
RIJKSUNIVERSITEIT GRONINGEN 

Toward a dry reagent immunoassay of progesterone in bovine milk 

Proefschrift 

ter verkrijging van het doctoraat in de  
Medische Wetenschappen 

aan de Rijksuniversiteit Groningen 
op gezag van de 

Rector Magnificus, dr. F. Zwarts, 
in het openbaar te verdedigen op 

woensdag 10 september 2008 
om 14.45 uur 

 

door 
 

Geertruida Afina Posthuma-Trumpie 

te Rijswijk (Z-H) 

geboren op 2 oktober 1944 



 
Promotor : Prof. dr. J. Korf 

Copromotores : Dr. W.J.H. van Berkel 

 Dr. A. van Amerongen 

Beoordelingscommissie : Prof. dr. F.A. Muskiet 

 Prof. dr. B.H.C. Westerink 

 Prof. dr. M. Fraaije 

 Prof. dr. ir. W. Norde 

 

ISBN: 978-90-367-3484-4 



THE ROAD TO WISDOM 

The road to wisdom? -- Well, it's plain 

and simple to express: 

Err 

and err 

and err again 

but less 

and less 

and less. 

 

PROBLEMS 

Problems worthy 

of attack 

prove their worth 

by hitting back. 

 

Grooks by Piet Hein, Danish scientist and poet (1905-1996) 
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Dairy industry and reproduction 

Detection and correct interpretation of signs of estrus and early diagnosis of pregnancy 

are important economic aspects of dairy reproductive management [1-3]. To achieve the 

highest lifetime milk production to return maximal profit, a dairy cow must calve every 

12 to 13 months. As the gestation duration is 280 days, a cow must conceive by 

approximately 85-115 days after calving to achieve this goal. In actual dairy 

management this goal is seldom reached, usually the level of days open (i.e. non-

pregnant) is larger than the mentioned desirable interval. Reducing the calving-to-

conception interval would increase profit by (i) increasing the accumulated lifetime 

milk production, (ii) reducing the cull rate caused by missed estrus detection and failed 

breeding, and (iii) reducing the breeding costs due to failed attempts [4-7]. 

 There are many reasons for the less than optimal calving-to-conception intervals, but 

two common causes are (i) failure of some high-producing cows to cycle early enough 

in the post-partum period and (ii) sub-optimal detection of estrus in cycling cows [2, 5, 

6, 8, 9]. Distinguishing between these two possibilities is difficult for dairy herd 

managers and veterinarians. Estrus, also called heat, is the time just prior to ovulation, 

and is at present detected by observation of animal behavior, simple marking aids such 

as tail painting or chalking, or by electronic and mechanical devices used to record body 

temperature and increased activity during this period. Errors are common with all 

methods. 

 Measurement of the concentration of ovarian hormones would provide a more 

accurate indicator of cyclic activity and estrus than current industry methods [10-15]. 

Progesterone levels in blood decrease from a diestrus (i.e. luteal phase) concentration 

above 5 µg L-1 to less than 1 µg L-1 during estrus. These changes are reflected in the 

milk at somewhat higher concentrations due to the fat solubility of steroid hormones 

[16]. 

 On-farm disposable test kits (i.e. "cow-side" test kits) are commercially available for 

quantitation of progesterone in milk [17, 18]. At the present time, these tests are 

performed manually, requiring one to several hours for the result. The use of currently 

available rapid on-farm tests is further restricted by the fact that these tests are too 

expensive for repeated testing. To save on labor and consumables, tests are most often 
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performed twice weekly, which is not enough for reliable heat detection [14]. 

Application of daily performed, automated tests, is a must to improve on this situation. 

 

Scheme 1.1: Fertility axis. Solid line: positive feedback; dotted line: negative feedback. 

 

Mammalian female reproduction 

Physiology 

The endocrine system links the brain to the organs that control body metabolism, 

growth and development, and reproduction. The female mammalian reproductive 

system consists of the ovaries and the uterus. Fertile females show a reproductive cycle 

where the ovaries produce eggs under the influence of many parameters, including the 

sex hormones. Ultimately, the synthesis and excretion are under control of external 

factors, including light, temperature, and pheromones [19]. The endocrine system 

regulates its hormones through positive and negative feedback, [19, 20]. Increase in 

hormone activity decreases the production of that hormone, cf. Scheme 1.1. 
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 Three types of hormones work together to maintain the fertility of the female 

mammal: the peptide hormone Gonadotropin Releasing Hormone (GnRH) excreted by 

the hypothalamus, the protein hormones Luteinizing Hormone (LH) and Follicle 

Stimulating Hormone (FSH) excreted by the anterior pituitary gland and the steroid 

hormones estradiol (E2) and progesterone (P4) mainly excreted by the ovaries and 

uterus [20]. 

Estradiol and progesterone 

Estradiol and progesterone are steroid hormones involved in the female reproductive 

cycle, pregnancy (supporting gestation) and embryogenesis. Like other steroids, 

estradiol and progesterone are synthesized from pregnenolone, a derivative of 

cholesterol. They consist of four interconnected cyclic hydrocarbons. Estradiol contains 

two functional hydroxyl groups, one methyl branch and one aromatic (phenolic) ring 

(Fig. 1.1a). Progesterone contains two ketone groups, as well as two methyl branches 

and one double bond (Fig. 1.1b). 

  

Fig. 1.1a: 1,3,5-Estratriene-3,17β-diol 

(17β-estradiol) 

Fig. 1.1b: pregn-4-ene-3,20-dione 

(progesterone) 

 

 Like all steroid hormones, they are hydrophobic and are in blood/plasma mainly 

bound to transport and other proteins [21]; only a small fraction is in the free form. 

However, the binding to the transport proteins is not very tight, and free and bound 

fractions are in constant equilibrium [19]. Estradiol and progesterone levels in milk and 

saliva are in accordance with levels in blood, but in saliva only the free fraction is 

available [16, 22]. 

 Estradiol levels change during the reproductive cycle, they are in the ng L-1 level [23, 

24]. Progesterone levels are relatively low during the preovulatory phase of the 
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reproductive cycle, rise after ovulation, and are elevated during the luteal phase [25]. In 

cows progesterone levels in milk tend to be less than 7 µg L-1 prior to ovulation and 

higher than 7 µg L-1 after ovulation [26]. If pregnancy occurs, progesterone levels are 

maintained at luteal levels [16, 26]. So, from an analytical point of view, it is obvious to 

use progesterone instead of estradiol when monitoring the reproductive cycle.  

 Although the moment of the decline in progesterone alone is not sufficient to predict 

the actual ovulation [14], it can be of help to increase the reliability of currently applied 

methods for heat detection and prediction of optimal time of insemination [27] resulting 

in pregnancy and a healthy calf. It is also of interest for determination of early 

pregnancy, as sometimes heat is shown while the animal is already pregnant, and a 

second insemination is abusively performed, which increases the probability of losing 

the early embryo [28-30]. 

 

Non-chemical techniques for estrus detection 

For the purpose of heat detection and confirmation of pregnancy in cattle, techniques in 

many dairy systems are based on physical parameters. For instance, activity of the 

animal is measured by a pedometer [3] and this is combined with characteristics such as 

temperature, feed uptake and milk yield [9], rather than with biochemical parameters. 

Roelofs et al. studied animal behavior and hormone profiles in relation to time of 

ovulation and concluded that pedometers should be the method of choice for timely 

ovulation detection [31]. Several other approaches were tried, but without success, 

among those the use of a commercially available electronic nose [32] and changes in 

near-infrared absorbance of milk [33]. 

 

Aim and outline of this thesis 

In this thesis we aimed to develop a low-cost and rapid immunochemical method for the 

quantitation of progesterone in cow's milk. Preferably, such methods should be 

incorporated in an automated system, where progesterone levels can be quantitated on a 

daily basis in the milking parlor. 

 In Chapter 2 a review is presented on the state of the art of progesterone assays. 

Levels of progesterone are difficult to quantitate because of the low concentrations and 
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the lack of functional groups in the progesterone molecule. In the clinical laboratory, the 

"gold standard" is based upon physical properties. However, often routine analyses are 

performed using immunochemical methods. In this thesis, two of the most promising 

techniques are investigated, both using a homogenous immunoassay format, and 

requiring the simplest of equipment possible: the Apoenzyme Reactivation 

Immunological System (ARIS) and the Lateral Flow ImmunoAssay (LFIA). Both 

techniques can be used in dry reagent format.  

 In Chapter 3 initial results are presented on the ARIS method on our goal of 

quantitating progesterone in cow's milk with a useful range of 1-30 µg L-1 (3-100 nM). 

In Chapter 4 a low perfusion rate microreactor is described for the preparation of 

apoglucose oxidase and reconstitution of the holoenzyme. In Chapter 5 the 

reconstitution of apoglucose oxidase with FAD conjugates for the biosensoring of 

progesterone is reported. Special attention is given to the hydrodynamic and catalytic 

properties of the apoprotein and the reconstituted enzyme forms.  

 

In Chapter 6 a report on general aspects of the competitive LFIA format is given. The 

assay on progesterone is taken as an example. Critical factors in this assay format were 

evaluated. Homologous and heterologous combinations of antibody and antigen were 

screened on sensitivity in the assay. A re-assessment of the checkerboard titration, the 

sequence of addition of the reagents in this format and the influence of blocking 

proteins are discussed. In Chapter 7 we investigated the possibilities of the LFIA 

technique for quantitating progesterone in cow's milk. Several strategies were followed: 

use of whole milk was compared to sample clean up and extraction of progesterone out 

of the milk matrix. An overview of currently published literature together with an 

analysis of the Strengths, Weaknesses, Opportunities and Threats on LFIA is presented 

in Chapter 8. 

 The conclusions and general discussion in Chapter 9 summarize the strategy 

presented in this thesis and evaluate the possibilities for continuous monitoring of 

progesterone in the milking parlor. 
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Abstract 

Steroid hormones are important regulators of the physiological status in vertebrates; 

they are active in metabolic homeostasis and reproduction and their monitoring has both 

scientific and industrial merits. This chapter reviews current analytical techniques and 

potential monitoring methods of analytes with low molecular weight, with a focus on 

steroid hormones in general and especially on progesterone. The steroid hormone 

progesterone is an important biomarker for the determination of the reproductive status 

of female mammals. In this review the focus is centered on applications for dairy 

animals. The most promising results have thus far been obtained using immunoassays. 

New monitoring technologies and the perspectives for automated application in a non-

laboratory environment are discussed. 

 

KEYWORDS: automation; immunoassay; progesterone; reproduction; steroids; 

veterinary 
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Introduction 

Steroid hormones (e.g. cortisol, progesterone, testosterone) are important regulators of 

the physiological status in vertebrates (Fig. 2.1). As their secretion and excretion and 

consequently their plasma concentrations fluctuate, frequent sampling and analysis are a 

prerequisite for optimal monitoring. Frequent sampling and monitoring of progesterone 

(P4) is particularly useful for investigations of the reproductive cycle [1]. 

 

  

 

Fig. 2.1a: 11β,17α,21-

trihydroxypregn-4-ene-3,20-

dione (cortisol) 

Fig. 2.1b: pregn-4-ene-3,20-

dione (progesterone) 

Fig. 2.1c: 17β-hydroxy-4-

androsten-3-one (testosterone) 

 

 In female mammals, P4 is primarily secreted by the corpus luteum, a structure that is 

formed in the ovary out of the ruptured follicle. Levels of P4 in plasma change regularly 

during the reproductive cycle and are important for initiating the periodic development 

and maturation of the eggs prior to their fertilization. During pregnancy a high level of 

P4 is maintained, thus preventing estrus and ovulation. 

 Steroid hormones are lipophilic compounds that are to a large extent specifically or 

non-specifically bound to plasma proteins. Their freely diffusible concentrations in the 

living organism are usually only a few percent of the protein-associated fraction. In 

general, there is a rapid exchange between the free and bound forms, so essentially both 

fractions participate in the physiological activity of the steroids [2]. Due to the 

lipophilic nature, P4 is present in somewhat higher concentrations in raw milk than in 

plasma [1], and is for 80% present in the fat fraction [3].  
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In the dairy industry there is a need for monitoring the reproductive status of lactating 

cows [4]. Among others this can be realized by application of a P4 test in the milking 

parlor. To achieve a high level of reliability, however, these tests need to be performed 

daily. This means that every cow in a herd needs to be monitored at least during a part 

of the reproductive cycle by analyzing an aliquot of the milk after each milking session. 

To this end, a reliable, fast, low-cost, and, with respect to farmer labor, efficient method 

is required, being able to handle large number of samples and requiring a short analysis 

time. Current methods rely on costly procedures in time and equipment, although they 

are advertised as "cow-side" tests [5-7]. Usually the time required to do one series of 

tests takes one to several hours. Commonly used methods also require trained 

personnel, so these are performed in centralized laboratories, and in most cases, require 

several days to report the result. These methods include immunological techniques such 

as radioimmunoassays (RIA) and enzyme immunoassays (EIA). With the development 

of biosensors, such methods sometimes are more easy to handle [8]. However, 

requirements not easily met are the price, speed, and reliability of the analysis.  

