bound antigen, for several 

initial concentrations of antigen, according to Equation 5-5. Since 

only the labeled antigen is directly measured, it is necessary to 

assume essential identity of labeled and unlabeled antigen, as in 

ordinary cold competition binding assays (Farr, 1958). 

According to the previously discussed model it might be 

predicted that increasing the antibody content of the HPIC column 

would affect only the parameter [Ab]t (Eq. 5-5), while the slope of 

the Scatchard plots would remain the same. 

The results of varying the specific immunosorbent concentration 

of an HPIC column are summarized in Table IV. The values of the 

parameter [Ab]t were determined by extrapolation of the Scatchard 

plots to the abscissa as in Chapter 5. Figure 24 shows that a linear 

correlation exists between the weight of immunosorbent added and the 

value of [Ab]t subsequently observed, in accordance with expected 

behavior. 

The lower limiting slope of the extrapolated line in the 



Table IV. Effect of immunosorbent concentration on observed [Ab]t and KL' as determined by HPIC. 

Immunosorbent added Added [AbJt a Experimental [Ab]t b Activec KL'd (B/F)O e 

1.8 mg 3.8 x 10-7 M 4.9 x 10-9 M 12.9 1.1 x 107 M-1 0.51 

8.8 1.9 x 10-6 1.5 x 10-7 7.9 2.1 x 107 3.6 

23. 4.9 x 10-6 4.3 x 10-7 8.8 3.6 x 106 6.9 

58. 1.2 x 10-5 1.1 x 10-6 9.2 7.5 x 105 7.1 

Of 0.17 

Conditions: 0.4 mL/min flow rate; antigen: insulin with [125I]-insulin as tracer in 0.2 BSA/PB; 
volume injected = 50 uL; elution scheme - see text. 

aOetermined from volume of immunosorbent suspension added to sufficient diol bonded silica to 
make 70 mg of mixture, and from known protein content of immunosorbent. 

bOetermined from extrapolation of Scatchard plots. 

CRatio of experimental [Ab]t to added [Ab]t. 

dOetermined from the limiting slope of line from Scatchard plot used to calculate [Ab]t. 

eB/F ratio at zero unlabelled antigen concentration. 

fColumn consists only of diol bonded phase. 
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Figure 24. Correlation of observed antibody concentration with 
weight of specific immunosorbent in column. Conditions as described 
in text. 
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Scatchard plot should be a measure of the lower limit of apparent 

binding constant KL' 'for an immunosorbent exhibiting heterogeneity , 

of binding affinities (Zettner, 1973). In Table IV it may be seen 

that these Jimiting affinities appear to decrease with increasing 

immunosorbent concentration. 

The fact that the observed values of [Ab]t are ten-fold less 

than the amount of globulin protein known to be immobilized on the 

immunosorbent could be taken to support earlier conclusions that the 

immobilization of an antibody results in significant loss of 

activity. However, titering experiments run on the native globulin 

fraction of the antiserum demonstrated that specific antibody com-

prised only 7% of the total protein. Thus when the expected 80 -90 

loss of activity upon immobilization is taken into account, a value 

for the percent activity of less than 1.5 should be obtained instead 

of the higher values shown in Table IV. This rais~d the suspicion 

that the matrix of the immunosorbent might be contributing to the 

binding of the antigen through non-specific interactions. 

Computer simulation of the equilibrium binding of an antigen to 

a heterogeneous antibody was then undertaken (cf. Appendix II) to see 

whether discrepancy of values for [Ab]t in Table IV might be 

explained by invoking the presence of low affinity non-specific 

interactions. Scatchard plots for hypothetical antigen-antibody 

binding experiments were generated. Here, antibody heterogeneity was 

mimicked by assuming the existence of a mixture of two discrete 

antibody populations, each with its own affinity constant and 

concentration. Cold cOlnpetit;on radioassays performed 'on the native 



antisera indicated that antibodies with equilibrium constants in the 
7 10 ' range of 10 to 10 Llmol were present. The antibodies were 

assumed to be of two discrete types, having binding constants of 1 x 

1010 and 1 x 108 Llmol, respectively. Their relative concentra-
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tions were assumed to be equal. The third interaction was then 

assumed to involve sites on a diol bonded phase with a binding cons

tant of 1 x 102 and a concentration equal t~ that of the diol groups 

on the bonded phase (viz., approximately 100 umol/g). This translates 

into an effective column concentration of diol of about 1 x 10-3 M. 

Concentrations of the antigen and antibodies in the simulated experi

ments were chosen to cover the ranges studied in the actual experi-

ments. The results of several simulations are reported in Table V. 

As can be seen, the presence of a high concentration of low 

affinity sites amidst relatively low concentrations of high affinity 

sites gives binding behavior, based on equilibrium models, which leads 

to an estimation of binding site concentrations which is higher than 

that due solely to the high affinity sites. It can also be seen that 

the magnitude of this error decreases as the high affinity site 

concentrations increase. Finally, the limiting slope of the Scatchard 

plots also decreases with an increase in the high affinity site 

concentration. 

Precisely these trends, with similar magnitudes, are observed 

in the data of Table IV. Figure 25 gives a comparison of theoretical 

and experimental results. As the concentration of the high ~ffinity 

(specific) sites [Abjt increases with respect to those of low 

affinity, the concentration range of antigen assessed must also be 



Table V. Simulation of Equilibrium Binding of Antigen by a Support Material Exhibiting 
Three-Fold Heterogeneity. 

Simulation 

1 

2 

3 

4 

[AbJt, actual 

2 x 10-9 M 

2 x 10-8 

1 x 10-7 

2 x 10-7 

[AbJt, apparent 

3.3 x 10-8 M 

2.5 x 10-7 

2.2 x 10-6 

9.6 x 10-6 

Kl' 

3.5 x 107 M-l 

5.6 x 106 

9.3 x 106 

6.4 x 105 

A support with components B1, B2, and B3 having equilibrium constants Kl, K2 and K3 ' 
reacts to equilibrium with monovalent antigen. K1=1010, K2=108 and K3=102 l/mol; 
[B3]= 1 x 10-3M; [B1]=[B2] and [Bl] + [B2] = "actual" [Ab]t in all simulations. 
In all cases the range of antigen concentration [Ag] is from 5{[Bl]+[B2]) > [Ag] > 
O.05{[B1]+[B2]). 
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Figure 25. Effect of npn-specific binding on apparent 
affinity constants. A: K1 = 1010

A K2 = 109 Llmol, [83J = 
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increased. A decrease in the limiting affinity, KI

L, also results, 

a trend which is seen both experimentally and in the simulations. The 

influence of the low affinity sites is markedly illustrated by 

comparing curves A and B of Figure 25. Here, a doubling of the 

concentration of low affinity sites causes the theoretical curve to 

shift downward as shown; this is to be compared with the shift (curve 

C) caused by a 10-fold change in the antibody binding constants. 

From a comparison of experimental and theoretical results it 

may be concluded that the change in KIL seen in Table IV is one 

predictable by equilibrium arguments. Furthermore, the assumptions 

made regarding the relative values of the various binding parameters 

are qualitatively consistent with the chosen model. It is also 

predicted from this model that the error in assessing the value of 

[Ab]t from equilibrium binding data is a function of both the 

concentration (B3) and affinity K3 of the non-specific site. Figure 

26 shows that as the product of these two values increases relative to 

those of the high affinity interactions (Ab)t x Ko' where log Ko 

= (log K1 + log K2)/2, a point is reached after which the error in 

[Ab]t becomes intolerable. Using the approximate values of the 

parameters for the above experimental data, an error of about 10% in 

log [Ab]t is calculated, which agrees with the experimental error 

observed. 

It seems reasonable therefore to assume that a 

quasi-equilibrium model for HPIC provides a simple but effective 

conceptual basis for understanding the individual contributions of 

matrix and antibody to the observed binding of antigen. It should be 
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Figure 26. Effect of non-specific binding on determination of 
antibody concentration. [Ab]t = 2 X 10-8 M; Ko = 1 X 109 M-1. 
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noted that these errors in estimation of binding parameters would not 

be expected to show up-as conco~itant errors in an immunoassay based 

on HPIC, since a calibration curve may still be generated with 

appropriate standards. However, when the extent of non-specific 

binding (e.g., (B3) x K3) becomes large enough relative to specific 

binding ([Ab]t x Ko)' the precision or steepness of the standard 

curve will be adversely affected, and the accuracy will become 

sensitive to interferences from the analyte matrix. 

That genuine biospecific interactions predominate in the 

present study is indicated by the low value of (B/F)o' the B/F ratio 

of labeled antigen alone, when only diol bonded phase is present, as 

shown in Table IV. Further, since these values are obtained at the 

concentration of labeled antigen which is roughly equal to 1 x 10-11 

M, the ability of the HPIC technique to perform extremely sensitive 

assays is indicated. 

Figures 27 and 28 are standard curves for an insulin 

immunoassay at two different ranges of antigen concentration. In 

Figure 27, the standard curve covers the range of 0.1 to 2 ug/mL, and 

here the HPIC column is packed with 75 mg immunosorbent only. In 

Figure 28, the standard curve covers the range 10-300 ng/mL, and the 

column has been packed with a mixture of 1 mg immunosorbent and 70 mg 

of dial bonded phase. These results again point to the 

immunospecificity of the column since competition for antibody binding 

sites is seen between radiolabeled and unlabeled protein despite the 

presence of a large excess of bovine serum albumin. 
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Figure 27. Standard curve for insulin immunoassay by HPIC. 
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Column: 5 mm X 6 mm i.d. CP2-G23 mixture (see text for composition); 
mobile phase: 0.05 M P04, pH 7.0 at 0.5 mL/min; volume injected: 50 
uL; T: 33 C. Bound to free ratio (B/F) is based on activity of 
[125I]-insulin recovered in each fraction. 
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Figure 28. Standard curve for insulin immunoassay by HPIC. 
Column: see text for composition; other conditions as in Figure 27. 



