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SUMMARY

We developed a fluorescent immunosensor operating in continuous flow and capable of

detecting low molecular weight antigens. The approach differs from previously described

continuous flow assays by not requiring incubation steps or the introduction of reagents

following the loading of the sample into the system. Detection of the antigen is rapid, occurring

within three minutes in the system described. The assay is based on the bindingof labeled

antigen to an immobilized antibody, with subsequent displacement of the labeled antigen when

antigen is present in the buffer flow. In order to increase the sensitivity of the assay, we

developed a novel trifunctional carrier molecule for the fluorescent labeling of the antigen. The

backbone of the carrier consists of the 21 amino acid residues of the insulin A-chain, which

provides a single site (terminal amino group) for covalent coupling of the antigen, three carboxyl

groups for the attachment of fluorophores, and four sulfhydryl groups for derivatization with

hydrophilic residues to compensate for the hydrophobic effect of the fluorophores. In this study,

the model antigen 2,4-dinitrophenol (DNP) was coupled to the terminal amino group, the

sulfhydryl groups were oxidized to S-sulfonates, and the carboxyl groups were derivatized with

fluorescein using carbohydrazide as spacer. The properties of the DNP-insulin A-chain-

fluorescein conjugate (DNP-Ins-Fl) were compared to those of a DNPderivative labeled with a

single fluorescein residue via a small lysine spacer (DNP-Lys-Fl). At equimolar concentrations

the DNP-Ins-Fl generated a 2.6-fold higher fluorescent signal than the DNP-Lys-Fl, and

exhibited a three-fold lower nonspecific adsorption to immobilized nonimmune IgG. Dueto

these properties of DNP-Ins-Fl,as little as 50 pmol of DNP-lysine could be detected in the

fluorescent continuous flow immunoassay.
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INTRODUCTION

Fluoroimmunoassays provide a versatile alternative to radioimmunoassays that obviate

many shortcomings associated with radiolabeled materials, including radiation hazard and

limited shelf-life. The vast majority of available systems, however, require long incubation

periods and several user intensive manipulations (1,2). In this report, a new antibody-based

fluorescent immunoassay operating in a continuous flow environmentis described. The assay

does not require incubation periods or the introduction of additional reagents following the

loading of the sample into the system. As a result, detection of antigen is completed within

three minutes.

PRINCIPLE OF THE FLOW IMMUNOASSAY

The system consists of a column packed with an antibody-coated solid support, the

antigen-binding sites saturated with a fluorophore-labeled antigen (Fig. 1). After injection

Antigen
from Collector

Labelled antigen

 

FIG. 1. Principle of the Flow Immunoassay.

of the antigen into the buffer flow, labeled antigen is displaced from the antibody binding sites

and directed to a fluorescence detector. For the proof of principle, the hapten 2,4-dinitrophenol

(DNP) as DNP-lysine was selected as a model antigen and the murine monoclonal anti-DNP

antibody No. 51 (equilibrium constant: 107 liter/mol (3)) was coupled to tresyl chloride-activated

Sepharose 4B (4,5).

SYNTHESIS AND CHARACTERIZATION OF TWO DNP-FLUORESCEIN CONJUGATES

In order to increase the sensitivity of the assay, we developed a novel trifunctional

carrier that allows labeling of the model antigen DNP with three fluorescein molecules selected

as label for this study (5). As shown in Fig. 2, the backbone of the carrier consists of the
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FIG. 2. Structures of DNP-Lys-Fl and DNP-Ins-FI.

A-chain of the insulin molecule providing a single terminal amino group for attachmentof the

DNPhapten, three carboxyl groups for attachmentof the fluorescein molecules via a

carbohydrazide spacer, and four sulfhydryl groups for S-sulfonate derivatization to minimize the

hydrophobicity introduced by the attached fluorophores. The properties of the DNP-Ins-Fl

conjugate were compared to those of a DNP conjugate labeled with a single fluorescein molecule

using lysine as a diamino spacer (Fig. 2).