 

P4 levels are relatively low during the preovulatory phase of the reproductive cycle, rise 

after ovulation, and are elevated during the luteal phase. In cow's milk P4 levels tend to 

be below 7 µg L-1 prior to ovulation and higher than 7 µg L-1 after ovulation [9]. If 

pregnancy occurs, P4 levels are maintained at luteal levels initially and rise during the 

gestation period. Furthermore the biological matrix is a very complex one with many 

compounds present. In case of milk or blood, the samples are opaque, and photometric 

detection cannot be used. The concentration of some interfering substances cannot be 

controlled, as this is dependent on the breed, the feed, and the environment of the 

animal under consideration. Many attempts have been made to improve the accepted 

applications. However, only few devices are on the market. Current problems include 

reproducibility of the signal, the assay time, in case of a biosensor the regeneration of 

the sensor, and the sensitivity of the system.  

 

The present review is focused on current methods for assaying P4 in biological fluids 

and their prospective for use in an automated monitoring system in the milking parlor.  
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Analytical methods 

Physicochemical separation techniques 

Because of the poor chemical reactivity of steroids (cf. Fig. 2.1), there are not many 

clinical and environmental assays for these hormones and P4 in particular. First 

methods were based on Gas Chromatography-Mass Spectroscopy (GC-MS) [3] and 

Liquid Chromatography-Mass Spectrometry (LC-MS) [10]. These techniques are 

expensive and labor-intensive. Apart from the substantial costs of the equipment, in 

many cases extensive and time-consuming sample pre-treatment is required [11, 12]. 

GC-MS using "isotope dilution", i.e. dilution with the analyte labeled with the stable 

isotope 13C is still used as "gold standard". This technique and its applications are 

reviewed in Ref. [13] with detection limits in the pg range after extraction. It is also 

demonstrated in a recent publication, that is aimed at setting the standard reference 

technique [14]. In this publication the limit of detection after hexane extraction of serum 

samples is 1.8 pg. 

 

Immunological techniques 

Immunological techniques rely on the recognition of (part of) an antibody with the 

analyte under consideration. Several formats are available, but when the analyte is a 

hapten, it is restricted to the competitive or non-competitive format. In this format the 

analyte competes with labeled analyte for binding sites at the antibody. The label may 

be a radiolabel as is the case in RIA, an enzyme, as is the case in EIA, or colored 

particles, as is the case in Lateral Flow ImmunoAssays (LFIA). Because of restrictions 

on the use of radiolabels, the RIA format is not covered here.  

Competitive EIA format 

In a competitive enzyme immunoassay (EIA), the wells of a plastic microplate are 

coated with antibodies specific for the analyte. The analyte in the sample and analyte 

conjugated to an enzyme (horseradish peroxidase, β-galactosidase, or alkaline 

phosphatase), compete for binding to the antibody. The excess of conjugate is washed 

away, and after addition of a mixture of substrate (and sometimes chromogen), the 

bound enzyme catalyzes the formation of a colored product. The response is negatively 
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correlated to the amount of analyte [1, 7, 9, 15-24]. It is also possible to coat the wells 

with analyte-conjugated to a protein (e.g. BSA, OVA) which can compete with free 

analyte in the sample for added antibody [25].  

Non-competitive EIA format 

In a non-competitive format, antibodies are pre-incubated with sample or standard, and 

unoccupied binding sites are then available for binding to the analyte-enzyme conjugate. 

Non-competitive assays usually have a better sensitivity, at the expense of one extra 

step in the assay [26, 27]. 

 Test kits using the EIA format for the determination of P4 are available as 

microplates, microtitre strips and test tubes [5, 7]. Advantages of these EIA formats: 

validated tests are available, the assay is sensitive in the required concentration range, 

no pretreatment of sample is required. Expensive equipment is often not necessary, and 

the result can be evaluated using visual examination. A color chart may be included for 

comparison reasons. Disadvantages are: test kits are expensive and usually only a 

limited number of tests come in one kit. Tests are labor-intensive, as an aliquot of the 

milk has to be taken out of the milking system. Although a measuring device is included 

in the kit, skilled hands are needed to take the aliquot and to add the required chemicals 

at the right time. Several washing steps are obligatory, and the test takes one to several 

hours to complete. Due to the steps to be taken as outlined above this format is not easy 

to automate. 

Anti-idiotype antibody technique in microplate format 

The concept of anti-idiotype antibodies, i.e. antibodies against antibodies, was 

introduced for P4 in 1986 by Taussig and Feinstein [28]. Taussig and co-workers were 

able to vaccinate mice with these anti-idiotype antibodies to prevent pregnancy [29]. A 

study on the binding of anti-anti-idiotypic antibodies to P4-11α-BSA was presented in 

2000 [30]. 

 Instead of using labeled analyte to compete with analyte for binding sites on the 

antibodies, the group of Kohen developed an immunochemical test based on the 

recognition of alpha- and beta-type anti-idiotypic antibodies [26]. These two subsets of 

anti-idiotypic antibodies recognize two different epitopes on the anti-P4-IgG. The P4 

binding sites on the anti-P4 antibodies can bind to the beta-type anti-idiotype antibodies, 
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thus preventing, due to steric hindrance, the binding of the alpha-type. Biotin labeled 

alpha-type is immobilized on microplate wells with an avidin-biotin coupling. P4 and 

beta-type anti-idiotype antibodies compete for binding sites on Eu-labeled anti-P4 

antibodies.  

 

 

Fig. 2.2: Scheme of idiometric assay. Anti-idiotype antibodies alpha and beta recognize Eu-

labeled anti-P4-IgG. When free P4 is available, this binds preferably to the anti-P4 mAb, and 

no beta-type anti-idiotype antibody can bind. The complex can bind to the alpha-type. When no 

P4 is available, the beta-type can bind to the anti-P4-mAb, and due to steric hindrance, this 

complex cannot bind to the alpha-type. 

 

 The complex cannot bind to the immobilized alpha-type when the binding sites are 

occupied by beta-type antibodies (Fig 2.2). The response is positively correlated to the 

amount of analyte. 

 Time resolved fluorometry is used to quantitate the anti-P4 antibodies bound to P4. 

An elegant method is presented, which is unfortunately too expensive to be used in a 
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low-cost assay, because the apparatus is too cumbersome to be used outside the 

laboratory. 

Apoenzyme Reactivation Immunological System 

The Apoenzyme Reactivation Imunological System (ARIS) uses the following 

approach: the flavoenzyme glucose oxidase (GOx) is stripped off its cofactor flavine 

adenine dinucleotide (FAD) thus providing the apoenzyme (apoGOx) [31]. A sample 

containing the analyte is added to anti-analyte antibodies, apoGOx, an analyte-FAD 

conjugate, and glucose. Conjugate and free analyte compete for the binding sites of the 

antibodies, and residual free conjugate can bind to the apoGOx, thus restoring the active 

holoenzyme. The hydrogen peroxide generated during the enzymatic reaction can be 

determined spectrophotometrically using horseradish peroxidase (HRP) and 

3,3',5,5'-tetramethylbenzidin (TMB) (Fig. 2.3). In this method, the emerging signal is 

directly proportional to the analyte concentration and no washing step is required. 

 

 

Fig. 2.3: Principle of ARIS. Sample containing the analyte is added to anti-analyte antibodies, 

apoGOx, an analyte-FAD conjugate and glucose. Conjugate and free analyte compete for the 

binding sites of the antibodies, and residual free conjugate can bind to the apoGOx, thus 

restoring the active holoenzyme. The hydrogen peroxide generated during the enzymatic 

reaction can be determined spectrophotometrically using horseradish peroxidase (HRP) and 

3,3',5,5'-tetramethylbenzidin (TMB). 
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 The ARIS method can be performed in solution, as initially described [32], but also 

in dry reagent format [33]. It has been described for drug monitoring in biological fluids 

[34-36], and for thyroxin-binding globulin in serum [37]. Heiss et al. used the ARIS 

dipstick procedure for the analysis of trinitrotoluene (TNT) in drinking water with a 

detection limit of 100 ng L-1 [38]. A preliminary report mentioned the use of this 

technique for monitoring of P4 in milk, but no details were given [39]. The ARIS 

method is very promising, as it can be applied on-site and no expensive apparatus is 

needed. Although the reported limit of detection in drinking water is acceptable [38], 

until now no applications in milk are available, mainly due to matrix problems. 

Biosensor techniques (immunosensor format) 

According to the International Union of Pure and Applied Chemistry (IUPAC) a 

biosensor is: "a self-contained integrated device, which is capable of providing specific 

quantitative or semi-quantitative analytical information using a biological recognition 

element (biochemical receptor) which is retained in direct spatial contact with a 

transduction element" (Fig. 2.4) [40]. 

 

 

Fig. 2.4: Scheme of a biosensor. Analyte is recognized by a biological receptor, which 

generates a measurable, concentration dependent signal. This signal can be processed using a 

transducer and a computer. 

 

 Most reports on biosensors use the interaction with an enzyme, e.g. glucose 

biosensors using glucose oxidase or glucose dehydrogenase, those applications will not 

be reviewed here. A runner-up is the use of antibody-antigen interaction and these 
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biosensors are called immunosensors. They are an alternative to the EIA format and are 

used as such. Biosensor techniques are usually fast and sensitive. 

Biosensors for progesterone. 

Several methods using biosensors for the determination of P4 in bodily fluids have been 

described. Claycomb et al. first developed a biosensor for P4 in the milking parlor [41]. 

The method they used is an automated version of the EIA format where on-line samples 

are taken from the milk collecting system. Measuring the color intensity of the applied 

chromogen performs signal transduction in this system. An improvement was made by 

Pemberton et al. using an electrode sensitive to the formed reaction product [42]. Later 

the method was optimized [43, 44]. 

 Although several of the restrictions using EIA are overcome by automation of the 

various assay steps, the reported reaction time of 1 hr is still one of the main hurdles to 

be overcome. 

 As transducing instrument Schasfoort et al. used a modified Ion Sensitive FET 

(ISFET), called immunoFET [45]. The method is an adaptation of the ion step method, 

based on measurement of immunoreactions via the change in charge density that occurs 

when an antibody loaded membrane, deposited on an ISFET, reacts with a charged 

antigen. By using the competitive binding of P4 and a charged P4-lysozyme complex it 

was demonstrated that this method could be applied to non-charged molecules as well. 

However, with ISFET, the sensitivity needed in milk cannot be obtained. 

 Koelsch et al. described a method using a quartz crystal balance as transducing 

instrument [46]. This approach involves the attachment of P4 antibodies to the surface 

of a 10 Mhz quartz crystal. Binding of P4 to the antibodies increases the crystal's mass 

resulting in a proportional decrease in the crystal's natural frequency. Significant 

changes were observed in the natural frequency of crystals coated with antibodies 

consistent with changes in mass related to the attachment of P4, saturation of antibody 

binding sites with P4, and removal of P4. However, operation of the crystal in liquid 

caused an increase in variation of the crystal's frequency and loss of crystal oscillation. 

After immersing of the equipment in fluid for a predetermined exposure time (15 min is 

reported to be optimal), the crystal has to be taken out of the liquid and dried. A time of 
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40 min is reported for the measurement of the crystal's frequency. The method is still 

too complicated and is currently not suitable for the determination of P4 in cow's milk. 

 Latest transducing techniques use evanescent wave technologies, among which 

surface plasmon resonance, use of a grating coupler, or total internal reflection 

fluorescence. These technologies rely on the generation of plasmons, quasi-particles 

resulting from the quantization of plasma oscillations that can be compared to photons 

for light waves. Optical evanescent waves are commonly found during total internal 

reflection. When a plasmon interacts with a molecule, characteristics depending on the 

molecular mass are changed and can be measured. Usually the angle of reflection 

changes due to the interaction with coated molecules are analyzed. 

 Gillis et al. developed a method for determining P4 in milk using the Biacore™ 

technology [8]. Ehrentreich-Förster et al. described a method for analyzing P4 in blood 

using the grating coupler [47]. A recent report mentioned the use of total internal 

reflectance fluorescence (TIRF), with a reported assay time of 5 min [48]. However, 

until now no commercially available product integrating the biosensor with an 

automated milking system is on the market. 

 Advantages of the evanescent wave technique are the ease of performance, the 

sensitivity, and the speed. Disadvantages are the price of the equipment, its sensitivity 

to environmental factors such as temperature and humidity, which are not so easily 

maintained in a milking parlor. Furthermore, buffers and biochips need to be replaced 

on a regular interval. Nevertheless, prices tend to go down with the introduction of other 

related equipment [49, 50]. 