Kinetic Studies 

The approximation of equilibrium implies that the kinetics of 

HPIC are rapid. The range of flow rates over which analytical 

measurements .may be made will depend on these kinetics as well. The 

rate of formation of the antibody/antigen complex in HPIC may be 

estimated by varying the flow rate and hence residence time of the 

antigen in the column. 

The kinetics of insulin HPIC were studied by measuring the 

extent of binding of G-75 fractionated (125 I )_insulin, the 

concentration of which was .05 ng/mL as calculated from the specific 

activity (100 uCi/ug) after allowing for isotopic decay time and 

counter efficiency. Aliquots of 50 uL were injected at various flow 

rates and "bound" and "free" fractions were collected as before. 

The kinetics of a batch mode binding of [125I ]_insulin to 

immunosorbent were also studied. This was done by adding 0.15 mL of 

[125 I ]-insulin (approximately 30,000 CPM or 0.05 ng/mL) to 0.25 mL 

III 

of a suspension of CP2-G23 in 1.5 mL microcentrifuge tubes (pre-coated 

with 1% BSA for 2 hours, followed by rinsing and drying). The CP2-G23 

suspension had 1.0 mg immunosorbent per mL of BSA buffer. 

The mixture was agitated at once and continuously until the 

desired time elapsed, at which point the tube was centrifuged at 

12,000 x g for 3 min, effectively stopping the reaction. The 

supernatants were decanted and the pellets counted. 

Figure 29 is a plot of the flow rate dependence of the extent 

of [125 I]-insulin binding to an HPIC column. It can be seen that a 

five-fold decrease in flow rate results in only a modest increase in 
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the total number of counts bound; this would seem to indicate that at 

least two kinetically distinct binding processes are occurring: one 

fast, possibly diffusion limited, the other considerably slower. 

Assuming reversible second-order kinetics, one can treat the data of 

Figure 29 to obtain an apparent forward rate constant, kf
l

, for this 

slower process of 3.5 x 106 M-1 sec -1. This is to be compared 

with the results of the batch kinetics experiment whose results are 

shown graphically in Figure 30. In both cases the data are plotted 

according to the integrated form of a second order reversible rate 

expression 

f(X) 

where X is the equilibrium value of bound antigen concentration and X 

is the value at any time T; XI is given by: 

XI = K([Ag]o + [Ab]o) + 1 

K 
-X 

where [Agjo and [Ab]o are initial antigen and antibody 

concentrations, respectively (Emanuel and Knorre, 1969). 

It can be seen that the slope of this plot is clearly not a 

straight line. Since the kinetics of antibody/antigen reactions in 

both heterogeneous and homogeneous reaction phases are known to follow 

a second order rate law (Hertl and Odstrchel, 1979), the curvature of 

this plot is evidently due to heterogeneity of binding sites and 
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Figure 30. Batch mode kinetics of [125I]-insulin binding to 
CP2-G23 immunosorbent. Dashed line: initial slope referred to in text. 



115 

reflects the contribution of several individual separate forward rates 

(Berson and Yalow, 1959). Taking the initial slope (10 S < t < 120 

S), a value for kf ' of 3.4 x 106 M-1S-1 is obtained, comparable 

to the value obtained for the "slower"process alluded to above in the 

description of flow rate dependence of antigen binding. 

The non-zero intercept of this line suggests that still faster 

reactions (greater than 107 M-1S-1) are occurring which cannot 

be measured by present techniques. Studies at higher flow rates were 

then undertaken to observe these faster kinetics. The results of such 

studies at 0.5 to 3.0 mL/min clearly indicate the presence of a 

forward rate of 3 x 107 M-1S-1, as shown in Figure 31. It has 

been noted that the forward step of many antigen- and hapten-antibody 

reactions proceed at diffusion-limited rates (Nisonoff, 1975). The 

observed "fast" kinetics are consistent with such processes. 

Affinity chromatography has been proposed as a method for the 

determination of rapid forward rate constants on the basis of a 

statistical treatment of band broadening of an isocratically eluted 

peak (Denizot and Delaage, 1975). Such a model assumes relatively low 

affinity and fast reverse rate constants. As shown here, an apparent 

fonvard rate constant kf ' of 3 x 107M-1S-1 is obtained by a 

kinetic assessment of the flow rate dependence of antigen binding. If 

the average affinity Ko of the immunosorbent is conservatively 

estimated to be 5 x 109 M-1, a value of 6 x 10-3 S-l is 

obtained for kr', the reverse rate constant. On the time scale of 

these experiments, an essentially irreversible reaction thus results, 

and the error due to dissociation of specific complexes can be 
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Figure 31. Kinetics of [125IJ-insulin binding to CP2-G23 
immunosorbent in HPIC. Column: as in Figure 28; flow rates: 0.5 to 
3.0 mL/mi n. 
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considered negligible. Indeed, the irreversible nature of insulin 

binding to high affinity antisera has already been reported (Keane, 

Walker, Gauldie and Abraham, 1976). 
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In this study it has been assumed that the rate limiting step 

in binding is the intrinsic forward rate of the antibody-antigen 

reaction, and that the effect of changing the flow rate is merely one 

of changing the residence or reaction time of the antigen in the 

column. Horvath has demonstrated that the major factor leading to 

non-equilibrium in high performance liquid chromatography (HPLC) is 

the kinetic limitation of solute-stationary phase interaction and not 

mass transport phenomena, provided that particle size and flow rates 

are of magnitudes similar to those employed in this work (Horvath, 

1978). High affinity interactions with fast forward rate kinetics 

should show behavior approximating equilibrium at diminishing flow 

rates, an observation which has been noted previouslyin Chapter 5. 

It has been observed in the course of this work that the 

non-specific interactions of insulin with immunosorbents and 

unmodified silica proceed at much lower rates than those for the 

specific binding by i~nobilized antibody. This suggests that HPIC may 

be advantageously used in an isokinetic fashion to discriminate 

between biospecific and non-specific binding on the basis of the 

slower rates of the latter. 

In conclusion it can be said that the theory of HPIC provides a 

model for assessing the effects of changes in binding site 

concentration. That this theory holds for systems utilizing such low 

concentrations as reported here bodes well for the development of 
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rapid protein-binding assays by HPIC. The dat~ shown here demonstrate 

that equilibrium is very nearly approached in HPIC as in other forms 

of chromatography and hence a quasi-equilibrium theory is appropriate 

and adequate to describe the binding behavior within the limits 

prescribed by the extent and nature of any competing non-specific 

adsorptive processes. 



CHAPTER 7 

FUTURE DIRECTIONS 

The conclusions of the preceding chapters indicate several 

possible directions that future work might take. These include 

fundamental studies as well as further analytical applications of 

silica-based immunosorbents. 

Optimization of Immobilized Antibody Activity 

It has been shown in a previous chapter that binding in an 

HPIC experiment is liable to consist in part of non-specific 

adsorption. The effect of such adsorption is to lower the precision 

of an immunoassay utilizing this technique. It would therefore be 

desirable to maximize the active antibody concentration while 

minimizing non-specific surface area. As was seen, the immobilization 

of an antiserum on CPG typically results in a loss of 90% of its 

original binding capacity. An assay run with such an immunosorbent 

suffers a ten-fold increase in both reaction volume and non-specific 

surface area relative to one utilizinq a hypothetical immunosorbent 

all of whose attached antibodies are fully active. 

Most immobilization schemes, including those used in this 

work, involve affixing the protein to a surface via its pendant amino 

groups. Since antibody proteins bear several such groups, it is 

clearly possible that the antibody becomes attached to the surface in 

a variety of orientations as shown in Figure 32, which also suggests 
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Figure 32. Models of immunoglobulins attached to silica 
surface. A: optimal configuration, with Fab arms pointed toward 
solution; B: inactive configuration, with Fab arms bound to surface; 
C: suboptimal configuration, with arms partially accessible to 
solution. 
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that the protein may become bound through more than one amino group, a 

phenomenon which has been given the name "multi-point attachment" 

(Eg1y and Porath, 1978). Loss of activity might be due to either a 

steric hindrance of the binding site upon attachment, or deformation 

of the requisite tertiary protein structure by multi-point attachment, 

or a combination of these two effects (Cuatrecasas, 1972). In any 

case, it is most probable that attachment of the protein near its 

active site contributes to loss of activity. 

One possible approach to minimize the loss of activity of this 

kind would be to attach an immunoglobulin molecule through its 

carbohydrate groups. The F(ab)2 fragment of IgG which is produced 

upon pepsin digestion contains the antigen binding sites as well as 

the carbohydrate moiety (Pressman and Goldberg, 1968). Since these 

are located at opposite ends of the fragment, an immobilization 

reaction involving the carbohydrate groups should leave the active 

sites exposed to the solution. Periodate oxidation of glycoproteins 

is used to prepare protein-protein conjugates through carbohydrate 

moieties (Nakane and Kawaoi, 1974). It seems that a 

periodate-activated antibody could be attached to a silica-bound amino 

group by similar chemistry. 

A second approach to directed attachment of immunoglobulins 

could involve the protection of the binding site by sterically 

hindering this portion of the molecule from contact with the surface. 