Figure 3 compares the fluorescent signals obtained from both DNP-fluorescein conjugates.
The DNP-Ins-Fl conjugate exhibited a 2.6-fold higher fluorescent signal than the DNP-Lys-Fl
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FIG. 3. Fluorescence Intensities of DNP-Lys-Fl and DNP-Ins-Fl. Shownare the fluorescence
intensities of DNP-Ins-Fl (open circles) and DNP-Lys-Fl (closed circles) at 490 nm excitation and

519 nm emission as a function of concentration.
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conjugate at equimolar concentrations. When the phase and modulation data, obtained from

fluorescence lifetime measurements of the DNP-Ins-Fl conjugate, were fit to one, two, or three

emissive components, the data fitted best to two components (5). The first component comprised

about two-thirds of the mixture and exhibited a lifetime corresponding closely to that of

fluorescein (4.091 + 0.177 ns; 64 + 7%), and a shorter lifetime component comprised about one-

third of the mixture (2.068 + 0.150 ns; 36%). Since the DNP moiety has the ability to quench the

fluorescein emission, probably via Forster energy transfer (6), the data are best explained by two

fluorescein residues being remote from and unquenched by the DNP group with the third

fluorescein residue being closer and subject to quenching.

SPECIFIC AND NONSPECIFIC BINDING OF THE TWO DNP-FLUORESCEIN CONJUGATES

TO IMMOBILIZED IgG

To evaluate the influence of the fluorophore residues on the binding properties of the

DNPconjugates, the extent of binding of DNP-Ins-Fl and DNP-Lys-Fl to immobilized anti-DNP

IgG and immobilized nonimmune IgG was determined. The data in Table | show that the extent

of nonspecific binding of DNP-Ins-Fl to immobilized nonimmuneIgGis threefold lower than

that of DNP-Lys-Fl containing only a single fluorescein molecule. These data suggest that the

hydrophobic properties of the three fluorescein residues of the DNP-Ins-Fl conjuate are offset by

TABLE1

Specific and Nonspecific Binding of DNP Conjugates to Immobilized IgG®

 

DNP Conjugate Total Bound Total Bound Specifically Bound

DNP Conjugate DNP Conjugate DNP Conjugate

Per Immobilized Per Immobilized

IgG Anti-DNP IgG

(nmol + SD) (mol/mol) (mol/mol)

 

Binding to anti-DNP IgG

DNP-Lys-FL 0.37 + 0.02 19 0.4

DNP-Ins-FL 0.11 + 0.03 1.2 0.7

Binding to nonimmune IgG

DNP-Lys-FL 1.27 + 0.07 1.5 N/A

DNP-Ins-FL 0.44 + 0.16 0.5 N/A

 

Aspecific binding of the DNP conjugates was determined with Sepharose 4B-immobilized

monoclonal anti-DNP antibody No. 51 (IgG1) and nonspecific binding with Sepharose 4B-

immobilized nonimmune mouse IgG (5). All experiments were performed at a 3:1 molar ratio of

DNP-derivative to immobilized IgG.
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the hydrophilic properties of the four S-sulfonate residues. When specific binding is calculated

by subtraction of nonspecific binding to immobilized nonimmune IgG from binding to

immobilized monoclonal anti-DNP IgG, the amount of specifically bound DNP-Ins-F1is almost

twice as high as the amountof specifically bound DNP-Lys-Fl.

EFFECT OF ANTIBODY DENSITY AND FLOW RATE ON SYSTEM PERFORMANCE

The monoclonal anti-DNP antibody was coupled to Sepharose 4B at three different

concentrations to evaluate the role of the density of immobilized antibody in the generation of a

signal following antigen injection. The signal obtained with the column containing the highest

density of immobilized antibody (3 mg antibody/g matrix) was approximately 2.5-fold higher

than that obtained with the column containing the lowest density of immobilized antibody

(0.5 mg antibody/g matrix).

To determine the effect of flow conditions on the sensitivity of the assay, different flow

rates were applied to the flow immunosensor. As evident from Table 2, an inverse relationship

of total released fluorescence and flow rate was observed: the slower the flow rate, the higher

the total released fluorescence. However, because the peak broadened at the slower flow rate, it

became moredifficult to resolve the signal from the background noise. Consequently, the

specific release (total fluorescence - background) decreased. The intermediate flow rate of

0.31 ml/min was identified to be optimal.

TABLE 2

Effect of Flow Rate on Signal from Flow Immunosensor®

 

 

Flow Rate Total Fluorescence Background Specific Release

Released

(ml/min) (Fluorescence Units) (Fluorescence Units) (Fluorescence Units)

0.18 120 100 20

0.31 91 48 43

0.53 45 9 36

 

2In each experiment identical samples of DNP-lysine (140 pmol/200 ul) were applied to 200 ul

gel volume columns (3 mg antibody/g matrix).