Biosensors for other steroid hormones  

Recently a voltametric assay for mifepristone in urine was published [51]. This drug is a 

P4 and glucocortoid antagonist, used in high concentrations as the abortion pill and in 

lower concentrations for therapeutic treatment of depressed patients. The level of this 

drug in the patient needs extensive monitoring, and a real time monitoring system 

would reduce the risk of unwanted effects. The voltametric assay is based on the 

hanging mercury drop format and stripping wave or square-wave techniques and can be 

applied for steroids with a conjugated carbonyl-group at the estradien ring (Fig. 2.5a 

and 2.5b). It is used for the determination of mifepristone in urine after application of 
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the abortion pill, and is linear in the range of 2.4x10-8 to 5.4x10-7 M by stripping mode. 

At the level of 2.0x10-7 M it has a relative standard deviation of 1.17% with the square-

wave technique. For use in cortisol or P4 assays, although both have a conjugated 

carbonyl group at the estradien ring (cf. Fig. 2.1), this limit of detection is not 

acceptable, as levels in serum or milk are in the nanomolar range. 

 

 

 

Fig. 2.5a: 4,16-estradien-3-one Fig 2.5b: 4, 9-estradien-17α-propynyl, 11β-

[4-dimethynylamino]phenyl-17β-ol-3-one 

(mifepristone) 

 

 Abuse of anabolic steroids is becoming a major problem in the high-competitive 

world of athletes. Du et al. describe the use of a conjugated hapten microarray system 

for high throughput screening for anabolic steroid drug abuse in urine samples. In 

developing this method a selected cut-off concentration of various steroids of 100 µg L-1 

was chosen [52]. For P4, however, this limit of detection is not acceptable. 

Cloned Enzyme Donor ImmunoAssay 

The cloned enzyme donor immunoassay (CEDIA™) uses two subunits of 

β-galactosidase (enzyme donor ED and enzyme acceptor EA), prepared by recombinant 

DNA technology [53, 54]. These polypeptides can spontaneously combine to form the 

active β-galactosidase. Analyte (ligand) is conjugated to the ED polypeptide in such a 

way that the degree of combination is controlled by the binding of anti-ligand antibodies 

to the enzyme donor-ligand conjugate (Fig. 2.6). A remarkable similarity can be seen 

when looking at Fig. 2.3 (ARIS). 
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 CEDIA™ methodology is based on the competition between ligand and ED-ligand 

conjugate for a limited amount of antibody binding sites. This is a homogenous assay 

giving a signal that is directly proportional to the analyte concentration. An application 

for the assay of Lysergic Acid Diethylamide (LSD) in whole blood has been mentioned 

together with an evaluation of several assay techniques (e.g. HPLC, EMIT and FPIA). 

In this evaluation a cut-off value of the LSD concentration was set to 0.5 µg L-1 [55]. 

Tests are performed in solution, which makes it less applicable to the milking parlor. No 

dry reagent tests have been reported until now. The CEDIA™ technology is proprietary 

to the company Microgenic. This makes it more and perhaps too expensive for an 

application in the milking parlor.  

 

 

Fig. 2.6: Cloned Enzyme Donor ImmunoAssay. Sample containing the analyte is added to anti-

analyte antibodies, the enzyme acceptor (EA) and a conjugate of the analyte to the enzyme 

donor (ED). Conjugate and free analyte compete on binding sites of the antibodies, and 

residual free conjugate can bind to the EA, thus restoring the enzyme activity. Addition of 

substrate quantitates the amount of restored enzyme. 

 

Lateral Flow ImmunoAssay 

Lateral Flow ImmunoAssay (LFIA) tests, also called immunochromatographic tests, are 

very popular, as these can be and often are being used in a non-laboratory setting. With 
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ever increasing costs of hospitalization there is a need for simple diagnostic tools to be 

used outside the clinical laboratory. The LFIA technique is used in the form of an 

immunostrip, simply dipped into the fluid sample, or mounted in a device for easier 

handling. The test is made of a porous polymeric membrane cut to an appropriate size, 

e.g. 5x0.5 cm, equipped with a plastic backing. One end of the strip is provided with a 

sample application pad, usually made out of glass (cross linked) fiber and a conjugate 

release pad, also made out of glass fiber. The conjugate pad is provided with labeled 

analyte, or labeled antibodies. Both sample pad and conjugate pad are connected to one 

another and to the polymeric membrane. On this membrane a test line and when 

necessary a control line, is sprayed. The test line can be made up of anti-analyte 

antibody (primary ab) or antigen, which in case of a hapten is conjugated to a protein. 

The control line is made up of IgG raised against the animal species of the labeled ab. 

The sample pad, conjugate pad, and/or the control line can be present, or may be 

omitted. Another option is to dehydrate the labeled conjugate in a test tube and add the 

sample and the strip to the test tube. 

 Application of a drop of the fluid sample, or dipping the strip into the sample, 

initiates a flow through the porous membrane, dissolving the conjugate. At the test line, 

immunological reactions give the required response. A scheme of this technique is 

presented in Fig. 2.7. Lateral flow immunostrips are essential dry reagent strips; 

addition of the liquid sample initiates the test.  

 No expensive equipment or skilled hands are necessary, the tests are sold as a kit, 

which may include a sample-measuring device such as a dropper, and most often a 

visual evaluation of the test is performed. The immunostrips are used in point of care 

units, for example in the emergency ward of hospitals [56], but also in the doctor's 

office [57] and even at home for monitoring health related compounds [58]. Many 

reported applications are aimed at detecting infective agents or parasites in Third World 

countries [59-65]. Most applications are meant to be used in the field, e.g. for food 

safety [66-72], toxicity [73, 74], or law enforcement [67, 75-77] purposes.  

 It is obligatory to conjugate a label to the analyte or the receptor. First labels were the 

enzymes already in use for EIA [78]. Particulate labels include selenium particles [79], 

colloidal gold [80], latex particles or silica particles with organic dyes [81], and 

colloidal carbon [82, 83]. Fluorescent or chemiluminescent labels include lanthanides 
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[84], quantum dots [85, 86] or compounds with phosphorescent characteristics [87, 88]. 

These labels can be obtained in several formats, allowing for multianalyte assays on one 

immunostrip [89]. The LFIA technique is already mentioned for the determination of 

the steroids cortisol in blood or serum [90] and P4 in milk [91, 92]. Quantitation, apart 

from enzyme labeled applications [92], is possible using for example a flatbed scanner 

[83, 93], or a digital style series of lines sprayed on the strip with increasing amounts of 

test compounds [56, 94]. 

 Advantages of the LFIA technique are: low costs, easy to use, prolonged shelf-life 

without the need to refrigerate, no buffers necessary when the sample is liquid, and fast. 

Disadvantages are the semi-quantitative nature of the tests and the problems arising 

from liquids with high viscosity or containing high concentrations of fat or protein. In 

these cases, fluid flow is severely slowed down [72, 95]. The limited sample volume 

can be a disadvantage as well, especially when low concentrations have to be 

quantitated. 

 

 

Fig. 2.7: Principle of Lateral Flow ImmunoAssay, competitive format (not to scale). Response is 

negatively correlated to analyte concentration. Upper panel: no analyte in sample, giving a 

colored test-line. Lower panel: analyte present, no test-line visible above the cut-off 

concentration. 
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Microparticle immunoassay 

One of the main restrictions of above-mentioned immunoassays is the limitation to a 

single analyte from an individual sample. Although several attempts have been made to 

multiplex EIAs by using different labels and serial addition of substrates to two enzyme 

labels [96], or combining test lines on an LFIA strip in one device [75], only a few 

analytes can be tested at a time. 

 Apart from using a microarray of antibodies as described above [52], this limitation 

has also been overcome by using fluorescent microparticles in solution, sometimes with 

a paramagnetic core, which can be individually addressed in a flow cytometer; called 

Multiplexed particle-based flow ImmunoAssay (MIA) [97], also called Fluorescence 

Microbead Immunosorbent Assay (FCMIA) [98]. Microparticles with a certain label 

can be functionalized with conjugate of analyte bound to a protein, mixed with particles 

with another analyte-protein conjugate, and can be added to the sample. After addition 

of analyte-specific antibodies labeled analyte and sample analyte compete for binding 

sites to their respective antibodies, and the antibody-laden microparticles can be 

separated, if necessary, from the sample by centrifugation or in case of magnetic 

particles, by application of a magnet. After washing the microparticles, labeled 

secondary antibodies can be added to this mixture and after incubation, introduced in 

the sampling system of the flow cytometer where they are evaluated according to their 

respective responses [98]. Homogeneous and heterogeneous formats are reported. 

 As early as 1984 such a microparticle assay was described for P4 in serum by the 

group of Kohen [99], although here the chemiluminescent label isoluminol was used as 

the substrate for HRP in combination with H2O2 before measurement of the response. 

At that time the method was far superior to the RIA, but long incubation times and 

frequent handling made it unsuitable for automation. 

 Nowadays the microparticle immunoassay technique is rather popular in the 

laboratory, although mainly used in the sandwich format for determination the presence 

of e.g. proteins [100], or bacteria [101]. Reports on the competitive format are rare. 

Although fast and sensitive, the technique is particularly used for multi-sample analysis 

and the apparatus is still too expensive to be used in an automated format in the milking 

parlor. Several brands of equipment and many kinds of microparticles are available. 
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Prices are anticipated to go down, which would make this assay format a realistic option 

for low cost monitoring in the near future. 

Molecularly Imprinted Polymers as "Plastic antibodies" 

Apart from biological antibodies, which usually are being raised in animals, the use of 

molecularly imprinted polymers (MIPs) has received a lot of attention. In this 

technology functional monomers form a complex with template molecules (i.e. the 

analyte) through van der Waals interactions, and co-polymerize with a cross-linker. As 

polymerization proceeds, an insoluble, highly cross-linked polymeric network is formed 

around the template. Removing the template liberates complementary binding sites that 

can recognize the template in a highly selective manner. In doing so, artificial 

antibodies are created, being far more stable than their natural counterparts. This 

approach could be useful to replace antibodies, as these imprinted polymers can be 

applied under non-physiological conditions, including aprotic matrices, and remain 

stable over a long period of time. It is even possible to obtain MIPs when antibodies 

cannot be generated due to the toxic nature of the antigen. Furthermore, using 

antibodies, the sensitivity of the assay is limited to the Kd of the antibody. The issue is 

here whether the specificity and affinity of MIPs can be optimized.  

 There have been publications on MIPs with steroids as template, including P4 [102]. 

A major problem is the implementation of a transducing system. Recently, a paper has 

been published in which a solution to this problem is described by co-polymerization of 

the analyte with quantum dots for quantitation of bound analyte [103]. However, 

although presented as a very promising development, overcoming many problems 

associated with the use of real antibodies, until now no real MIP results have been 

mentioned for the analysis of P4 in cow's milk. 

 

Biological recognition elements other than immunological ligand interactions 

Apart from antibodies, several other interactions with biochemical receptors are used as 

well, such as DNA-RNA interactions, aptamers and receptor-based formats. Of these 

DNA-RNA interactions are not suitable for detection of haptens. But a method became 

available where aptamers, being small DNA molecules, can be selected using the 

SELEX principle for highly selective and sensitive detection of molecules with a low 
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molecular weight [104]. A recent review summarizes latest state-of-the-art in this 

technology [105]. However, applications for haptens comprise the minority of 

publications, and steroids are not mentioned. Sensitivities in the nanomolar to 

micromolar range are reported, depending on the target analyte. 

Receptor based recognition 

In addition to the immunological techniques described above, there are also analytical 

methods for the determination of P4 that use receptor binding. Gaido et al. describe a 

yeast-based steroid hormone receptor gene transcription assay [106]. Especially in the 

detection of drugs of abuse it can be necessary to screen samples for substances based 

on the biological activity instead of on a defined chemical structure or immunological 

response. For instance, an unknown analyte, without having the biological activity, may 

cross-react with anti-analyte antibodies. Alternatively, an unknown analyte, with the 

biological activity, will not be detected using immunochemical techniques, but can be 

detected using the receptor-based approach. There is no cross-reactivity of related 

compounds in this technique. Several other receptor recognition formats have been 

reported such as those describing the use of mammalian cell lines with a fluorescent 

reporter gene [107, 108]. The application of this test to the analysis of steroid hormone 

(ant-)agonists in bovine blood samples is discussed [108]. However, mammalian cells 

are not easy to culture for a prolonged period of time, but yeast cells are reported to be 

more robust. However, this method cannot be used for on-line monitoring, mainly due 

to the need for expert handling and long incubation times.  

 

Conclusions 

For a monitoring system of P4 in (bovine) milk, several criteria must be met. The assay 

must be (i) easy to use, (ii) low cost, (iii) reliable, (iv) easy to calibrate, (v) easy to 

regenerate or disposable, (vi) sensitive in a range of biological interest, (vii) fast, and 

last but not least (viii) it must be applicable outside the laboratory.  

 Many attempts have been made to improve the above-described methodologies. 

However, no devices have been successfully incorporated in automated milking systems 

yet. Main restrictions are on the criterion "must be applicable outside the laboratory". 