It is possible with current technology to produce highly monodisperse 

silica or polymer colloids with particle sizes on the order of 0.1 

micron. An antigen could be covalently bound to this colloid and 



then reacted with the antibody to be coupled. Since the 10 u 

particles of a silica immunosorbent are a hundred times larger than 

the colloidal particles bearing the directed antibody, intimate 

contact of the two should be possible. If the coupling reaction is 

run in this way, the resulting immunosorbent would consist of 

antibodies covalently bound at regions not involved in antigen 

binding. This process is shown schematically in Figure 33. 

Matrix Improvements 
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Another aspect of immobilization which deserves consideration 

is the matrix itself. The capacity of silica for non-specific 

adsorption has already been discussed. It appears that this 

phenomenon can demonstrate both electrostatic and hydrophobic 

characteristics, suggesting that the surfaces of both derivatized and 

non-derivatized silicas possess corresponding hydr6phobic and ionic 

regions. 

The ionic regions are undoubtedly the result of ionized siloxyl 

groups which exist even after silanization of the silica surface, 

because the tri-functional (trimethoxy- or trichloro-) silanes will 

themselves introduce additional siloxyl groups upon condensation onto 

silica. This indicates that the post-silanization of siloxyls by a 

monofunctional silane of small molecular size, e.g. trimethyl

chlorosilane or trihydroxymethylchlorosilane, could reduce the 

non-specific ionic interactions of silica immunosorbents (Little, et 

a 1 ., 1979). 
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Figure 33. Pictorial representation of a 10 micron ePG 
particle in adirected attachment reaction. Small spheres are 0.1 
micron colloidal Ag immunosorbent particles reacted with specific 
antibody; dots represent immunoglobulin molecules. Pores are 250 nm 
in diameter. 



Hydrophobic contributions to non-specific adsorption might be 

alleviated by using silanating reagents of even more hydrophilic 

character than GOPS. For example, the silane shown below might show 

less hydrophobicity due to its additional hydroxyl groups: 

OH OH 
\ I 

{H3CO)3Si-C-C-CH2-0-CH2-CH-CH20H 
, I \ 

OH OH OH 

The use of diol-bearing silanes to deactivate silica surfaces 

has as its rationale the mimicry of the desirable features of 

polysaccharide matrices commonly employed in protein chromatography. 

Other approaches to achieve a rigid, neutral and hydrophilic matrix 

have involved the adsorptive or covalent "coating" of silicas with a 
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variety of polymeric materials. Thus polyvinyl acetate coatings 

(Royer, 1974) and dextran-coated silicas (Royer, 1976) have been 

achieved by simple adsorption. Perhaps superior in stability would be 

silicas with covalently bonded hydrophilic polymers. Thus Tayot et 

ale (1978) demonstrated that OEAE dextran-coated CPG could be used for 

immunoaffinity chromatography, with good yields of attached proteins 

and low non-specific adsorption. 

An obvious extension of this idea is the use of 1,1 ' -carbonyl

diimidazole (COl) for the activation of carbohydrate-like silica 

surfaces. This procedure has already been shown to give agarose 

immunosorbents of high capacity and low non-specific adsorption 

(Sportsman, et ale 1982; Bethell, et al., 1979). COl activiation of 
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dial-bonded silica has been found to give relatively low yields of 

protein attached, usually less than 1 mg per gram (Sportsman, 1982b; 

Pierce, 1982), although the immunological activity of these immuno

sorbents has not been evaluated. The replacement of the diol with a 

dextran agarose coat on the surface of the silica would be expected to 

give higher attached protein yields, since agarose possesses a higher 

reactivity toward COl than does GOPS-silanated silica. 

Monoclonal Antibodies for Binding Studies 

In previous chapters it has been shown that immunosorbents 

display heterogeneity of binding as assessed by binding constant 

determinations and by kinetic measurements. The question of whether 

this heterogeneity is exacerbated or unaffected by immobilization is 

not yet resolved. Immunosorbents based on the CB6 monoclonal 

antibodies seemed to retain the affinity and homogeneity of the native 

antibodies, but the low binding constants of these monoclonals (106 

Llmol) were close enough in magnitude to that of the matrix itself to 

make this judgment equivocal. It would be worthwhile, therefore, to 

carry out batch and HPIC studies on an immunosorbent prepared from a 

monoclonal antibody exhibiting a binding affinity of 109 Llmol or 

greater. This would enable the use of very low antigen concentrations 

in binding constant determinations such that the binding by the matrix 

itself would be insignificant. 

Another rationale for the use of high affinity monoclonal 

antibodies is the expectation that an immunoassay employing such 

reagents will be capable of greater sensitivity than one using 
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conventional antisera. This stems from the fact that the presence of 

low affinity antibodies in heterogeneous antisera causes a decrease in 

the steepness of the standard curve (Kruse, 1978). 

Towards Fluorescence Immunoassays (FIA) by HPIC 

There is currently much interest in the development of 

fluorescence immunoassays (Chait and Ebersole, 1981; O'Donnell and 

Suffin, 1979). Sensitivities equivalent to those of radioimmunoassays 

(RIA) should be attainable, since one fluorophor produces millions of 

photons per second whereas only one half of the radioactive tags in a 

radiolabeled preparation can produce a photon during one half life of 

the radioisotope. Of course, the low background of radioisotopic 

techniques more than compensates for this fact, and it is quite 

certain that, for the present, RIA will continue to be the technique 

of choice where subnanomolar assays are required •. Nevertheless, the 

advantages of fluorescent labels over radioactive ones - stability, 

lower unit costs, ease of preparation, and low health hazards -

provide considerable impetus for the research necessary to make FIA a 

complete alternative to RIA. 

The potential of HPIC to perform immunoassays in subnanomolar 

concentration ranges was demonstrated by the results of chapter 6, in 

which radiolabeled insulin was used to generate standard curves for an 

HPIC insulin immunoassay. It was expected that the substitution of a 

fluorescent label for the radioactive one would enable the development 

of an FIA for insulin. The immediate problem then became one of 

developing a fluorescence detector with the requisite sensitivity. 
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Zare, et al. (1980) reported a successful competitive binding FIA for 

insulin using laser-induced molecular fluorescence (LIMF) to detect 

subnanomolar levels of fluorescein-labeled insulin. However, the SIN 

ratio of the data was visibly poor, giving reason to doubt the 

efficacy of LIMF for this purpose. Reports in the literature (see 

below) suggested that satisfactory sensitivity could be achieved using 

simpler high-intensity continuum sources. 

Construction and Evaluation of a Highly Sensitive Fluoresence Detector 

The choice of components for the fluorescence detector (FD) for 

HPIC was dictated in part by the requirements for good spectral 

resolution in the visible region. Ultimately a fluorescence 

immunoassay by HPIC will be subject to interferences by serum 

components which fluoresce maximally at excitation wavelengths in the 

ultraviolet region. Thus, many current FIA procedures make use of 

fluorescein as a fluorophor, whose excitation and emission maxima are 

490 and 515 nm, respectively. This greatly reduces interferences by 

serum fluorescence, but the proximity of the excitation and emission 

wavelengths for this fluorophor makes scattering by the source a 

problem (Lidofsky, Imasaka and Zare, 1979). 

Fluorescamine, with its high quantum yield and greater 

separation of excitation and emission wavelengths (390 and 470 nm, 

respectively) was chosen as the fluorophor for HPIC work. The Eimac 

illuminator, a 150 W xenon arc lamp with an integral beam-collimating 

mirror, was selected as an excitation source because of its greater 

radiant flux at 390 nm relative to that of mercury vapor, deuterium or 
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tungsten lamps. The high intensity of the Eimac lamp made 

monochromatization by interference filters impossible because these 

were quickly destroyed by the beam, even when a heat reflecting mirror 

was interposed between source and filter. This led to the adoption of 

the ISA H.20 monochromator, with its high throughput (F3.5) and 

excellent stray light rejection (Richardson, 1977). The focussing 

lenses on the exit slit of the monochromator were selected to give a 

rectangular image at the position of the flow cell. 

The Perkin-Elmer ultramicro flow cell was specifically designed 

for HPLC work. Its volume is under 10 ul, and the rectangular design 

with optically blacked corners results in much less scattering than a 

cylindrical cell (Perkin-Elmer, 1977). For adaptation to the FD, a 

housing was constructed from 3/8" aluminum plate, with the necessary 

ports for the optical components. The emission optics, described in 

Chapter 2, were chosen for low cost and availability. Black 

electrician's tape was used to isolate the entrance of the emission 

optics housing from everything except the emission face of the flow 

cell. 

The performance of the FD was evaluated by the precision and 

sensitivity obtained in the generation of calibration curves for 

FAM-insulin and FAM-glycine. Figure 34 shows a calibration curve for 

FAf4-insulin obtained by direct injection into the flow cell. 

Measurements were made with stopped-flow conditions. The detection 

limit here is about 2 nglml, at which point the signal-to-noise ratio 

(SIN) is still greater than ten. Above this level the precision of a 

single determination is about 3% (one standard deviation). When 
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Figure 34. Calibration curve for FAM-insulin by direct 
injection into flow cell. Fluorescence detection at excitation 390 
nm, emission 470 nm. Each concentration of FAM-insulin is made in low 
absorbance grade phosphate buffer, 0.05 M, pH 7.0. 
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FAM-glycine was evaluated in this manner, a detection limit of 10 

pg/ml (5 x 10-11 M) could be obtained. This level of sensitivity 

could not be achieved for FAM-insulin because dilutions below about 2 

ng/mL (3 X 10-10 M) produced a constant fluorescence intensity. 