ASSAY SENSITIVITY: FLUOROPHORE-BASED VERSUS RADIOLABEL-BASED DETECTION

Figure 4 shows a standard curve for the detection of DNP-lysine using DNP-Ins-Fl as

labeled antigen. A background value of 20 fluorescence units was determined by averaging the

baseline obtained prior to the injection of antigen. As evident from the plot, the fluorescent
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FIG. 4. Standard Curve for DNP-Lysine using DNP-Ins-Fl as Labeled Antigen. DNP-lysine

samples (200 ul) were introduced into the buffer flow (borate-buffered saline, pH 8.2;

0.3 ml/min) of columnscontaining 200 ul of anti-DNP antibody-coated Sepharose 4B. The

column effluent was directed to a Spectravision F300 fluorimeter equipped with an 8 ul flow

cell. The data obtained from integrated peak areas represent the mean of two experiments.

flow assay allows the quantitative determination of DNP-lysine over a concentration range of
290 - 2300 nM (60 - 460 pmol/200 ul sample).

In order to comparethe sensitivity of the fluorescent immunosensor with that of a
radiolabel-based flow assay, DNP was coupled to the terminal amino group of 125)tabeled
S-sulfonated insulin A-chain (without attached fluorophores) and used as radiolabeled antigen
(DNP-Ins-! 25). The standard curve in Figure 5 demonstrates that the sensitivity of the
radiolabel-based assay is comparable to that of the fluorophore-based assay.
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FIG. 5. Standard Curve for DNP-Lysine using DNP-Ins-!25] as Labeled Antigen. DNP-lysine

samples (200 ul) were introduced into the buffer flow (borate-buffered saline, pH 8.2;

0.3 ml/min) of columns containing 500 ul of anti-DNP antibody-coated Sepharose 4B. 150 ul

fractions were collected and read in a scintillation counter. The data represent the mean of
three experiments.
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LIFETIME OF A SINGLE FLOW COLUMN

To make an estimate of the lifetime of a single flow column, samples of DNP-lysine were

repeatedly injected during continuous flow. Figure 6 shows the proportional release of labeled

antigen (DNP-Ins-Fl) upon successive injections of increasing quantities of DNP-lysine. These

data demonstrate that at relatively low antigen concentrations a single flow column can be used

for several analyses.
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FIG. 6. Repetitive Detection of DNP-Lysine in Continuous Flow using DNP-Ins-Fl as Labeled

Antigen. DNP-lysine samples (200 ul) were introduced sequentially into the buffer flow (borate-

buffered saline, pH 8.2; 0.28 ml/min) of a column containing 200 ul of anti-DNP antibody-coated

Sepharose 4B. The column effluent was directed to a Spectravision F300 fluorimeter equipped

with an 8 ul flow cell.

DISCUSSION

We established a sensitive continuous flow immunosensor requiring a minimum of user

input throughout the assay. Several factors important for the assay sensitivity have been

identified and optimized. Most important was the development of a novel trifunctional carrier

for the synthesis of a fluorophore-labeled antigen. The backboneof the carrier is the A-chain of

insulin which provides several essential features, including a) a single site for attachmentof the

antigen, b) three sites for attachment of fluorophores for signal amplification, c) sufficient

length between the label attachmentsites to prevent self-quenching of the fluorophores,

d) sufficient length between the antigen and label attachmentsites to limit both interference by

the fluorophores with antibody binding to the antigen and quenching of the fluorophores due to

interaction with the antigen, and e) multiple sites for attachment of hydrophilic residues to

offset the hydrophobic properties of the attached fluorophores. The model antigen DNP labeled

with three fluorescein molecules via the novel insulin A-chain carrier (DNP-Ins-Fl), exhibited a

2.6-fold higher fluorescence intensity than a DNP-derivative labeled with a single fluorescein

molecule (DNP-Lys-Fl). As important as the increased fluorescence intensity of DNP-Ins-Fl is

the observation that the extent of nonspecific binding of this DNP-fluorescein conjugate to

immobilized nonimmune IgG was threefold lower than that of DNP-Lys-Fl containing only a
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single fluorescein molecule. These data demonstrate that the four sulfonate residues attached to

the sulfhydryl groups of the insulin A-chain carrier are sufficient to offset the hydrophobic

properties of the three fluorescein molecules in the DNP-INs-Fl conjugate.

Since the sensitivity of the described fluorescent flow immunoassay is comparable to that

of a radiolabel-based detection system, the immunosensor has manypotential applications for the

detection of small univalent antigens including clinical testing for drug metabolites. The system

is particularly useful when continuous monitoring or rapid testing of multiple samples at high

sensitivity is required, e.g. for environmental monitoring or process control.
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