Another requirement not easily met is the speed and the reliability of the analysis.  
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 To overcome some of these problems, the ARIS dry reagent method may be an 

alternative. This one-step homogenous dry reagent assay is easy to use, low-cost, 

sensitive and fast, and its output signal is directly proportional with analyte 

concentration. This is an advantage of this technique, as users are familiar with "more 

signal, more analyte present".  

 The LFIA technique is also dry reagent, low-cost and fast assay. Using LFIA in the 

competition format, the response is negatively correlated to the amount of analyte 

present. Although this might be a barrier, it might also be an advantage for the 

measurement of P4 in cow's milk. Low concentrations give a response and this response 

is a signal of forthcoming ovulation. There will be less matrix interference compared to 

the ARIS technology, especially when the label is an inert nanoparticle. No addition 

other than the liquid sample is required.  

 Both methods, ARIS as well as LFIA are promoted for use outside the laboratory. 

Minimal manual user interference is required. Automatic samplers can introduce 

quantitatively an amount of sample, when necessary after dilution or sample 

pretreatment. Calibration samples can be run automatically and standard curves can be 

stored in the computer system; no visual interpretation is required.  
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Abstract 

In this chapter a homogeneous immunoassay technique, named Apoenzyme 

Reactivation Immunological System (ARIS) is described. The challenge for this 

technology is to demonstrate advantages over the more conventional and better-

established techniques in settings outside the analytical laboratory. As an application a 

cow-side test for progesterone in milk as an example is used. Testing on P4 using ARIS 

is severely hampered by the lack of reproducibility and presence of interfering matrix 

components. In buffer the detection limit is in the micromolar range, not sufficient for 

quantitating progesterone in physiological concentrations. 

 

KEYWORDS: agricultural; dairy industry; progesterone; monitoring; reproduction 
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Introduction 

In this chapter we describe the evaluation of the Apoglucose Oxidase Reactivation 

Immunological System (ARIS) for an assay on progesterone (P4) in cow's milk. In the 

clinical laboratory, the enzyme immunoassay (EIA) format is used for routine assays in 

biological fluids (blood/serum [1, 2], or saliva [3]). Also for P4 in animal blood/serum, 

feces [4, 5], and milk of dairy animals it is used often [6-9]. Most EIAs are dependent 

on laboratory facilities and trained personnel to be performed. However, EIAs take time 

to give a result. Especially when tests have to be performed in centralized laboratories, 

this may take several days due to time-consuming postal service. Test kits using this 

format are available (cow-side tests) [10, 11], but are often too expensive and labor-

intensive to be performed on a daily basis by the farmer. Hence, EIA is not the first 

method of choice to be applied to the milking parlor in an automated format, although it 

has been mentioned [12, 13]. EIAs are heterogeneous immunoassays, needing several 

washing steps.  

 An obvious next step is a homogenous immunoassay where washing steps are not 

necessary, for example as described by the group of Morris [14]. In this technique 

apoglucose oxidase (apoGOx) is used, being glucose oxidase (GOx) stripped off its co-

factor flavin adenine dinucleotide (FAD). GOx is a homodimeric enzyme [15] and is 

highly specific for β-D(+)-glucose. ApoGOx can be prepared, albeit with some 

difficulty, by acid treatment of the holoprotein, separating apoprotein and FAD using 

gel exclusion chromatography [16-19]. In ARIS the apoGOx is allowed to recombine 

with analyte-conjugated FAD. This conjugate can compete with free analyte on antigen-

binding sites with anti-analyte antibodies. When the FAD-analyte conjugate forms a 

complex with antibody, it is not available due to steric hindrance, to recombine with the 

apoprotein. When free analyte is present, this will bind to the antibody, and less or no 

binding sites will be available for the conjugate. The conjugate can then recombine with 

the apoprotein to form functional enzyme (cf. Fig. 2.3). With glucose as substrate 

hydrogen peroxide is formed, which can be detected by horseradish peroxidase (HRP) 

and a chromogen. ARIS-based tests are available in dry reagent format and are used as 

bed-side tests in the clinic for drug monitoring [20-24]. ARIS is a low cost and rapid 

method, not needing expensive equipment and commercial applications are available 
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using the Ames Seralizer. In contrast to EIA this method gives a positive correlation 

with the concentration of a hapten (the higher the concentration, the higher the signal), 

which is also in favor of ARIS. Reported sensitivities are in the mg L-1 range in serum.  

 Heiss and co-workers described an application for monitoring of TNT in drinking 

water in environmental studies with a limit of detection of 100 ng L-1 [25]. In a 

preliminary report the application for P4 in milk in the milking parlor is claimed, 

although no details are given [26]. However, preliminary results in our hands could not 

confirm the latter claims and a thorough investigation of the hydrodynamic properties of 

the apoprotein during recombination [19] was initiated. In this chapter some more 

details precluding the ARIS approach as feasible format for rapid routine monitoring of 

progesterone in milk are given.  

 

Materials and methods 

Materials 

Glucose oxidase from Aspergillus niger (EC 1.1.3.4, grade 1) and horseradish 

peroxidase (EC 1.11.1.7, grade 1) were from Roche (Almere, The Netherlands). Rabbit 

anti-GOx was from Rockland (Gilbertsville, PA, USA), Dextran T-70 was from 

Amersham Pharmacia Biotech AB (Uppsala, Sweden) and Biogel P6DG was from 

Biorad (Veenendaal, The Netherlands). Flavin adenine dinucleotide (FAD) and bovine 

serum albumin (BSA, fraction V) were from Sigma-Aldrich Chemie BV (Zwijndrecht, 

The Netherlands). N6-(6-aminohexyl)-FAD progesterone conjugate (P4-11α~ahFAD), 

molecular mass 1297 g mol-1 was from Pepscan Systems BV (Lelystad, The 

Netherlands). The P4~ahFAD conjugate was 100% pure in flavin as determined by LC-

MS, NMR and TLC [19]. The FAD-P4 conjugate preparation, containing 20% K2HPO4, 

was stored in lyophilized form. Concentrations of FAD and FAD-P4 conjugate are 

based on the FAD absorbance at 450 nm using a molar absorption coefficient of 

11.3 mM-1 cm-1. Other chemicals were of the highest purity available and purchased 

from Merck (Amsterdam, The Netherlands). Water was of Milli-Q quality (Millipore, 

Amsterdam, The Netherlands). 

 Low-binding microplates Greiner 655101 (Greiner Bio-One, Alphen a/d Rijn, The 

Netherlands) were used for tests in the microplate and glass tubes were 55 x 11.5 mm 
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(Fisher Emergo, Landsmeer, The Netherlands). Disposable semi-microcuvettes with a 

path length of 10 mm were from PlastiBrand, (Plastibrand, Wertheim, Germany). A 

Shimadzu UV 160A spectrophotometer was used to measure the generated color at 

450 nm after the enzyme reaction was stopped using 2 M H2SO4 (Shimadzu Benelux, 

's-Hertogenbosch, The Netherlands). 

Methods 

Preparation of apoGOx 

ApoGOx was prepared, essentially according to the method described by Heiss et al. 

[25], based on the original publication of Ref. [17], with slight modifications as 

described in Ref. [19]. Briefly, a solution of GOx was acidified and the apoprotein and 

the co-factor FAD were separated using gel exclusion chromatography. 

Assay of enzyme activity 

GOx activity was determined by measuring the production of H2O2 with HRP and 

3,3',5,5'-tetramethylbenzidin (TMB). Reactions were performed in microplate wells as 

described in Ref. [25] or glass tubes in a slowly shaking water bath at 25 °C. Glucose 

solution containing 0.5 M D(+)-glucose in McIlvaine buffer [27] was left to stand for 

several hours to reach mutarotational equilibrium; substrate solution was prepared by 

mixing 10 mL of this solution with 0.36 mL of a solution of 1 g L-1 of ascorbic acid to 

prevent a non-specific background signal, 3 µL HRP (2.6 g L-1) and 100 µL TMB 

(6 g L-1 in DMSO). Initially 30% (v/v) glycerol was present in the substrate solution. To 

perform the test in glass tubes 200 µL of a mixture of 1 part anti-GOx (1 g L-1) and 

9 parts of apoGOx (45 g L-1) according to Morris et al. [28], 200 µL FAD or conjugate 

solution and 200 µL substrate solution were added to 400 µL of buffer containing 0.1% 

BSA (or 200 µL antibody dilution and/or 200 µL sample) in the reaction tube. The net 

concentration of D(+)-glucose α and β anomers was 100 mM during the incubation. 

After 10 minutes the reaction was stopped by adding 200 µL of 2 M H2SO4 and the 

generated color was measured at 450 nm, using disposable semi-microcuvettes. 

Preparation of monoclonal antibodies to P4 

Monoclonal antibodies against P4-11α-hemisuccinate-bovine thyroglobulin were 

developed in mice on supervision of the Animal Sciences Group of Wageningen UR in 
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accordance with the Institute's ethical guidelines in collaboration with MCA 

Development (Groningen, The Netherlands). Hybridomas were produced as described 

by Fazekas de St. Groth and Scheidegger [29] and three hybridomas that secreted 

antibodies against P4 were selected giving mAb 29.2; mAb 49.3; and mAb 67.1. All 

three exhibited high affinity to P4 (D.F.M. van de Wiel, Animal Sciences Group of 

Wageningen-UR; personal communication). Supernatants were purified by affinity 

chromatography on Protein A-Sepharose. Aliquots of the mAbs in a solution of 

0.9 g L-1 in 50% glycerol/Phosphate Buffered Saline (v/v) were stored at -20 °C. The 

antibodies were thoroughly characterized in relation to cross-reactivity in an EIA format 

as described in Ref. [30] with slight modifications as described in [31], using goat-anti-

mouse-HRP as the second antibody with enzyme tracer. 

 

Results and discussion 

Selectivity of the monoclonal antibodies 

The cross-reactivity of the three mAbs: 29.2, 49.3 and 67.1 was tested on related 

steroids. Several are present in cow's milk, albeit in lower concentrations than P4. A 

typical method to estimate cross-reactivity is to compare the IC50 values for the target 

analyte and potentially cross-reacting compound present in the sample.  

 

Table 3.1. Cross-reactivity of the ASG antibodies (cf. eq. 3.1) and interference of some steroids 

in the progesterone assay in cow's milk (cf. eq. 3.2). 

Steroids in 
cow's milk 

Approximate 
concentration 

% cross 
reaction 

% max. 
interfe-
rence 

% cross 
reaction 

% max. 
interfe-
rence 

% cross 
reaction 

% max. 
interfe-
rence 

 (µg L-1) mAb 
29.2 

 mAb 
49.3 

 mAb 
67.1 

 

Progesterone 10 100 100 100 100 100 100 
Cortisol [32] 1 0.03 < 0.01 0.04 < 0.01 < 0.03 < 0.01 
Cortico-
sterone [33] 

0.4 3 0.12 0.5 0.02 0.5 0.02 

Estrone [34] 0.1 0.2 < 0.01 0.03 < 0.01 0.5 < 0.01 
Estradiol [34] < 0.02 < 0.03 < 0.01 < 0.03 < 0.01 < 0.03 < 0.01 
Pregnenolone 
[34] 

2 10 2 < 0.03 < 0.01 5 1 

5α-pregnane-
3,20-dione 
[35] 

0.4 3.0 0.12 0.3 0.01 5 0.2 
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 The IC50 describes the concentration at which 50% of the maximum signal is 

inhibited. The degree of interaction between an antibody and a non-target analyte is 

referred to as relative percent cross-reactivity (%CR) according to the equation:  

  %CR = (Analyte IC50 /Cross-reactant IC50) * 100%   (3.1) 

In Table 3.1 a summary is given of the %CR of the steroids and the influence this will 

have on the specificity of the assay. Assuming a [P4] of 10 µg L-1, the used formula for 

interference is:  

  ([Interfering substance]/[P4]) * %CR     (3.2) 

All cross-reacting steroids that are present in cow's milk show an acceptable level of 

interference. 

  

Fig. 3.1: Basic observations on the ARIS technique. Panel a: Stability of the generated color in 

the presence of glycerol and ascorbic acid, solid line: with glycerol (30% v/v) + ascorbic acid 

(36 mg L
-1

); dotted line: with ascorbic acid (36 mg L
-1

) only; dashed line: without glycerol and 

ascorbic acid. Panel b: Response on the glucose concentration. 

 

Basic observations on the ARIS method 

When first performed, a large unspecific background (A450 > 1.5) was obtained when 

mixing the chemicals for substrate in the HRP-assay, although no GOx was present. The 

addition of ascorbic acid prevented this formation of unspecific background, however, 

in doing so the limit of detection was increased to less sensitive levels [25, 36]. As the 

presence of 30% glycerol was only mentioned by Heiss and co-workers [25] and not in 
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the original paper [17], the stability of the colored reaction product was evaluated as 

well as the level of the unspecific background in the presence or absence of glycerol 

(30% v/v). The results are depicted in Fig. 3.1a. Addition of glycerol was not mandatory 

to get a good reconstitution of the holoenzyme and restoration of the enzyme activity 

[19, 37]. With the results as seen in Fig. 3.1a it was decided to omit glycerol from the 

reaction medium.  