This was not due to the buffer used for dilutions, a possibility which 

was discounted by blank readings which were far below those of the 

limiting dilutions. Most likely the phenomenon is some kind of 

scattering due to particulate matter which must have entered the 

samples prior to injection; even after passing through 0.45 micron 

filters, the samples still showed this behavior. 

Figure 35 is a calibration curve for FAM-glycine resulting from 

the injection of 20 ul aliquots through the LC injection valve at 0.5 

mL/min flow rates. Here the detection limit is about 5 x 10-9 M 

with a SIN of 10, and the overall precision of the standard curve is 

reflected in the RSD of 5%. Thus in a flow configuration the 

detection limit for this substance is two orders of magnitude higher. 

Some of this loss of sensitivity is undoubtedly due to dilution of the 

sample plug during its course between injector and detector, but the 

absence of a column and any appreciable dead volume in this 

configuration makes even a five-fold dilution seem unlikely. Part of 

the problem can be attributed to day-to-day variations in the 

alignment of the FD components, for the two FAM-glycine determinations 

were made on different days. Even though optimization of the FD was 

always performed before each use, the components could be easily and 

unwittingly jarred from their optimal positions because the optical 

platform was rather makeshift. 
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Figure 35. Calibration curve for FAM-glycine at 1.0 mL/min. 
Injection is made with a 20 uL sample loop connected directly to flow 
cell (no column between injection valve and detector). Value at zero 
concentration represents response due to phosphate buffer background. 



132 

These detection limits nonetheless compare quite favorably with 

those reported in the literature. Perchalski, Winefordner and Wilder 

(1975) determined detection limits for ergotamine in pure ethanol of 1 

x 10-9 M in a spectrofluorometer retrofitted with an Eimac lamp; the 

detection limit by HPLC for the same substance in plasma was about 1 x 

10-11 M with fluorescence detection; however, this was achieved only 

after a lOa-fold preconcentration step. Richardson (1977a) reported a 

detection limit of 1 x 10-11 M FAM-arginine using LIMF, with the 

sample in a 2 ml cuvette. This included the use of boxcar 

integration. With certain model compounds, it has been possible to 

achieve sub part-per-trillion sensitivities with laser fluorescence 

(Bradley and Zare, 1976; Richardson, 1977b). However, the high cost 

and complexity of the instrumentation necessary to achieve such 

sensitivity is strong inducement to make do with simpler systems. 

Most immunoassays of clinical importance could probably be run 

successfully with a detection limit for a typical highly fluorescent 

label of about 1 x 10-11 M in a volume of 50 ul. Since the FD 

already can detect 1 x 10-10 M, it would be worthwhile to suggest 

some reasonable avenues of investigation which might add the desired 

order of magnitude. 

The first aspect to be improved would be the emission optics. 

The FD does not appear to be shot-noise limited; this can be seen by 

the steady decline in signal as the excitation wavelength is moved 

farther and farther away from the fixed emission wavelength when pure 

H?O fills the cell. Rather, the scattering and stray light must be 
~ 

contributing significantly. Fine adjustment of the emission lenses 



and possibly installation of an emission monochromator should be 

undertaken, which may necessitate photon counting. 
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Another suggestion for improvement would be any modification to 

give more incident power. Among these might be, improved lenses for 

exeitation and an investigation of the effects of removal of one or 

both monochromator slits. The implementation of a sturdier optical 

platform (now under construction) for the FD components would be 

expected to result in a more reproducible illumination of the flow 

cell • 

Finally, it may be worthwhile to change the cell design 

itself. Zare's "windowless cell" (Zare, 1980) eliminates scattering 

off the windows of flow cells by dispensing with a cell altogether in 

favor of an "immobile" flowing droplet. An additional benefit of this 

design is the removal of interferences from gas bubbles via a notch in 

the delivery tube just above its outlet. 

It should be noted that the above discussion has centered 

around the requirements for a fluorescence immunoassay for insulin at 

the 100 picomolar level. Many RIAs of clinical significance are used 

to determine levels of antigens and haptens 10 to 1000 times higher 

(Skelley, et al. 1973) than this; examples are IgE, a12-microglobulin 

and a-fetoprotein. Another factor which should lessen the sensitivity 

requirements for assays would be the implementation of methods using 

labeled antibodies. It is clear that the heavy labeling of antigens 

is quite detrimental to their ilnmunological activity, while antibodies 

can tolerate a much higher extent of labeling. Thus, one always aims 

for a label/antigen ratio of 1 or less, but the ratio for an antibody 
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can vary from 1 to as much as 14 without a severe loss of activity 

(Miles, 1975; Smith, 1977). Obviously a molecule with 10 f1uorophors 

will likely be ten times easier to detect than one with only a single 

label. 

These considerations illustrate the need to investigate new 

possible approaches to HPIC fluorescence immunoassay. Thus far, the 

paradigm of this research has been the adaptation of HPIC to 

competitive binding assays involving fluorescent antigens. There are 

some advantages to this type of immunoassay over others to be 

described (see below) notably simplicity of adaptation to HPIC, 

although the technique suffers from its competitive nature (Hales, 

1980). The most troublesome part of the competitive binding assay is 

that it requires preparation of active labeled antigen. The need for 

a FA~1-insu1in of similar immunological reactivity to native insulin 

justifies some work on the implementation of a rel'iable affinity 

purification scheme for this antigen. The importance of affinity 

purification of labeled insulin was indicated in chapter 6, where the 

loss of activity of FAM-insulin was demonstrated. Immunoaffinity 

purification of 125I_insulin by Reactigel immunosorbents (CP2 

antibody) for increased assay sensitivity has been shown. (Sportsman, 

et ale 1982c). The extension to purification of FAM-insulin should be 

straightforward, and should even be capable of being standardized. 

To date, the highest sensitivities in immunoassays have been 

achieved using double antibody methods (Schuurman, 1979) such as the 

two-site immunoradiometric assay (2-site IR~lA or II sandwich assayll) 

and two-site indirect IRMA, or double antibody solid phase (DASP) 



assay •. There are two main advantages of these methods over 

competitive ones. 
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First, the technique employs labeled antibodies to directly 

titrate the antigen instead of indirectly measuring the distribution 

of a competing label. Thus the conditions of the experiment allow 

antibody excess and greater completion of reaction with concomitant 

fast kinetics and better sensitivity. The second advantage lies in 

the fact that antibodies, not antigens, are labeled. The 2-site IR~~ 

works by first binding the antigen on a specific immunosorbent, 

followed by washing and the reaction with a labeled second antibody. 

After a second washing, the activity of the second antibody is 

determined. This method is thus applitable only to bivalent 

antigens. Whether insulin would behave as a bivalent antigen in such 

an assay is unknown, and a 2-site IRMA for insulin has not appeared in 

the literature. However, it has been reported that insulin can 

demonstrate bivalent behavior (Ziegler and Lippman, 1972; Pentschev, 

Andrew, and Ditzov, 1965). Many antigens of clinical interest do 

indeed demonstrate the necessary bivalent nature, and sandwich assays 

for such substances as IgA (Schuurman, 1979) and a-fetoprotein (Hales 

and Woodhead, 1980) have been described. The two-site indirect 

immunoradiometric assay takes this concept a step further by using a 

third labeled antibody against the second one, thus obviating the need 

to radiolabel individual antisera (i.e., a "universal assay reagent" 

is made). This method has been used successfully to assay proinsulin 

(Hales and Woodhead, 1980), which contains an additional peptide (the 

C-peptide) that is cleaved prior to secretion of insulin. In this 
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assay, the first (solid-phase) antibody was directed against insulin, 

while the second antibody was raised against the C-peptide. This 

suggests that such an assay for insulin should be possible, since this 

molecule is fully two-thirds the size of proinsulin and it should 

therefore be possible to prepare two different antisera which can 

react at once with different portions of the insulin molecule. 

In any case, the applicability of HPIC fluorescence 

immunoassays to some convenient antigen should be undertaken by a 

two-site method. This will require the extensive fluorescent labeling 

of an antibody, which should be done while the active site is 

protected by adsorption of the antibody on a specific immunosorbent. 

A methodology similar to that described by Miles or Hales should work 

well (Miles, 1975; Hales, 1980). As a model for successful labeling 

protocol, preliminary experiments have been performed in this 

laboratory to radioiodinate antibodies which were bound to an 

insulin-silica immunosorbent (insulin-G25), in order to prepare a 

labeled Ab for a two-site IRMA for insulin by HPIC. CP2 globulin, 950 

ul of 0.3 mg/mL, was incubated with 25 mg of insulin G-24 for 24 hours 

at 50 C. The globulin fraction included some [125 I]_Ab (1 x 106 

CPM) which had been previously lightly labeled «1 uCi/ug) by the 

iodine monchloride (IC1) method. After the incubation, the solid 

phase was washed extensively with BBS and counted. About 6.7 x 105 

cpm remained bound to the solid phase. 

The immunosorbent-bound antibody was then labeled again, using 

0.5 mCi of Na125 I activated by the ICl method. The glass particles 

were then repeatedly washed and centrifuged with PBS until the counts 
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in the washings decreased to less than 10% of the initial value. The 

radiolabeled antibody was then sequentially eluted by washing with pH 

4.5, 0.1 M acetate buffer, 0.001 M HC1, 0.01 M HC1, and 0.03 M 

sulfamic acid, pH 1.5. The elution pattern is shown in Figure 36. 

The low yields of activity seen here were disappointing. The acid 

fractions (II, III, and IV) were collected, dialyzed against PBS, and 

tested according to the method of Miles (1975); the results are shown 

in Table VI. As can be seen, the labeled antibody will react with 

insulin immunosorbent and not with a non-specific sorbent (BSA 

immobilized on silica). However, addition of a large amount of 

soluble insulin does not seem to result in any competitive 

displacement of antibody from the sorbent. This would indicate that 

the antibody which becomes bound to the insulin immunosorbent either 

preferentially recognizes some conformation of the insulin molecule 

that is not favored in solution~ or binds non-specifically to the 

sorbent. 

Another undesirable feature of this procedure is that roughly 

half of the 1251 initially applied remained bound to the 

immunosorbent; this may indicate strong non-specific adsorption, 

failure of the antibodies to elute even at pH 1.5, or iodination of 

the insulin on the matrix itself. The last of these effects cannot be 

discounted, but the non-specific contribution does not seem likely 

given the failure of recovered antibody to bind in this way to 

nonimmune sorbents. 
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Figure 36. Elution pattern of [125rJ-Ab from insulin-G25 
immunosorbent following iodination. 25 mg immunosorbent was washed 
repeatedly with 1.0 mL of eluant. After mixing 5 min, the 
immunosorbent was centrifuged and the supernatant decanted and 
counted. Roman numerals denote pooled fractions, and corresponding 
eluant is shown. . 
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TABLE VI. Characterization of [12SIJ-CP2 Antibody Fractions 

Supernatant Radioactivity, CPM 
Fraction: II III IV (0.03M 

Test (0.001 ~1 HC1) (0.01 M HC1) Sulfamic, pH 1.5) 

l. Buffer only 4435 7186 4022 
2. Excess soluble Aga 4648 7527 3865 
3. Specifi c I~lAgb 2112 3844 2415 
4. Non-specific IMAgC 4021 7400 3560 
5. Specific IMAg + 2614 4004 2604 

excess soluble Ag 

Three antibs>dy fractions were eluted from insulin-G24 immunosorbent 
following 1251 labeling by the ICl procedure. Each fraction was 
dialyzed ~xtensively against PBS. TCA precipitation tests showed 98 
of the 12~I to be protein-bound. Conditions: 50 ul of each fraction 
is incubated in a total volume of 400 ul of PBS/O.I to BSA, containing 
the indicated test reagent; H'IAg=immobilized antigen. 

a. insulin at a concentration 50 ug/ml 
b. 10 mg of insulin-G24 
c. 10 mg of BSA-G22 (BSA immobilized on G22 CPG) 
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An attempt to prepare radiolabeled globulin in this way using 

an insulin-Reactigel immunosorbent (insulin-6X, prepared from insulin 

and Reactigel according to Pierce, 1982) gave equivocal results also. 

In this case a chloramine-T procedure (Hunter and Greenwood, 1964) was 

used to label the immunosorbent-bound antibody. 

Again, low specific activity resulted, but as shown in Table 

VII, the immunological activity of this preparation was somewhat 

better judging by the ability of soluble insulin to compete with 

immunosorbent for the antibody. Perhaps the low specific activity is 

a function of the labeling procedure itself, since the chloramine T 

method has never worked well in this laboratory, for reasons unknown. 

For this reason, it is difficult to conclude that Reacti-gel is 

unsuitable for use in antibody labeling experiments; it might work 

quite well with the ICl procedure. 

There is reason to believe that the use of an activated matrix 

which binds through groups other than amines would allow better 

recoveries of antibodies with higher reactivities (Miles, 1975). To 

this end, the preparation of antigen immunosorbents from 

aminobenzyloxymethyl cellulose (ABMC) according to Miles, is the next 

step envisioned. This technique, it is claimed, promotes the 

preparation of labeled antibodies against all antigenic determinants, 

since this matrix can bind proteins through several different amino 

acid side chains. 

Prospects for Antibody Fractionation 

The discussion of the preceding section raises an issue to be 



Table VII. Characterization of (125I)-CP2 Antibody Fractions 
From Insulin-6X immunosorbent 

Test 

1. Buffer only 
2. Excess Soluble Aga 
3. Specific IMAgb 
4. Non-specific IMAgC 
5. Specific IMAg + 

excess soluble Ag 

Supernatant Radioactivity, CPM 
Fraction: III IV 

(0.01 M HC1) (0.03 M Sulfamic Acid) 

4559 
4715 
3894 
4768 
4168 

6827 
7259 
4613 
7216 
5330 
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The two antibody fractions were eluted from insulin - 6X (Reacti-gel) 
immunosorbent following radioiodination by the chloramine T procedure. 
The solvent used for elution is shown in parentheses. Other conditions 
as in Table VI. 

a. insulin at a concentration of 50 ug/ml 
b. approximately 10 mg of insulin-6X 
c. approximately 10 mg of BSA-6X (BSA immobilized on Reactigel 6X.) 
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addressed here. It is clear that advantages will attend the isolation 

of antibody subpopulations with a single binding constant from a 

heterogenous antiserum consisting of several such subpopulations. As 

has been shown, the sensitivity and precision of immunoassays should 

increase as lower affinity antibodies are removed from a heterogeneous 

antiserum. However, such low affinity antibodies might be used to 

considerable advantage over those of high affinities when relatively 

large quantities of antigen are to be purified, since it should be 

easier to subsequently dissociate lower affinity complexes. 

Thus, the possibility of antibody fractionation on the basis of 

affinity is of considerable importance. Kruse (1978) recently 

demonstrated an increase in assay sensitivity upon removal of lower 

affinity antibodies from an antiserum on the basis of their faster 

dissociation rates. Miles (1975) and Cuatrecasas (1969) have reported 

that mUlti-step decreases in pH will elute antibodies of increasing 

affinity, but these results are presented only in qualitative terms. 

If, as is most likely the case, antibodies of increasing 

affinity are eluted from immunosorbents as solvent conditions 

increasingly depart from physiological values (in terms of pH, ionic 

strength and/or dielectric constant), then a fractionation should be 

achievable using a gradient-programmed solvent delivery scheme for 

HPIC. 

This possibility was investigated in a series of experiments in 

which insulin immobilized on CPG (insulin-G24) was packed into a 7 x 

0.2 cm i.d. column to provide an antigen immunosorbent for antibodies. 

The CP2 and CB5 antisera (capybara and monoclonal, respectively) 
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were labeled with FAM, as described in the methods, so that they could 

be detected with the fluorescence detector. Ovalbumin was also 

labeled with FAM to act as a non-specific protein probe. 

Experience with antibody immunosorbents for insulin had shown 

that elution of this antigen could be achieved with low pH buffers or 

by addition of acetonitrile to the aqueous mobile phase. Under the 

assumption that the reverse of this system (i.e. antigen immunosorbent 

for antibody) would be subject to elution by the same conditions, 

gradient schemes for solvent programming were used to achieve the 

elution of antibody from the sorbent after injection of 50 ul volumes 

of 1-5 mg/ml solutions. 

Figure 37 is a chromatogram obtained for FAM-CP2 Ab on the 

insulin-G24 column. The FAM-CP2 elutes mostly in the first peak; 

however a considerable fraction elutes when the acetonitrile 

composition of the mobile phase reaches 30% or so. Significantly, 

very little antibody was detected when pH 1.5 sulfamic acid alone is 

applied; this would suggest that biospecific interactions are not 

occurring, since the antigen is released from an active antibody 

immunosorbent when this solvent is applied. 

Similar chromatograms were obtained when FAM-CB5 antibody was 

applied to the same column, though one might have expected a different 

elution pattern because of the lower affinity of these antibodies. 

The non-specific nature of the interactions was conclusively 

demonstrated when FAM-ovalbumin and FAM-insulin were shown to give 

similar chromatograms. FAM-glycine was not retained at all under 



w rn 
c: 
Q) 
CJ rn 
Q) 
~ 

o 
~ -... 
Q) 

> ., 
ca 
! 

80 

70 

60 

50 ," 
." ,,' 

40 ,.' 

30 ----

20 

10 

o 

," ,.' 

5 

.. - ....... . , . , , . , , 
" 

, 

, , " , 
, 

10 

time, min. 

15 

• • · , , 
• , , , , , , , . . , , , 

• , t_._ .•. ______ ._ 

20 

100 

50 
.5 
z 
(.) 

M 

oJ: 
(.) 

#. 

144 

Figure 37. Chromatogram of FAM-labeled CP2 anti-insulin 
globulin on insulin-G24 column. Volume injected: 5 uL; sample 
concentration: 1 mg/mL; flow rate: 0.5 mL/min; column dimensions: 7.5 
X 0.2 cm. CH3CN contained equivolume 0.03 M sulfamic acid. 
Detection by fluorescence with excitation 390 nm, emission 470 nm. 
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these conditions, suggesting that some characteristic of proteins was 

responsible for the binding, and not, for example, the FAM label. The 

non-specific adsorption seen here is probably of the type already 

demonstrated for a variety of proteins on silica, namely, a 

hydrophobic or other mechanism driven by interfacial tension. 

Several possibilities exist whose resolution might lead to a 

successful antibody fractionation experiment. The first of these 

could be that the immobilized insulin possesses no reactivity. The 

results of the antibody labeling experiments support this view, and, 

given the small size of the insulin molecule, together with its 

penchant for irreversible binding to silicas, one can imagine that 

insulin becomes too intimately associated with the silica surface to 

maintain its reactivity with a soluble antibody. This possibility can 

only be assessed after active, labeled antibody has been prepared. 