 The concentration of the substrate glucose was investigated in relation to the Km of 

GOx (30 mM as given in the product data sheet) and the response with GOx is depicted 

in Fig. 3.1b. A glucose end concentration of 100 mM was chosen to ensure the reaction 

is only dependent on the enzyme concentration. 

Performance of the assay 

The feasibility of the ARIS principle for a cow-side test to quantitate P4 in milk was 

studied. For this test a well-defined preparation of apoGOx is indispensable. The 

monomeric apoGOx preparation has to be free from polymeric clusters as these do not 

recombine to functional holoenzyme [19]. The preparation also has to show minimal 

residual activity. The recombination with FAD or FAD-P4 conjugate and the formation 

of the dimer has to be fast and the reactivation to functional holoenzyme has to be in the 

right conformation within a reasonable amount of time to perform a fast assay. Morris 

and Buckler mentioned a time of one hour with FAD for a good reactivation of the 

enzyme activity [17]. In ARIS this time is dependent on the nature of the FAD-analyte 

conjugate as observed for phenytoin-FAD being 2 min [22] or for thyroxin binding 

globulin being 16 min [24]. An assay on theophylline was reported to have a total 

analysis time of 80 s [23]. 

 Apart from a good reactivation of the apoprotein to functional holoenzyme, several 

other factors are important as well. These include a good linear relationship to the 

produced color of the HRP reaction with TMB on the generated H2O2, and the influence 

of the matrix. 

 HRP with TMB as color-generating system comprises a one-electron reaction at low 

H2O2 concentrations. The reaction product has a blue color, but at higher concentrations 

a two-electron reaction with a reaction product having an orange color is dominating 

[38]. For a linear relationship, the produced H2O2 by the reactivated GOx has to be low 
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in order to restrict the HRP-TMB reaction to the one-electron system. This limitation to 

the (apo)GOx concentration is a severe restriction on the sensitivity of the system.  

  

Fig. 3.2: Response in ARIS assay. Panel a: Titration of 488 nM apoGOx with FAD or P4-11α-

FAD; Panel b: Response of increased concentration of mAb 29.2 in the assay using 100 nM 

apoGOx, 2.3 µM P4-11α-FAD conjugate (shaded bars) and reversal of the inhibition upon 

addition of 6.8 µM P4 in McIlvaine buffer (solid bar). 

 

 To our knowledge the response to analyte conjugated FAD was not published in 

relation to the response to free FAD. A 1000 fold increase of the concentration of FAD 

when conjugated to P4 was necessary to obtain the same response (cf. Fig. 3.2a). This 

conjugate has to compete with free P4 for antibody binding sites. Aiming at a 

concentration of 1 to 30 µg L-1 of P4 (3 to 100 nM), the presence of an equal volume of 

1000 nM P4 in the conjugate is not a realistic option for a sensitive assay. The response 

to increasing antibody mAb 29.2 concentration and inhibition of this response upon the 

addition of free P4 is shown in Fig. 3.2b using a P4 concentration of 6.8 µM. The other 

mAbs responded in a similar way (not shown). However, an assay at the level of the 

analyte concentration as was reported in Ref. [25] was not possible. In addition, it 

appeared to be difficult to reproduce the results shown here and, therefore, the 

mechanism of the reconstitution and reactivation reactions [19] were studied.  

Matrix factors influencing the assay performance 

Cow's milk contains a variable amount of ascorbic acid, depending on, among others, 

the feed composition (differences in feed between summer and winter), environmental 

factors and the breed of the animal itself [39]. Other oxidative and antioxidative factors 
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are present in milk as well [39]. Two studies mention the quantitation of FAD in cow's 

milk. Free FAD is present in raw milk, a value of 13.9 µg/100 g milk (16.8 nmol/100 g 

milk) was reported in Ref. [40]. In the other study a value of 220 µg L-1 total FAD was 

reported, here no distinction was made between free and bound FAD [41]. Both values 

are of considerable concern when looking at Fig. 3.2a. In the microplate format 50 µL 

milk, containing 8.4 pmol free FAD according to Ref. [40], is added to the test solution. 

But as apoGOx gives a response at a level of 0.05-2 pmol FAD in the assay, addition of 

the sample will increase the a-specific response to undesirable levels. 

 

Conclusions 

Development of an ARIS-based rapid assay for the detection of progesterone in cow's 

milk appeared to be very difficult for a number of reasons: (i) presence of glycerol to a 

level of 30% (v/v) as reported to be essential for a good reactivation, destabilized the 

reaction product; (ii) a 1000-fold increase in FAD-analyte concentration was necessary 

to obtain the same response as with free FAD, implicating free analyte has to compete 

with at least a 10 times higher concentration of conjugated analyte for antibody binding 

sites; (iii) the presence of interfering compounds in the milk matrix (i.e. free FAD, 

oxidative and antioxidative factors); (iv) the difficulty of reproducibility.  

 Anyway, as most reported detectable concentrations were in the mg L-1 level, 

developing ARIS to quantitate µg L-1 levels of P4 in bovine milk was a very ambitious 

goal. Based on the publication in Ref. [26] it was worth trying. 

 As the preparation of apoGOx, the hydrodynamic properties of the enzyme upon 

reconstitution, and the reactivation to functional holoenzyme are of utmost importance; 

it was decided to investigate on these parameters first. The results of these tests are 

described elsewhere [19, 37] and based on the conclusions mentioned above and in Ref. 

[19] we decided to stop the development of this assay format. 
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Abstract 

This report describes a versatile and robust microreactor for bioactive proteins 

physically immobilized on a polyether sulfone filter. The potential of the reactor is 

illustrated with glucose oxidase immobilized on a filter with a cut-off value of 30 kDa. 

A flow injection system was used to deliver the reactants and the device was linked on-

line to an electrochemical detector. The microreactor was used for on-line preparation 

of apoglucose oxidase in strong acid and its subsequent reactivation with flavin adenine 

dinucleotide. In addition we describe a miniaturized version of the microreactor used to 

assess several characteristics of femtomole to attomole amounts of glucose oxidase. A 

low negative potential over the electrodes was used when ferrocene was the mediator in 

combination with horseradish peroxidase, ensuring the absence of oxidation of electro-

active compounds in biological fluids. A low backpressure at very low flow rates is an 

advantage, which increases the sensitivity. A variety of further applications of the 

microreactor are suggested. 

 

KEYWORDS: Apoglucose oxidase, Deflavination, Enzyme reactor, Flavin adenine 

dinucleotide, Glucose oxidase 
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Introduction 

Conventionally, characterizing enzyme properties in terms of kinetics, conversion rate 

and substrate specificity requires substantial amounts of pure enzyme. We aim to 

develop a versatile and robust microreactor to monitor on-line the activity of small 

amounts of enzymes and that can be used under harsh conditions if required, for 

instance, to prepare modified forms of glucose oxidase (GOx) in which the flavin 

adenine dinucleotide (FAD) cofactor has been replaced by artificial flavins. GOx uses 

β-D(+)-glucose with a high specificity as substrate, converting it to gluconolactone and 

H2O2. Preparation of apoGOx with low residual activity requires partial unfolding of the 

protein under strongly acidic conditions followed by removal of the flavin by size-

exclusion chromatography [1]. The activity of the enzyme can be restored by applying a 

solution of FAD or FAD analogues [1-4]. 

 Enzyme reactors can be created by covalent immobilization [5, 6]. Another option is 

to co-polymerize the enzyme in a flow system, trapping the enzyme in a polymer matrix 

[7, 8]. With these approaches assessment of enzyme properties, inhibitor screening [7], 

or conversion rates of stereo-selective or enantiomeric substrates [9, 10] have been 

reported. Although convenient, covalent attachment and co-polymerization require 

substantial amounts of protein to obtain a good response [11]. Upon immobilization, 

enzyme characteristics are often altered and enzyme activity may be lost. Especially 

when rare or expensive enzymes have to be used, it would be beneficial to have a 

system that uses far less enzyme, does not use chemical immobilization, and is easy to 

handle. 

 We propose a device where the enzyme is confined in a small space on top of one 

filter or between two filters and continuously perfused. The device, based on our 

previously described biosensor technique [12], is robust, easy to handle, and loss of 

activity and consumption of enzyme are kept to a minimum. With this device we were 

able to prepare apoGOx on-line by retaining GOx on a single polyether sulfone (PES) 

filter using acid treatment. Restoration of the enzyme activity was achieved in the same 

system using a solution of FAD. Furthermore, we were able to miniaturize the 

microreactor, using less enzyme, and increase the sensitivity of the system using a 
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combination of ferrocene and horseradish peroxidase (HRP) as a mediator for 

electrochemical detection. 

 

Experimental 

Materials 

GOx from Aspergillus niger (EC 1.1.3.4, grade 1) and horseradish peroxidase (HRP; 

EC 1.11.1.7, grade 1) were obtained from Roche (Almere, The Netherlands). Ferrocene 

carbolic acid was from Lancaster Chemicals (Lancaster Synthetics UK, Morecambe, 

Lancs, UK). Other chemicals were of pro analysis quality and purchased from Merck 

(Amsterdam, The Netherlands). Double quartz-distilled water was used for all aqueous 

solutions. Before and after acid treatment, the running buffer (a) of the microreactor was 

0.15 M sodium phosphate pH 7.0, containing 1 mM NaCl and 0.1% Kathon GC (Rohm 

and Haas, Croydon, Surrey, UK). Glucose solution (50 mM) prepared in running buffer 

was left to stand for several hours to reach mutarotational equilibrium. For 

electrochemical detection of GOx in combination with HRP, the running buffer (b) also 

contained 0.5 mM ferrocene carbolic acid. 

Design of the microreactors 

The overall design of the microreactors is shown in Fig. 4.1. They were micro machined 

from Delrin® by the instrumental workshop of Groningen University. For preparation 

of apoGOx and reconstitution of GOx activity, a microreactor as described in Ref. [12] 

was used. In contrast to the original device, only one PES filter with a cut-off value of 

30 kDa (Sartorius, Göttingen, Germany) and punched to a diameter of 13 mm, was 

used. Performance studies were done with our miniaturized design. The dimensions of 

the miniaturized microreactor were: outer length 3 cm, outer diameter 1.5 cm. A PES 

membrane filter was punched to a diameter of 4 mm and placed in the microreactor 

(effective diameter 3 mm, effective volume 1 µL) and connected between the injection 

valve and the detector with fused-silica tubing (FST) (150 µm OD, 50 µm ID) 

(Polymicro Technologies, Phoenix, AZ, USA) pinched off in Teflon tubing 1/16 inch 

OD and 170 µm ID (Aurora Borealis Control, Schoonebeek, The Netherlands) with use 

of finger-tight fittings, to avoid high dead volumes. 
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Fig. 4.1: Schematic design of the reaction compartment of the 

microreactor. (a): sketch; (b): scheme. Here is shown the 

microreactor with 1 PES ultrafilter, which is then connected to the 

flow system using FST and finger tight fittings. The mesh screen is 

used to support the ultrafilter. 

 

GOx/HRP activity monitoring 

For flows >1 µL min-1, a LC10ADvp solvent delivery pump (Shimadzu Corporation, 

Kyoto, Japan) was used; for flows <1 µL min-1 a Harvard 22-syringe pump (Harvard 

Apparatus, Holliston, MA, USA) was used. A voltage of -150 mV was applied between 

the working (glassy carbon) and reference (Ag/AgCl) electrodes. The injection valve 

(Vici Cheminert C4, Valco Instruments, Houston, TX, USA) was equipped with a 20 nL 

internal loop; injection cycles were designed using software incorporated in the Decade 

system, which also thermostatically controlled the reaction temperature at 37 °C. The 

current was registered using a flatbed recorder type BD41 (Kipp & Zonen, Delft, The 

Netherlands) and/or the signal was integrated using Chromeleon Software (Dionex 
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Corporation, Sunnyvale, CA, USA) on a PC using an RS232 interface. After the filter 

was installed in the system, it was left to equilibrate to a flow of 50 nL min-1. Glucose 

solution injection was sequenced to load/inject 2/3 min (cycle time 5 min) and repeated 

until a stable baseline was obtained. 

Preparation of apoGOx and restoration of the enzyme activity 

Preparation of apoGOx was essentially the same as described in Ref. [13], with a 

solution of 0.1 M glycine, 0.1 M NaCl and 0.1 M HCl, pH 1.5 mixed with glycerol to a 

final concentration of glycerol of 30% (v/v), cooled in ice. This solution was applied to 

the GOx containing reactor. In detail: a 10 µL solution of 100 mg mL-1 GOx (625 µM) 

was pipetted onto the microreactor's PES filter, which was thus loaded with 6.25 nmol. 

After stabilization of the signal, the initial enzyme activity was determined (=100%). 

The reactor was detached from the detector. The detached reactor was cooled in ice, and 

perfused with the cooled acidic glycerol solution at a rate of 25 µL min-1 for 15 min. 