A second area which must be investigated is' the immunological 

reactivity of FAM-antibodies. Titering experiments were run on the 

FAM-CP2 antibody to show that active antibody was present. It was 

found that the titer of FAM-CP2 might be as much as 5-fold less than 

unlabeled CP2 globulin of equivalent protein concentration. A more 

complete assessment of effective antibody concentration in FAM-labeled 

preparations would be in order, and, if necessary, the labeling 

reaction might have to be done with the antibody bound to an 

immunosorbent, as previously described, to obtain maximum activity. 

A final suggestion for improvement of antibody fractionation 

experiments is that the elution of bound antibody be performed in a 



flow direction opposite to that of sample application. This modus 

operandi has been recommended by Kristiansen (1978): 

...... antibody adsorbed to columns shou]d always be eluted 

backwards. Otherwise high avidity antibody tending to accu

mulate on the inlet side will have to interact with antigen 

throughout the column before it is eluted, if it is, indeed, 

eluted at all. A strong desorber, able to propel it all 

along to the outlet, may cause severe damage both to the 

antibody and the ligand." 
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This may be especially true in the case of HPIC, where a 

desorbing antigen or antibody may also interact strongly with the 

matrix prior to elution with concomitant losses in yield and 

resolution of antibody subpopulations. Such a reverse-column method 

was tried for fractionating antibodies on the insulin G-24 column (7 

cm x 0.2 cm I~D.) described above. FAM-CP2 was injected as before, 

and after elution of the large first peak, the column was disconnected 

and reinstalled backwards. Very little antibody was detected upon 

elution at pH 1.5 with the column attached in this reverse flow 

manner; instead, elution could only be achieved by 30% acetonitrile as 

before. Thus the adsorption of anti insulin antibodies to the 

insulin-G24 silica immunosorbent appears to be totally non-specific in 

nature. Given the success with which insulin-sepharose conjugates 

have been used for sorption of specific antibodies, it appears that 

the silica matrix itself is indeed responsible for the failure of 

insulin to maintain reactivity after immobilization. The future 

success of HPIC insulin antibody fractionation will be realized when a 



superior matrix becomes available, such as the crosslinked 

dextran-coated CPG particles described previously. 
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APPENDIX I 

PROPERTIES OF REACTI-GEL (6X)-DERIVED IMMUNOSORBENTS 

The following discussion is excerpted from a manuscript of the 

same title which has been submitted for publication to the journal 

Analytical Biochemistry (Sportsman, et al. 1982c). The Introduction 

and Materials sections have been deleted and may be found in the 

referenced work. 

Specific tmmmunosorbents based upon 1,1'-carbonyldiimidazole

activated Sepharose 6B-CL have been prepared and evaluated with regard 

to capacities of the sorbents, conditions for their use and the 

quality of the ligate purification obtained. The amounts of protein 

which could be bound to these sorbents was upwards of 20 mg/ml of 

packed gel, comparable to yields typically obtained by cyanogen 

bromide (CNBr) activation of Sepharose. The effect of antibody 

affinity of the immmunosorbent properties is discussed. The 

convenience, durability and specificity of these immmunosorbents 

relative to those made by other methods are demonstrated. 

The activation level of Reacti-Gel (6X) was determined to be 

74 + 2 pmol per ml of packed gel (duplicate determinations) using the 

absorbance at 206 nm to measure the hydrolyzed imidazole. This is to 

be compared with the manufacturer's value of 50 pmol/ml, which was 
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determined by a colorimetric method using ninhydrin. That the two 

results are in reasonable agreement speaks well for the suitability of 

this spectrophotometric technique, which is rapid, simple, and free of 

interferences from carbonate which can be a problem in the titrimetric 

procedure for determination of the activation level (Bethell, Ayers, 

Hancock and Hearn, 1979). 

The efficacy of an immmunosorbent lies in its ability to 

fulfill several requirements. The coupling of protein ligand should 

proceed reproducibly and in high yield without unduly harming its 

biological activity; a quantitative reaction is ideal. The 

immmunosorbent should bind the ligate through its ligand selectively 

and with sufficient affinity for use at expected concentrations while 

non-specific interactions due to the matrix are minimal. Finally, the 

ability to elute the ligate in an active form with good recovery must 

be demonstrated. 

Table VIII shows the amounts of protein ligands attached to 

gels and activities retained by the attached ligands. The values for 

total bound ligand compare well with those typically obtained using 

cyanogen bromide-activated agarose (Bethell, et al. 1979; Cuatrecasas, 

1969). For example, Parikh et al. (1974) reported the eauivalent of 

115 nmol/ml of albumin attached to CNBr-activated Sepharose under 

optimal conditions. In other reports yields of 60 nmol/ml of coupled 

globulin protein have been achieved (Akanuma, et al., 1970). For the 

present case of the rabbit IgG Ag, the low value of 6.4 nmol/ml is due 

to the fact that a 10-fold excess (1 mg protein/10 ml gel volume) of 
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Tab le VII 1. Ligate-Binding Capacitya Properties of Reacti-Gel (6X) 
Immunosorbent 

Ratio of 
Total Capacity for Ligate 

Immobilized Adsorption of to 
Sorbent Ligandb LigateC Ligand 

Antiinsulin 
monoclonal 

CB5-6X 112.0 8.3 0.074 
Antiinsulin 
polyclonal 

(3.4)d (0.052)d CP2-6X 81.2 U.17 0.002 
Antihuman Fab 

kA 6X 45.7 3.8 0.083 
Rabbit 

IgG-6X 6.4 1O.1e 1.58 

a. Values are reported on the basis of packed gel volumes. 
b. Determined by difference method (see Experimental). 
c. Determined at excess ligate concentration. 
d. Numbers in parentheses are corrected for antiserum purity (see 

Results and Discussion). 
e. Function of Ag multivalency. 
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matrix was present during the coupling l~eaction. Under these 

conditions, 95 of the protein initially present became attached. The 

other three immmunosorbents were prepared using a ratio of about 10 mg 

protein per ml of gel, which typically resulted in an attachment of 

about 50 % of the protp. in. 

The binding capacities of the immmunosorbent columns were 

evaluated by applying increasing concentrations of ligate until 

subsequent elution by the desorbing buffer failed to result in a 

significant increase in the amount of ligate recovered. As can be 

seen, the three immmunosorbents cons i sti ng of immobil i zed Ab exhi bit 

lower binding capacities on a per mole basis than that theoretically 

obtainable if each mole of immobilized Ab were active toward its Ag. 

This is reflected in the ligate to ligand ratios in Table I. The 

relatively low value for CP2-6X reflects the fact that 95 of the 

polyclonal globulin fraction consists of noninsulin-specific 

antibodies. When an appropriate correction for this fact is made, a 

value of 0.052 is obtained for the ligate to ligand ratio. This agrees 

well with the values for the other two Ab immmunosorbents which were 

both prepared from immunochemically purified antibodies. 

For all three Ab immmunosorbents, then, the coupling reaction 

promotes loss of activity, an observation noted by other investigators 

(Sportsman and Wilson, 1980; Line, et al., 1973). This can be 

contrasted with the ability of an Ag immmunosorbent such as the rabbit 

IgG 6X to bind more than 1 mole of ligate per mole of ligand (Miles, 

1977). 
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Perhaps the most i~portant criterion of performance of any 

immmunosorbent is the ability to recover the ligate in a highly pure 

and active form. From this standpoint Reacti-Gel sorbents exhibited 

excellent and predictable behavior. 
, 

Unfractionated sheep antiserum was loaded onto the affinity 

column and pure sheep antirabbit IgG was recovered. An IEP gel is 

shown Figure 38. The rabbit gamma globulin pure fraction that was 

used as the immunogen was placed in well 1, whole rabbit serum was 

placed in well 2 and the sheep antirabbit IgG from Reacti-Gel affinity 

chromatography was placed in the trough. A single precipitin band was 

observed indicating that the sheep antiserum from the affinity column 

was monovalent in specificity. Serum electrophoretogram also showed 

that the the same sheep fraction was composed of only the gamma 

migrating component. Thus, the above-mentioned multivalent behavior 

of this antigen column is not due to non-specific adsorption. 

Figure 39 shows an affinity chromatogram for Fab on the 

anti-human Fab inmlunosorbent. It was found that a pH above 2.2 was 

unable to effect significant elution of bound protein. The precipitin 

tests of each of the affinity fractions showed that the first peak 

~aterial had a titer of less than 1:5 based on turbidity but with no 

visible pellet upon centrifugation. This fraction contained 

nonspecific Fc component and other serum proteins. The second peak 

material had a titer of 1:40 with a clearly detectable precipitin 

reaction. Thus, the specificity of this immunosorbent and the 

integrity of the recovered Ag was demonstrated and resulted in a 

greater than 100-fold purification of Fab. 
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Figure 38. Immunoelectrophoresis pattern (IEP) of affinity 
purified sheep antirabbit IgG. Pooled rabbit serum and purified 
rabbit 9amma qlobulin (2 uL) were applied to wells 1 and 2 respectively. 
IEP was carried out for 60 min at 10 rna/slide rack in 1.5% Noble agar. 
Affinity purified sheep antirabbit I9G (40 uL) was added to the trouqh. 
Precipitin bands appeared after overnight incubation at 37°C. 
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Figure 39. Affinity chromatography of human Fab. Reactige1 6X 
antihuman Fab column (0.5 X 4 cm bed) was equilibrated with 0.1 M 
borate buffer pH 8.5. Detection was achieved by absorbance at 280 
nm. A flow rate of 0.20 m1/min was used. Event A. represents 
injection of 75 1 of a mixture containing 165 mg human IgG and 1.5 mg 
papain in 0.1 M borate buffer pH 8.5. Event B shows the elution 
pattern with 0.05 M phosphate buffer, pH 1.8. 
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Figure 40 illustrates an affinity chromatogram for insulin on 

a column of CB5 monoclonal anti-insulin. As can be seen, the first 

peak shows considerable tailing and does not return to baseline. Upon 

changing to pH 2.5, the bound insulin is eluted and detected. 

Radiolabeled insulin was applied to this column and fractions were 

collected as described in the methods section. Figure 41 is a 

chromatogram obtained from the data. Again, the first peak shows 

considerable tailing, indicating that there is a slow desorption of Ag 

from the column which is hastened by the pH change. 

The behavior of insulin on the column consisting of monoclonal 

Ab may be compared to that obtained with the CP2 affinity column. 

Figure 42 shows the affinity chromatogram for 125I-insulin obtained 

with this column. The tailing of the first peak which was observed 

with the CB5 immmunosorbent does not appear here. It is interesting 

to note also that elution of the bound Ag required the use of pH 1.5 

sulfamic acid, since the pH 2.5 phosphate buffer eluted only about 20% 

of the bound counts. Even in this case about 12~ of the applied 

counts remained bound to the column despite several cycles of mobile 

phase changes. 

Th~ acid-eluted fractions of both columns were successfully 

employed in solid phase immunoassays for insulin using capybara 

antisera immobilized on silanized controlled pore glass. It was noted 

that as the unlabelled Ag concentration approaches zero, the bound to 

free ratio (B/F)o went above 10, indicating that this 

ff "t 'f' d 1251 , l' h' h d f a 1n1 y-pur1 1e -lnsu 1n possesses a 19 egree 0 
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Figure 40. Affinity chromatography of insulin. A Reacti Gel 
6X CBS monoclonal anti-insulin column (2 cm x O.S cm) was equilibrated 
with PBS. Event A is the application of 0.1 ml of 1 mg/ml bovine 
insulin followed by elution with 0.1 M phosphate buffer pH 7.4. Event 
B shows the elution of bound insulin by 0.1 M phosphate buffer, pH 
2.S. Proteins were detected by absorbance at 280 nm. 
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Figure 41. Affinit2 chromatography of 1251-insulin. A 0.25 
ml aliquot of 0.15 ug/ml lSI-insulin was applied to a 2 X 0.5 cm 
column of Reactigel 6X L~5 monoclonal anti-insulin. Event A is the 
application of 0.1 ml of 1 mg/mL bovine insulin followed by elution 
with 0.1 M phosphate buffer pH 7.4. Event B shows the elution of 
bound insulin by 0.1 M phosphate buffer, pH 2.5. Detection was by 
counting [1251] activity of each 2 mL fraction. 
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Figure 42. Affinit2 chromatography of 1251-insu1in. A 0.25 
mL a1iqout of 0.15 ug/mL 1 51-insulin was applied to a 2 X 0.5 cm 
column of Reactigel 6X CP2 monoclonal anti-insulin globulin. Event A 
is the application of 0.1 mL of 1 mg/mL bovine insulin followed by 
elution with 0.1 M phosphate buffer pH 7.4. Event B shows the elution 
of bound insulin by 0.03 M su1famic acid, pH 1.5. Detection was by 
counting [1251] activity of each 2 mL fraction. 
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immunoreactivity, exceeding that of the unpurified Ag, whose (B/F)o 

in the same assay was less than 4. 

A comparison of Figures 41 and 42 shows that the CP2 column is 

superior because it binds the largest amount of 125I-insu1in. This 

is apparently inconsistent considering the stated binding capacities 

of Table VIII. However, the affinity of the CB5 monoclonal antibodies 

is fairly low, about 1.6 X 106 liters/mol (19), whereas the affinity 

of the CP2 Ab is considerably higher (greater than 1 X 1010 

liters/mol) as evidenced by cold competition radioassay. The binding 

capacities were evaluated at insulin concentrations on the order of 10 

ug/ml at which levels the differences in affinities between the two 

antibodies would not be expected to result in different capacities. 

Thus, the higher affinity of the CP2 antibodies explains the ability 

of the CP2 immmunosorbent to bind these low amounts of Ag (i.e., about 

40 ng). This also may be an explanation for the slow desorption 

(illustrated by tailing) of Ag characteristic of the CB5 

immmunosorbent. Since lower affinity Ab-Ag reactions are generally 

characterized by faster reverse rate kinetics (Karush, 1975), a low 

affinity immmunosorbent would be expected to reflect such a reverse 

rate in a chromatographic experiment in just the manner seen, whereas 

a high affinity immmunosorbent would be expected to retain Ag very 

tightly until strong desorbing conditions are effected. Indeed, the 

somewhat strenuous conditions at pH 1.5 necessary to achieve the 

desorption of insulin from the CP2 inmmunosorbent presumably reflect 

the higher affinity of this sorbent relative to CB5, whose bound Ag 

may be eluted at pH 2.5. 
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The specificities of these immmunosorbents were evaluated by 

comparing the elution patterns of specific antigens with those for 

other proteins when concentration similar to those of specific Ag were 

applied. Cytochrome c~ BSA and human IgG were passed unretarded by 

both anti-insulin immmunosorbents~ and no protein was detected upon 

elution at pH 1.5. The rabbit Ag column packed with 10 ml of gel 

eluted only 0.17 mg of protein upon changing to pH 2.2 after applying 

a 250 mg load of BSA. 

Furthermore, a column packed with Protein-A immobilized on 

Reacti-Gel passed insulin and 125I-insu1in with greater than 98% 

recovery. These results show that the matrix exhibits little tendency 

to bind non-specifically even at very low concentrations (below 10 ng 

total). 

It has been noted that cyanogen bromide-activated Sepharose 

displays a marked tendency to adsorb proteins non-specifically 

(Nishikawa, et al., 1975). Murphy and coworkers demonstrated that the 

charged matrix resulting from CNBr activation contributed 

significantly to the difficulties encountered in the elution of 

specific antibodies for glucagon coupled to Sepharose (Murphy, et al., 

1977). This phenomenon was attributed to compound affinity resulting 

from a combination of biospecific and non-biospecific interactions. 

StrunglY denaturing solvents such as 4 M guanidine were required to 

promote elution of high affinity antibodies. Such stringent 

conditions seem to be generally necessary when using CNBr activated 

materials for high affinity adsorbents. In this study good recoveries 

of highly immunospecific antigens and antibodies have been realized 
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when a pH no lower than 1.5 was employed for desorption, and in at 

least one case, the immmunosorbent was prepared from ligand exhibiting 

a high affinity for the ligate. These relatively mild elution 

conditions and the absence of significant nonspecific binding point to 

the inertness of Reacti-Gel matrix in general and the absence of 

charged groups in particular. 

In conclusion, we have evaluated these experiences with 

Reacti-Gel immmunosorbents from the standpoint of the important 

technical parameters which define a successful affinity system: 

capacity, specificity, and recovery. In all three areas it can be 

concluded that Reacti-Gel adsorbents demonstrate excellent qualities 

giving predictable affinity. In addition, the activated matrix is 

stable for four months or more, and the smooth attachment of protein 

gives a stable immmunosorbent which may be stored and reused many 

times with little apparent loss in binding capacity. It should be 

noted that the preparation of the activated matrix, although not 

discussed in this work, is extremely simple and does not require 

agents such as CNBr or highly alkaline solutions (Bethell, et al., 

1979). Thus, the convenience of use is another strong virtue of this 

immmunosorbent. It is expected that the advantages inherent in the 

use of l,l'-carbonyldiimidazole activation for preparation of agarose 

immmunosorbents wi 11 result in the wi despread adopti on of thi s method. 



APPENDIX II 

FORTRAN PROGRAMS FOR SIMULATIONS OF 

ANTIBODY-ANTIGEN EQUILIBRIA 

Following is a listing of the programs 8EFREE, SIPS, and 

LINFIT, all of which were used to generate hypothetical binding data 

and equilibrium parameters for model antibody-antigen reactions 

exhibiting heterogeneity of affinity. 

These programs were written in FORTRAN 10 using the University 

of Arizona's DEC-System 10. The BEFREE program generates Scatchard 

plots for a three-component antibody system reacting to equilibrium 

with a monovalent antigen (Ag). At equilibrium, the amount of antigen 

bound to various binding sites (antibody Ab or non-specific, depending 

on the model) is given in concentration units by Equation A-1: 

Here, [B] is the bound, and [F], the unbound or 'free' Ag 

concentration at equilibrium; K1, K2, K3 are equilibrium 

association constants for each of the three binding sites, and 
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C1, C2, C3 are their respective initial concentrations. 

Data are generated by selecting a range of Ag concentrations 

to be studied. The program divides this range up into an equal number 

(N, the number of points desired) of values of log [AgJ and then uses 

these concentrations for the variable [FJ (A(I) in the.program). In 

this manner an array of corresponding [BJ values is calculated using 

Eq. A-I. 

The user selects the number of points N, the values of th~ 

antibody (or non-specific binder) concentrations and K values, and the 

Ag concentration range to be studied. Output is written to the file 

SCATC.DAT for further use. 

The SIPS program accesses this file to generate Sips plots 

from the Scatchard plot data. First, the last four points of these 

data are fitted to a least squares' lines (LINFIT subroutine) to 

estimate the abscissa intercept. This value is equivalent to the 

total antibody concentration (ABT in the program); the limiting slope 

of the Scatchard plot, KL', is obtained as the slope of this line. 