After application of running buffer (a) until the effluent was pH 7, the reactor was taken 

out of the flow system, re-attached to the detector cell, and the residual activity of the 

apoGOx was measured in buffer system (a) with a flow of 25 µL min-1. 

 After the reactor was released from the flow system, ca 150 µL of a FAD solution 

(3.4 mM) in 0.15 M sodium phosphate, pH 7.0 at room temperature was applied 

manually during ca 15 min, except for time-dependent tests. Afterwards, the reactor was 

reattached to the detector cell and the restored activity of the holoenzyme was measured 

as described above. 

Determination of several characteristics of the miniaturized enzyme reactor 

Increasing amounts of GOx in running buffer (b) (range 625 amol – 625 pmol) were 

injected into the system, providing the amount of GOx retained on the membrane. After 

equilibration, a sequence of load/inject of the glucose solution was applied. 

Subsequently, a solution of HRP in running buffer (b) was injected into the system 

providing 0.68 pmol (30 ng) of HRP. After equilibration the sequence of load/inject of 

glucose was repeated. The efficiency of conversion at the electrode was calculated 

according to Eq. (4.1). In Eq. (4.1) the charge that is transferred to the electrode (area 

under the curve) is related to the real charge that is available in the reaction, e.g. the 

concentration of the substrate, the number of electrons involved and Faraday's constant. 
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 √(2·π)h σ 100 %  

% conversion =   (4.1) 

 IcnF  

where h = peak height (pA), σ = peak width at 60.7% (s), I = injection volume (µL), 

c = concentration (µmol L-1), n = number of electrons, F = 96485 (Faraday's constant, 

C mol-1) and √(2.π)hσ is peak area (C) 

 

 

Fig. 4.2: Restoration of apoGOx activity: � observed relative 

reactivation with FAD; solid line: fitting according to equation 

f(t) = 1-exp(-0.035t). 

 

Results 

Preparation of apoGOx and restoration of the enzyme activity 

We followed the response to glucose, the residual enzyme activity of apoGOx after acid 

treatment and restoration of the enzyme activity after the application of a solution of 

FAD. After acid treatment, negligible activity of apoGOx was observed. Application of 

the FAD solution restored the enzyme activity. The time dependency of enzyme activity 

restoration is shown in Fig. 4.2, composed of individual data from 5 apoGOx 

preparations. This time dependency of the reactivation is in accordance with Eq. (4.2). 
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f(t) = 1-exp(-kt)  (4.2) 

where k = 0.035 min-1 and t is the reaction time (min). 

Approximately 80% of the enzyme activity was restored within 60 min, which is above 

average compared to other procedures [1, 2]. 

 

Table 4.1. Measured detector signal and relative conversion of glucose in relation to 

the amount of enzyme retained on the filter in the miniaturized microreactor. Indicated 

are the amounts of GOx (in fmol) on the PES filter, the signals of the detector (in nA) 

indicating the amount of converted glucose, calculated as described in the method 

section. 

Protein (GOx) on the filter 
(fmol) 

Signal (nA) Conversion (%) 

0.0625  0.016  0.04 
0.625  0.028  0.006 
6.25  0.051  0.001 

625  0.53  0.0001 
625000  2.4  0.0000006 

 

Performance 

Several properties of the system were investigated. These included backpressure of the 

reactor at various protein loads, its stability and reproducibility, the efficiency at the 

electrode, system sensitivity, and ease of handling. The relationship of backpressure to 

the flow and the amount of protein retained on the filter are depicted in Fig. 4.3a and 

4.3b. The level of the backpressure is acceptable with these flows and these amounts of 

protein. The stability and reproducibility of the system, as tested with 625 fmol GOx on 

a series of glucose injections, showed an intra-assay standard deviation of less than 3%. 

The efficiency of the reaction is inversely proportional to the amount of protein on the 

filter. Retaining various amounts of GOx, ranging from 62.5 amol to 625 pmol on the 

ultrafilter, and testing the response determined the sensitivity of the set-up. A 

measurable and reproducible response was obtained, even with the lowest amounts of 

enzyme tested (Table 4.1). 

 One load of enzyme in the microreactor can be used at least 10 times and simply 

replacing the filter and injection of a fresh aliquot of protein solution can regenerate the 

system. 
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Fig. 4.3: System backpressure. (a): backpressure in relation to the flow at various protein 

loadings: ♦ 0 µg; � 13 µg; � 24 µg; � 39 µg; * 61 µg GOx; (b): backpressure in relation to 

the amount of protein retained on the filter at various flow rates: � 1 µL min
-1

; � 5 µL min
-1

; 

� 10 µL min
-1

; ♦ 25 µL min
-1

. 

 

Conclusions 

The low perfusion rate microreactor is suitable for the new application described here: 

preparation of minute amounts of apoGOx and the reconstitution of enzyme activity 

with a solution of FAD. In comparison to the conventional preparation of apoGOx using 

size-exclusion chromatography [1, 2, 13], this device requires neither complicated 

handling nor expensive materials and equipment. The enzyme is simply retained on the 

PES ultrafilter. 

 A scale-up of the microreactor can easily be performed, allowing the preparation of 

larger amounts of apoGOx, to be used, for example, in studies with modified FAD [2-4] 

or as the basis of a biosensor with which a wide variety of analytes can be detected [1]. 

The combination with immunological principles allows the analysis of small molecules 

when no specific enzyme is available, combining molecular recognition with enzyme 

enhancement of the signal. The sensitivity is improved even more by using 

electrochemical detection. 

 Low perfusion rate microreactors may facilitate the study of enzymatic properties 

and modifications, including substrate inhibition, competitive and non-competitive 

inhibition, and allosteric activation. Because of the mild fixation conditions, they may 
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enable investigation of receptor activity as well. An advantage of the microreactor 

presented here is the small amount of protein required, thus allowing the use of 

expensive and rare enzymes. Applications using related devices, e.g. Refs. [7, 10, 14] 

usually require micrograms to milligrams of protein. Glucose sensors using glucose 

oxidase or glucose dehydrogenase have also been developed for clinical use. One 

example of such an application uses a volume of 300 nL blood for glucose 

measurements in diabetics [15]. Such reactors still use larger volumes as compared to 

the 20 nL we used here. Although we used electrochemical detection, other modes of 

detection including capillary electrophoresis, fluorescence or chemiluminescence, are 

possible. In addition, with the current interest in proteomics, applications can be found 

where minute amounts of protein can be digested reproducibly and analyzed directly by 

LC-MS-MS [16-18]. 
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Abstract 

The reconstitution of Aspergillus niger apoglucose oxidase (apoGOx) with FAD 

conjugates for biosensoring of progesterone was investigated. ApoGOx prepared by 

partial unfolding of the protein under acidic conditions consisted of reconstitutable 

monomers (50 ± 10%), reconstitutable dimers (20 ± 10%) and irreversibly aggregated 

oligomers (30 ± 20%). Incubation of monomeric apoGOx with FAD or 

N
6-(6-aminohexyl)-FAD (ahFAD) restored glucose oxidase (GOx) activity and induced 

dimerization with stoichiometric incorporation of FAD. N
6-(6-aminohexyl)-FAD 

progesterone conjugates also induced dimerization. However, holoenzyme 

reconstitution required relatively high concentrations of apoprotein and was dependent 

on the type of conjugate. Restoration to 25-50% of the original enzyme activity was 

obtained. Binding of the FAD-progesterone conjugates might hinder the closure of a 

protein lid needed for dimer formation. Our results illustrate the prospects of FAD 

conjugates in sensitive detection of progesterone in biological matrices in a biosensor 

based on the recombination of apoGOx with progesterone-conjugated FAD. 

 

KEYWORDS: apoprotein, FAD, biosensor, glucose oxidase, progesterone, immunoassay. 
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Introduction 

The possibility to develop a specific biosensor for low molecular weight chemicals 

depends heavily on the induction of a selective change of the molecular properties of 

proteins by the analyte. One approach, the oxidative conversion of analytes by specific 

enzymes, has led to electrochemical biosensors for analytes such as glucose [1-5], 

lactate [6], glutamate [7] and other compounds [8], allowing applications in living 

organisms. 

 When no selective and stable enzyme is available, selectivity may be reached with 

antibodies. Many biosensors (i.e. immunosensors) already rely on the recognition 

between analyte and analyte-specific antibodies, for example well-known surface 

plasmon resonance [9] or evanescent wave fluorescence [10]. The less-known 

apoenzyme reactivation immunological system (ARIS) [11] combines molecular 

recognition between free analyte and analyte conjugated to flavin adenine dinucleotide 

(analyte~FAD) for binding sites of analyte-specific antibodies and analyte~FAD 

binding to apoglucose oxidase (apoGOx), restoring (part of) the enzyme activity. The 

enzyme activity can be assayed by applying substrate and electrochemical or 

colorimetric quantitation. 

 Glucose oxidase (GOx) from Aspergillus niger is a homodimeric glycoprotein with 

each subunit harboring a FAD as redox-active prosthetic group. The flavin cofactor is 

tightly, but non-covalently bound to the protein with a dissociation constant 

KD < 10-10 M [12]. Preparation of apoGOx with low residual activity requires harsh 

conditions [13]. Partial unfolding of the protein under strongly acidic conditions 

followed by removal of the flavin by size-exclusion chromatography is the current 

method of choice [14, 15]. 

 ARIS has been applied in a homogeneous immunoassay for the analysis of 

theophylline where levels between 5-40 mg L-1 theophylline were quantitated [11]. As a 

dry strip reagent assay the technique can be used in a non-laboratory setting [16]. This 

reached the market as the Ames Seralizer, used for therapeutic drug monitoring [16-18], 

with an indicated reaction time of 80 sec. These applications are aimed at assaying 

hydrophilic compounds in biological fluids with a lower level of detection at 1 mg L-1. 

More recently, an application for trinitrotoluene (a more hydrophobic compound) in 
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drinking water was reported where levels down to 100 ng L-1 could be quantitated [19]. 

A device for monitoring progesterone (being even more hydrophobic) at levels of 

5-30 µg L-1 in milk of dairy cows using ARIS was mentioned in a preliminary report 

[20], but this device has not been described in detail and did not reach the market. 

 Since then, many attempts have been made to quantitate progesterone in milk in an 

automated assay. However, not all requirements for a quick, low-cost and easy to handle 

method, suitable for automation are met [21-26]. An automated assay for progesterone 

can be used in the milking parlor as a method for monitoring reproduction. For optimal 

performance dairy cows should produce a calf every 12-13 months. Cows have a 

gestation period of 9 months [27], so it is of importance that they conceive at the 

appropriate moment [28]. This moment is indicated by a rapid decline in progesterone 

concentration just before ovulation [27]. 

 Our preliminary investigations on the homogenous immunoassay using apoGOx and 

FAD conjugated to progesterone, which were presented as a poster [29], required a 

more thorough investigation of the kinetics of binding of the conjugate to the 

apoprotein. 

 A number of properties of the apoGOx preparation and its reconstitution with FAD, a 

FAD-analogue and FAD-progesterone conjugates are described. In view of the ultimate 

aim to quantitate nanomolar amounts of progesterone in cow's milk, the specificity, 

sensitivity and speed of detection are assessed. The present results illustrate the 

possibilities and limitations of the FAD-progesterone conjugates in combination with 

apoGOx for sensitive detection of steroid hormones in biological fluids. 

 

Materials and methods 

(Bio)chemicals 

Glucose oxidase from Aspergillus niger (EC 1.1.3.4, grade 1) and horseradish 

peroxidase (EC 1.11.1.7, grade 1) were from Roche (Almere, The Netherlands). Rabbit- 

anti-GOx was from Rockland (Gilbertsville, PA, USA), Dextran T-70 was from 

Amersham Pharmacia Biotech AB (Uppsala, Sweden) and Biogel P6DG was from 

Biorad (Veenendaal, The Netherlands). Flavin adenine dinucleotide, flavin mono-

nucleotide (FMN) and bovine serum albumin (BSA, fraction V) were from Sigma-
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Aldrich Chemie BV (Zwijndrecht, The Netherlands). Acetonitrile was of HPLC grade 

and trifluorocacetic acid (TFA) was of peptide synthesis grade and were from Biosolve 

(Bio-Lab, Jerusalem, Israel).  

 

Table 5.1. Progesterone hemisuccinates used for the synthesis of N6-(6-aminoalkyl)-FAD 

progesterone conjugates. 