The value of ABT is then used in the Sips plot (see, for example, the 

discussion in Chapter 5) together with the accessed data to obtain 

values for Ko' the average affinity constant, and 'a', the 

heterogeneity index. These parameters are then printed out at the 

user terminal under appropriate headings, along with the statistical 

parameters generated by LINFIT. 



C BEFREE: A PROGRAM TO GENERATE SCATCHARD-
C TYPE PLOTS FOR ANTIBODY-ANTIGEN BINDING 
C UP TO THREE DIFFERENT ANTIBODY POPULATIONS 
C MAY BE USED, EACH WITH ITS OWN CONCENTRATION 
C AND VALUE OF K, A MONOVALENT INTERACTION 
C WITH A SINGLE TYPE OF ANTIGENIC DETERMINANT 
C IS ASSUMED FOR A REACTION GIVEN BY 

AB + AG = ABAG 
C AND K DEFINED AS K=[ABAG]/[AB][AG]. 
C USER MAY SELECT THE RANGE OF ANTIGEN 
C CONCENTRATIONS TO BE STUDIED, AND TIlE 
C NUMBER OF POINTS TO BE GENERATED. 
C AT THE END OF THE EXECUTION, THE POINTS 
C ARE WRITTEN TO A FILE LABELED "SCARC • DATil 
C IN THE ·FORMAT [B] ,B/F FOR ACCESS BY PLOT 
C ROUTINES. 

DIMENSION A(200),BO(200),B(3),D(3),BF(200) 
REAL INCR 

10 FORMAT C ENTER INITIAL AB CONCENTRATIONS ' ) 
20 FORMAT (!, I ENTER ZERO IF NONE, E FORMAT ' ) 

TYPE 10 
TYPE 20 
DO 35 1=1,3 
TYPE 22,1 

22 FORMAT (! ,IX,I2, I. I) 
ACCEPT 30 ,B( I) 

30 FORMAT (E) 
35 CONTINUE 

TYPE 40 
40 FORMAT (I ENTER A POINTS WANTED') 

ACCEPT 45,N 
45 FORMAT (1) 

TYPE 50 
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50 FORMAT (/,1 ENTER VALUES IN SAME ORDER AS CONCENTRATIONS ' ) 
ACCEPT 55,(0(1),1=1,3) 

55 FORMAT (E) 
TYPE 60 

60 FO RMA T (!, I WHAT RANGE OF [AG]1T I) 
TYPE 62 

62 FORMAT (I HIGHEST [AG]=') 
ACCEPT 55 ,A( N) 
TYPE 64 

64 FORMAT (I LOWEST [AG]=') 
ACCEPT 55 ,A(1) 
TYPE 73 

73 FORMAT (I AB CONC. K VALUE ' ) 
TYPE 70,«B(I) ,0(1) ,1=1,3 

70 FORMAT (/,2EI2.7) 
INCR=(ALOGI0(A(N»-ALOGI0(A(I»)/(N-l) 
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TYPE 75,(A(1).A(N)) 
75 FORMAT (/,5X,'LOW [AG] HIGH [AG]',/,2E12.6) 

DO 100 I=l,N 
BO(I)=A(I)*D(1)*B(1)/(A(I)*D(1)+1)+A(I)*D(2)*B(2)/(A(I) 

1 *D(2)+1)+A(I)*D(2)*B(2)/(A(I)*D(2)+1) 
A(I+1)=10**(ALOG10(A(I))+INCR) 
BF(I)=BO(I)/A(I) 

100 CONITUE 
TYPE 200 

200 FORMAT (I ROUND [AG] B/F RATIO I,/) 
TYPE 1000,((BO(I),BF(I)),I=1,N) 
OPEN(UNIT=21,FILE='SCATC.DAT ' ) 
WRITE(21,1000) ((BO(I),BF(I)),I=l,N) 

1000 FORMAT(2E15.7) 
CLOSE(UNIT=21) 
STOP 
END 
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C SIPS: A PROGRAM TO GENERATE SIPS PLOT DATA FROM SCATCHARD-
C PLOT DATE, DATA MUST APPEAR ON FILE NAMED SCATC.DAT AS 
C X,Y PAIRS ([BOUND AG], B/F) in 2E15.7 FORMAT. EXECUTION 
C CALL MUST INCLUDE THE SUBROUINE 'LINFIT'. OUTPUT INCLUDES: 
C VALUE OF [AG]T CALCULATED FROM LST. SQS. FIT OF LAST 4 

POINTS ON THE SCATCHARD PLOT, EXSTRAPOLATED TO ABSCISSA; 
C THE VALUES OF THE SLOPE (A), INTCPT(B), AND THEIR STD DEVI-
C ATIONS SA a AB USED FOR THIS EXTRAPOLATION; THE SIPS DATA 
C AND THE LST SQS VALUES OBTAINED FROM THEM. THE SIPS X,Y 
C DATA APPEAR ON FILE AS SIPSI.DAT IN 2F8.3 FORMAT AFTER 
C EXECUTION. 

DIMENSION FR(200),R(200),BO(200),BF(200),X(10),Y(10) 
TYPE 20 

20 FORMAT (' HOW MANY PAIRS OF X,Y POINTS') 
ACCEPT 25,N 

25 FORMAT (1) 
OPEN (UNIT=21,FILE='SCATC.OAT') 
READ (21,10), ((BO(I),BF(I)),I=l,N) 

10 FORMAT (2E15.7) 
J=N-3 
DO 50 I=J,N 
X(I=l-J)=BO(I) 
Y( I+1-J)=BF( 1) 

50 CONTIUE 
CALL LINFIT(X,Y,4,B,SB,A,SA,C) 
ABT=-B/A 
TYPE 30,A,SA,B,SB, ABT 

30 FORMAT(' SLP= ',E10.3,' YINT= ',E8.3,' SSLP= ',E8.3,' SINT= ' 
1 E8.3,/,' ABT= ',E8.3) 

TYPE 69,C 
69 FORMAT (!,' CORRELATION= ',F6 .2) 

DO 100 I=l,N 
FR(I)=ALOG10(BO(I)/BF(I)) 
RA=(BO(I)/(ABT)/(l-(BO(I)/ABT)) 
R( I) =ALOG10( RA) 

100 CONTINUE 
TYPE 200 

200 FORMAT (' LOG(FREE) LOG( R/l-R) ') 
TYPE 210, ((FR(I),R(I)),I=l,N) 

210 FORMAT (2F8.3) 
OPEN (UNIT=22,FILE='SIPSI.DAT') 
WRITE( 22 ,210) (( FR( I) , R( I)) , 1=1 ,N) 
CLOSE( UNIT=21) 
CLOSE( UNIT=22) 
CALL LINFIT(FR,R,N,INT,SINT,SLP,SSLP,C) 
TYPE 300,SLP,SSLP,INT,SINT 

300 FORMAT (' SLP= ',F8.3,' SA= ',F8.3,' INT= ',F8.3,' SB= ',F8.3) 
TYPE 69,C 
STOP 
END 
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C SUBROUTINE LINFIT 
C 
C PURPOSE 
C 
C MAKE A LEAST-SQUARES FIT TO DATA WITH A STRAIGHT LINE 
C Y= A + B*X 
C 
C USAGE 
C CALL LINFIT (X,Y,NPTS,A,SIGMAA,B,SIGMAB,R) 
C 
C DESCRIPTION OF PARAMETERS 
C X - ARRAY OF DATA POINTS FOR INDEPENDENT VARIABLE 
C Y - ARRAY OF DATA POINTS FOR DEPENDENT VARIABLE 
C NPTS - NUMBER OF PAIRS OF DATA POINTS 
C A - INTERCEPT OF FITTED STRAIGHT LINE 
C SIGMAA- STANDARD DEVIATION OF A 
C B - SLOPE OF FITTED STRAIGHT LINE 
C SIGMAB- STANDARD DEVIATION OF B 
C R - LINEAR CORRELATION COEFFICIENT 
C 

C 

SUBROUTINE LINFIT (X,Y,NPTS,A,SIGMAA,B,SIGMAB,R) 
DIMENSION X(I),Y(I) 

C ACCUMULATE WEIGHTED SUMS 
C 

C 

11 SUM = 0 
SUMX = 0 
SUMY = 0 
SUMX2 = 0 
SUMXY = 0 
SUMY2 = 0 

21 00 50 I=1,NPTS 
XI = X(I) 
YI = Y(I) 

36 WEIGHT = 1. 
41 SUM = SUM + WEIGHT 

SUMX = SUMX + WEIGHT*XI 
SUMY ~ SUMY + WEIGHT*YI 
SUMX2 = SUMX2 + WEIGHT*XI*XI 
SUMXY = SUMXY + WEIGHT*XI*YI 
SUMY2 = SUMY2 + WEIGHT*YI*YI 

50 CONTINUE 

C CALCULATE COEFFICIENTS AND STD DEVIATIONS 
C 

51 DELTA = SUM*SUMX2 - SUMX*SUMX 
A = (SUMX2*SUMY - SUM*SUMXY)/DELTA 



53 B = (SUMXY*SUM - SUMX*SUMY)/DELTA 
C = NPTS-2 
VARNCE = (SUMY2 + A*A*SUM + B*B*SUMX2 

1 -2.*(A*SUMY + B*SUMXY - A*B*SUMX))/C 
SIGMAA = SQRT(VARNCE*SUMX2/DElTA) 
SIGMAB = SQRT(VARNCE*SUMX2/DElTA) 

71 R = (SUM*SUMXY - SUMX*SUMY)/ 
1 SQRT(DElTA*(SUM*SUMY2) - SUMY*SUMY)) 

RETURN 
END 
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