Structural formula Name 

 

pregn-4-ene-6β-ol- 

3, 20-dione hemisuccinate 

 

 

pregn-4-ene-11α-ol- 

3, 20-dione hemisuccinate 

 

 

pregn-4-ene-21-ol- 

3, 20-dione hemisuccinate 

 

 

 N
6-(2-aminoethyl)-FAD (aeFAD) was synthesized, purified and characterized by 

Bückmann et al. [30]. N
6-(6-aminohexyl)-FAD (ahFAD) was synthesized with some 

slight modifications as described by Morris and Buckler [14]. The trifluoro-

acetyl-ahFAD intermediate, ahFAD and final P4~ahFAD conjugates were purified 

using reversed-phase HPLC. 
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 The ahFAD intermediate was more than 95% pure as judged by thin-layer 

chromatography, LC-MS and 1H NMR. AhFAD was conjugated with pregn-4-

ene-11α-ol-3,20-dione hemisuccinate (P4-11α-HS; Steraloids, Newport, Rhode Island, 

USA) using the mixed anhydride method [31]: 8.3 mg P4-11α-HS (19.4 µmol) in 

150 µl DMF was mixed with 2.2 µl N-methylmorpholine and cooled to -10 °C in an 

ice-salt bath. To this solution 2.6 µl isobutylchloroformiate was added under vigorous 

stirring. After 4 minutes, 8 mg ahFAD (9.7 µmol) in 400 µl DMF and 400 µl DMSO 

and 2.2 µl N-methylmorpholine were added and the pH was adjusted to 7-8 with a small 

amount of N-methylmorpholine. The reaction was monitored by analytical LC-MS. 

After 30 min, 400 µl water was added. After 75 min a second batch of -10 °C activated 

P4-11α-HS was added dropwise. After 3-4 h adding a few drops of 2M sodium 

bicarbonate stopped the reaction. The P4-11α~ahFAD product was purified using 

reversed-phase HPLC in a water/acetonitrile (20-80%) gradient with 0.02M phosphate 

buffer on a Waters Deltapak C18 column (25 x 100 mm). The main fractions were 

collected, evaporated to a small volume by rotary evaporation in vacuo, and lyophilized. 

The P4-11α~aeFAD conjugate and the other N
6-(6-aminohexyl)-FAD progesterone 

conjugates (P4-6β~ahFAD and P4-21~ahFAD; Table 5.1) were prepared in a similar 

way. 

 Preparative HPLC was performed using a Waters Prep4000 system with a Waters 

Deltapak C18 cartridge column (25 x 100 mm) and guard column. The flow rate was 

40 mL min-1 and detection at 240 nm. 

 Concentrations of FAD, FAD-derivatives, and FAD-progesterone conjugates 

mentioned in this chapter are based on the FAD absorbance at 450 nm using a molar 

absorption coefficient of 11.3 mM-1 cm-1.  

 Apoflavodoxin from Azotobacter vinelandii was prepared as described [32].  

 

Other chemicals were of the highest purity available and purchased from Merck 

(Amsterdam, The Netherlands). Water was of Milli-Q quality (Millipore, Amsterdam, 

The Netherlands). 
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Preparation of apoGOx 

ApoGOx was prepared essentially according to the method of Morris et al. [14]. A 

solution of 20-80 mg GOx in 1-2 mL 25 mM sodium phosphate pH 6.0, containing 30% 

(v/v) glycerol was acidified at 0 °C with 25 mM NaH2PO4/H2SO4 pH 1.1, containing 

30% (v/v) glycerol to a final pH of 1.7. A freshly prepared Biogel P6DG column (1.6 by 

9.5 cm), equilibrated with 25 mM NaH2PO4-H2SO4 pH 1.7 containing 30% (v/v) 

glycerol at 4 °C was used to separate the FAD and the apoprotein.  

 

Scheme 5.1. Schematic representation of apoGOx preparation and reconstitution with analyte-

labeled FAD. 

 

 The acidified GOx solution was applied to the column at a flow rate of 1 mL min-1 

and eluted with ice-cold buffer pH 1.7 at the same speed. The elution profile was 

monitored by measuring the absorbance at 280 nm and the conductivity of the eluate 

with an FPLC system (Amersham Pharmacia Biotech, Uppsala, Sweden). Fractions of 

1 mL were collected while mixing in 100 µL of a slurry of dextran-coated charcoal in 

1 M Na2HPO4 in 1.5 mL safe lock centrifuge tubes (Eppendorf GMBH, Wesseling-
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Berzdorf Germany). Fractions were thoroughly mixed and centrifuged to remove the 

charcoal. Residual charcoal was removed applying a syringe filter (0.22 µm). The 

supernatants thus obtained (pH 5.6-6.5) were transferred to clean tubes. Aliquots of 

these fractions were assayed for residual activity and reconstitutable activity with FAD. 

Fractions with the required properties were pooled and used in further experiments. 

Reconstitution of holoGOx 

Reconstitution of holoGOx from its constituents apoGOx and FAD was achieved by 

allowing 2 µM of apoGOx to react overnight with serial dilutions (0.06-4 µM) of FAD 

in 0.2 M sodium phosphate pH 6.5 at room temperature. Similar reconstitution 

experiments were performed with ahFAD, P4-11α~aeFAD, P4-6β~ahFAD, 

P4-11α~ahFAD and P4-21~ahFAD. The time dependence of holoGOx reconstitution 

was investigated by measuring the GOx activity of the reaction mixtures at different 

time intervals. In Scheme 5.1 a representation is given of the applied strategy. 

Enzyme activity 

GOx activity was determined at 25 °C following oxygen consumption using a Clarke 

electrode (Rank Brothers, Bottisham, UK). The substrate solution was composed of 

100 mL McIlvaine buffer pH 5.6 [33], containing 100 mM D(+)-glucose and 5 mg 

NaN3 to prevent bacterial growth. This solution was left to stand overnight at 25 °C to 

get saturated with O2 (0.26 mM) and to reach mutarotational equilibrium for glucose. 

Activity measurements were done by adding 1 to 15 nM of enzyme to a final volume of 

3.0 mL of the substrate solution using a Hamilton syringe (Hamilton Co, Reno, NV 

USA). Initial rates were calculated from the decrease of oxygen concentration during 

the first minute. Residual activity of apoGOx was measured by adding up to 750 nM of 

apoGOx in 3 mL of substrate solution.  

 GOx activity was also determined by measuring the production of H2O2 with HRP 

and 3,3',5,5'-tetramethylbenzidin (TMB). Reactions were performed in glass tubes 

(55 x 11.5 mm, Fisher Emergo, Landsmeer, The Netherlands) in a slowly shaking water 

bath at 25 °C. Glucose solution containing 0.5 M D(+)-glucose in McIlvaine buffer was 

left to stand for several hours to reach mutarotational equilibrium; 10 mL of this 

solution were mixed with 0.36 mL of a solution of ascorbic acid (1 g L-1) [19] to 

prevent a non-specific background signal, 3 µL HRP (2.6 g L-1) and 100 µL TMB 
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(6 g L-1 in DMSO). To perform the test 200 µL of a mixture of 1 part anti-GOx (1 g L-1) 

according to Morris et al. [34] and 9 parts of apoGOx (300-700 nM), 200 µL FAD or 

conjugate solution and 200 µL substrate solution were added to 400 µL of buffer 

containing 0.1% BSA in the reaction vessel. The net concentration of D(+)-glucose α 

and β anomers was 100 mM during the incubation. After 10 minutes the reaction was 

stopped by addition of 200 µL of 2 M H2SO4 and the generated color was measured at 

450 nm using a Shimadzu UV 160A spectrophotometer (Shimadzu Benelux, 

's-Hertogenbosch, The Netherlands), using disposable semi-microcuvettes (PlastiBrand, 

Wertheim, Germany). 

Analytical methods 

Thin layer chromatography was carried out on Baker-flex silica gel IB2 sheets 

(J.T. Baker, Phillipsburg, New Jersey, USA) in n-butanol-acetic acid-water 

(5:3:3, v/v/v). Fluorescent spots were visualized with UV-light. 1H NMR spectra were 

recorded at 298 K on a Bruker AMX500 spectrometer. Compounds were dissolved in 

deuterium oxide or deuterated dimethylsulfoxide-d6 (Cambridge Isotopes Laboratories, 

Apeldoorn The Netherlands). 1H signals were referenced to the F7-methyl signal of 

FAD (2.28 ppm) as described by Bückmann et al. [30]. 

 LC-MS was performed on a Waters (Milford, MA, USA) system consisting of an 

Alliance HT 2790 HPLC, a Waters 996 Photo Diode Array detector and a Waters 

ZQ4000 Ion spray mass spectrometer. Analytical separations were performed with an 

Atlantis C18 column (2.5 µm, 4.6 x 50 mm) (Waters, Milford, MA, USA). 

Chromatographic elution was carried out at a flow rate of 1.5 mL min-1 using H2O with 

0.05% TFA as solvent A and acetonitrile with 0.05% TFA as solvent B in a linear 

gradient from 5 to 65% B in 10 min. The MS experiments were performed in positive 

ion mode. 

 Analytical gel filtration was performed on an Åkta Explorer FPLC system 

(Amersham Pharmacia Biotech, Uppsala, Sweden). The hydrodynamic properties of 

(apo)GOx were characterized with a Superdex 200 HR10/30 column running in 

100 mM sodium phosphate pH 6.5, containing 150 mM NaCl. Catalase (232 kDa), 

aldolase (158 kDa), BSA (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa) 

and RNAse (13.7 kDa) were used as reference proteins. Absorbances were monitored at 
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220 and 280 nm for protein detection and at 450 nm for the detection of (protein-bound) 

FAD. 

Spectral properties 

Absorption spectra were recorded at 20 °C on a Hewlett-Packard 8453 diode array 

spectrophotometer equipped with a peltier temperature control system (Hewlett-

Packard, Utrecht, The Netherlands) using a quartz microcuvette (Hellma GmbH & Co 

Müllheim, Germany). ApoGOx concentrations were determined by measuring the 

absorbance at 280 nm using a molar absorption coefficient, ε280 = 137 mM-1 cm-1 [14]. 

For reconstitution experiments, 10 µM of flavin was incubated with 33 µM apoGOx in 

0.2 M sodium phosphate pH 6.5. Spectra were recorded at different time intervals. 

 HoloGOx concentrations were determined by measuring the absorbance at 450 nm of 

protein-bound FAD using a molar absorption coefficient of ε450 = 12.7 mM-1 cm-1. The 

molar absorption coefficient of holoGOx was determined by SDS unfolding 

experiments [35, 36]. First a spectrum was recorded of holoGOx in 0.2 M sodium 

phosphate pH 6.5. After addition of 0.5% SDS, the cuvette was heated to 80 °C and left 

at this temperature for 5 min. The spectrum of the released FAD was then recorded at 

20 °C. The SDS unfolding experiment was performed in triplicate. 

 Fluorescence spectra were measured at 20 °C using a SLM-Aminco 500C 

spectrofluorometer and 1 cm fluorescence quartz cuvettes (Hellma GmbH & Co 

Müllheim, Germany). Emission spectra were recorded from 460-600 nm with excitation 

at 450 nm. Excitation spectra were recorded from 320-470 nm with emission at 525 nm.  

 Measuring the quenching of flavin fluorescence at 525 nm monitored binding of 

FAD derivatives to apoGOx. For this 100 nM of FAD derivative was mixed with a ten-

fold excess of apoGOx in 0.2 M sodium phosphate pH 6.5 and the decrease in flavin 

fluorescence emission was followed with time. The FAD fluorescence of the 

holoenzyme served as a reference. A. vinelandii apoflavodoxin was used to test on 

residual FMN and riboflavin in the FAD preparations. Commercial FMN served as a 

reference in these experiments. 
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Results 

Preparation of progesterone-FAD conjugates 

Analytical LC-MS of the P4~ahFAD conjugates showed a purity >90% (215 nm) and 

an average mass of 1297.4 (calculated: 1297). The fragments at [M+H]+ at 859.4 and 

439.2 amu were consistent with the presence of a progesterone-aminohexyl-adenosine 

and a flavine fragment (Table 5.2). Starting materials (ahFAD and progesterone 

hemisuccinate) were < 0.5%. Thin-layer chromatography confirmed the high purity of 

the P4~ahFAD conjugates and the lack of any residual ahFAD (Table 5.2).  

 The 1H NMR spectra of the P4~ahFAD conjugates showed the presence of 

characteristic signals in the low field region of 5-9 ppm. Resonances in this region can 

be attributed to the F6, F9, A2, A8 and A1' protons of the FAD moiety [30] and the 

olefinic C4 proton of the progesterone moiety [37] (Table 5.2). Furthermore, with 

P4-6β~ahFAD and P4-11α~ahFAD, an additional resonance around 5.50 ppm is 

attributed to the presence of a stereogenic center in position 6 and 11 of the 

progesterone moiety, respectively. No attempt was made to assign the resonances in the 

high field region between 0.5 and 5 ppm. Complete assignments in this crowded part of 

the 1H NMR spectrum will require detailed analyses by a number of 2D NMR 

techniques. 

 Analytical LC-MS of P4-11α~aeFAD showed an average mass of 1241.4 

(calculated: 1241). The [M+H]+ fragments at 803.5 and 439.2 amu were consistent with 

the presence of a progesterone-aminoethyl-AMP and FMN(-H2O) fragment (Table 5.2). 

Thin layer chromatography revealed that P4-11α~aeFAD contains a minor amount of a 

flavin compound with a slightly higher retention factor. The 1H NMR spectrum of 

P4-11α~aeFAD suggested that this compound might be a progesterone-FAD isomer. 

Preparation of apoGOx 

ApoGOx was prepared by acidification to pH 1.7, followed by Biogel P6-DG gel 

filtration in the presence of 30% glycerol [14]. This method yields apoprotein with 

negligible residual activity, but about 50% of irreversibly aggregated apoprotein is 

generally obtained [3, 15, 38]. Charcoal treatment [14] was essential to achieve a 

residual activity lower than 0.05%. After neutralization, the apoprotein was stored in 

50% glycerol at -20 °C. 
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Hydrodynamic properties 

Analytical gel filtration revealed that apoGOx prepared as described here is a mixture of 

monomers, dimers and oligomers (Fig. 5.1A). The molecular mass distribution of the 

apoGOx preparation varied from batch to batch but was independent of the protein 

concentration. Generally about 50% monomers, 20% dimers and 30% oligomers were 

found, but in one particular batch almost no apoGOx oligomers were present (Fig. 

5.1B).  

 

 

Fig. 5.1. Hydrodynamic properties of apo- and reconstituted holoGOx as determined by 

analytical gel filtration on Superdex 200 HR 10/30. A: Crude apoGOx as prepared by 

preparative gel filtration at pH 1.7 after neutralization and removal of charcoal/dextran. 

B: Crude apoGOx containing almost no protein aggregates (solid line; left Y-axis) and after 

overnight reconstitution with excess FAD (dashed line; right Y-axis). C: 2 µM apoGOx (solid 

black line) reconstituted with 0.06 (dashed black line), 0.25 (dotted black line), 0.5 (solid gray 

line) and 1.0 (dashed gray line) equivalents of FAD. 

 

 Gel filtration analysis showed that overnight incubation of apoGOx with FAD 

induced GOx dimerization (Fig. 5.1B). The reconstituted GOx dimer had the same 

retention time as native GOx. Furthermore, the dimer was saturated with FAD as 

indicated by the absorbance ratio A280/A450 = 13.4. This value is similar to that of the 

holoprotein [39]. Overnight incubation of crude apoGOx with a range of FAD 

concentrations confirmed that the degree of dimerization was stoichiometric with the 

amount of FAD (Fig. 5.1C). ApoGOx oligomers were not reconstitutable, in agreement 

with an earlier report [38]. 

 Elution profiles of apoGOx reconstituted with ahFAD were comparable to those of 

FAD. Fig. 5.2A shows that ahFAD binding to purified monomeric apoGOx induces a 



Chapter 5 

 

84 

stable dimer configuration. The FAD and ahFAD-induced dimerization of purified 

monomeric apoGOx was relatively fast and needed less than 5 minutes to complete. 

Elution profiles of purified monomeric apoGOx reconstituted with the FAD-

progesterone conjugates showed poor flavin-dependent dimerization. FAD-conjugate 

induced dimerization only occurred at relatively high concentrations of apoprotein and 

was dependent on the type of conjugate. With P4-11α~aeFAD, P4-6β~ahFAD, 

P4-11α~ahFAD and P4-21~ahFAD partial dimerization was observed (Fig. 5.2B). 

 

 

Fig.5. 2. Molecular mass distribution of 10 µM purified monomeric apoGOx after overnight 

reconstitution with A: 2 equivalents of FAD (solid black line) or ahFAD (dashed black line); 

B: 2 equivalents of P4-11α~aeFAD (dotted black line), P4-6β~ahFAD (dashed black line), P4-

21~ahFAD (dash-dotted black line) or P4-11α~ahFAD (solid gray line). 

 

Restoration of GOx activity 

The time-dependent restoration of GOx activity with FAD analogues was investigated 

by oxygen consumption experiments. When 2 µM crude apoGOx was incubated with 

20 µM FAD at room temperature, an initial rapid increase in activity was followed by a 

much slower increase in activity (Fig. 5.3A, Table 5.3). Similar results were obtained 

with ahFAD (not shown). Regain of enzyme activity was also observed when crude 
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apoGOx was incubated with the FAD-progesterone conjugates. However, with these 

ligands a much lower increase of GOx activity occurred (Fig. 5.3A, Table 5.3).  

 

 

Fig.5. 3. Restoration of GOx activity. ApoGOx (2 µM) was incubated with different FAD 

analogues (20 µM) at room temperature. A: Time-dependency of reactivation of apoGOx with 

FAD (�) or P4-11α~ahFAD (�). B: Reactivation of 2 µM apoGOx after overnight incubation 

with indicated concentrations of FAD (�) or P4-11α~ahFAD (�). C: Traces of oxygen 

consumption by 1.1 nM reconstituted GOx after overnight incubation of 2 µM apoGOx with one 

equivalent of FAD (upper part) or 16.7 nM reconstituted GOx after overnight incubation of 

2 µM apoGOx with one equivalent of P4-11α~ahFAD (lower part). Activity recoveries with 

ahFAD and other P4-FAD conjugates are given in Table 5. 3. 

  

 Overnight incubation of crude apoGOx with FAD or ahFAD afforded about 50% of 

GOx activity (125 U/mg) at a protein-flavin ratio of 1:1 (Fig. 5.3B). Nearly 100% 

recovery of specific activity (i.e. 240 U/mg) was obtained when the purified monomeric 
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form of apoGOx was reconstituted under these conditions. Overnight incubation of 

apoGOx with stoichiometric amounts of the progesterone-FAD conjugates resulted in 

only partial recovery of enzyme activity (Fig. 5.3B). Moreover, during the activity assay 

oxygen consumption rapidly ceased, pointing at flavin-conjugate dissociation 

(Fig. 5.3C). 

 Reconstitution of apoGOx with FAD and conjugates was also followed with the 

colorimetric peroxidase assay. The same propensity of FAD versus conjugate was 

found, but in view of the low apoprotein concentrations used (300-700 nM) even more 

conjugate was needed to form active enzyme. 

 

Table 5.3: Specific activity of apoGOx reconstituted with FAD derivatives. 2 µM apoGOx 

incubated for 1 h and overnight with 20 µM FAD derivative.  

The incubation temperature was 25 °C 

FAD derivative Activity after 1 h incubation 
(% of FAD) 

Activity after overnight incubation  
(% of FAD) 

- < 0.05 < 0.05 
FAD 100 100 
ahFAD 100 100 
P4-11α~aeFAD 20 25 
P4-6β~ahFAD 50 65 
P4-11α~ahFAD 40 50 
P4-21~ahFAD 55 65 
 

Spectral properties 

The absorption spectrum of the FAD cofactor of holoGOx differs from that of free FAD 

[40]. This property was used to follow the incorporation of the FAD derivatives into 

apoGOx. When FAD was incubated with excess apoGOx at room temperature, the 

absorption spectrum gradually changed with time. After 1 h, the shape of the absorption 

spectrum with characteristic shoulders around 370 nm and 475 nm was nearly identical 

to the spectrum of holoGOx (Fig. 5.4A). However, prolonged incubation was needed to 

reach the maximal absorption change. The molar absorption coefficient of the 

reconstituted enzyme, ε450 = 12.7 mM-1 cm-1, was significantly lower than the value 

reported for holoGOx (ε450 = 14.1 mM-1 cm-1 [40]). 
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Fig. 5.4. Flavin absorption spectral changes observed upon reconstitution of apoGOx with FAD 

analogues. 10 µM flavin derivative was incubated with 33 µM apoGOx and the reaction was 

followed with time. Spectra are shown before (dashed line), and respectively 1 h (dash-dot line) 

and 19 h after mixing (solid line). A: holoGOx (solid) and after heating to 80 °C in 0.5% SDS 

(dashed). B: ahFAD. C: P4-11α~aeFAD. D: P4-11α~ahFAD. 

 

 Therefore, we redetermined this value for the commercial GOx by SDS unfolding 

experiments. When holoGOx was heated at 80 °C in the presence of 0.5% SDS, the 

FAD was immediately released from the protein (Fig. 5.4A). Analysis of the spectral 

changes revealed a molar absorption coefficient, ε450 = 12.7 ± 0.2 mM-1 cm-1 for 

holoGOx, in good agreement with the apoGOx reconstitution results. 

 Fig. 5.4B-D show the absorption spectral changes observed for the reconstitution of 

holoGOx with ahFAD, P4-11α~aeFAD and P4-11α~ahFAD. For ahFAD and 

P4-11α~aeFAD, similar but clearly larger absorption changes were observed than with 

natural FAD. With P4-11α~ahFAD, the absorption increase after 19 h incubation was 

less intense (Fig. 5.4D). 
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Table 5.4. Binding of apoGOx to FAD derivatives as monitored by flavin fluorescence 

quenching. 0.1 µM flavin was mixed with 1 µM apoGOx. For reference, the relative 

fluorescence of 0.1 µM holoGOx is shown as well. Excitation was at 450 nm and emission at 

525 nm. The incubation temperature was 20 °C. 

FAD derivative 
Relative fluorescence before 

apoGOx addition 
(t = 0) 

Relative fluorescence after 
apoGOx addition 

(t = 200 s) 
HoloGOx  0.12 0.12 
FAD 1.00 0.49 
ahFAD 1.00 0.52 
P4-11α~aeFAD 2.04 2.00 
P4-6β~ahFAD 1.08 0.64 
P4-11α~ahFAD 1.69 1.08 
P4-21~ahFAD 0.92 0.56 

 

Fluorescence properties  

HoloGOx has a low flavin fluorescence quantum yield which is about 10% of that of 

free FAD [12], Table 5.4. Therefore, binding of FAD derivatives to apoGOx was also 

studied by monitoring changes in flavin fluorescence. When 0.1 µM of FAD was mixed 

with a ten-fold excess of purified monomeric apoGOx, a rapid initial phase in flavin 

fluorescence decrease was followed by a much slower secondary phase. The rapid phase 

accounted for about 90% of the total fluorescence decrease and took less than one 

minute to complete. The secondary phase was extremely slow and took at least 16 h to 

complete. Qualitative similar results were obtained with ahFAD and the progesterone-

ahFAD conjugates. With P4-11α~aeFAD almost no fluorescence decrease was 

observed. The fluorescence values reached after 16 h did hardly change upon addition 

of A. vinelandii apoflavodoxin, confirming that none of the FAD preparations was 

contaminated with FMN or riboflavin. 

Discussion 

In this chapter we describe the reconstitution of apoGOx with progesterone-FAD 

conjugates aiming at the development of a biosensor to quantitate nanomolar levels of 

steroid hormones in a complex matrix.  

 Acid treatment of GOx in the presence of 30% glycerol followed by size exclusion 

chromatography [14] yielded a mixture of apoGOx monomers (apparent mass ~ 

80 kDa), apoGOx dimers (apparent mass ~160 kDa) and apoGOx oligomers with a 
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protein recovery of 40-60%. In our hands, it proved to be extremely important to keep 

the pH of the apoGOx solution below pH 2 or above pH 6 in order to prevent protein 

unfolding (pH 2-3) or protein aggregation (pH 4-6). These findings are in accordance 

with recent studies from circular dichroism where it was shown that in the acid-induced 

state, GOx partially exists as a compact folded intermediate with native-like secondary 

structure [41]. Our results are consistent with several reports on the procedure of 

apoGOx preparation [3, 13, 15, 38, 42]. However, few details were given on the 

hydrodynamic properties of the apoenzyme.  

 Analytical gel filtration showed that the apoGOx oligomers did not bind FAD but 

that the apoGOx monomers (and dimers) bound stoichiometric amounts of FAD, 

promoting dimerization. Oxygen consumption experiments showed that the apoGOx 

preparations had an extremely low residual activity, typically less than 0.05%, a 

reconstitutable activity with FAD of 25-50% and that the specific activity of the 

reconstituted enzyme was nearly identical to that of native GOx. Reconstitution of 

apoGOx with ahFAD showed that the aminohexyl linker at the N6-position of the 

adenosine moiety did not interfere with FAD binding. Binding of ahFAD induced GOx 

dimerization and the reconstituted enzyme had nearly the same specific activity as the 

native enzyme from which FAD had never been removed. These findings are consistent 

with Morris et al. [11], where maximum GOx activity was found after 24 h of 

reconstitution.  

 Based on our results and previous data [11, 12, 43] the reconstitution of monomeric 

apoGOx with FAD and ahFAD is most simply described by be following scheme: 

  M + F  ↔  MF  ↔ D (5.2) 

where F is the FAD, M the monomeric apoenzyme, MF the monomeric holoenzyme and 

D the dimeric holoenzyme. In the first step, FAD binds to the monomeric apoenzyme as 

indicated by a strong decrease in flavin fluorescence. In the next step, the monomeric 

protein dimerizes as indicated by the gel filtration, fluorescence and absorption spectral 

results. Dimerization is a relatively fast process and its rate increases with apoGOx 

concentration. It is not clear from our results whether the monomeric reconstituted 

protein possesses enzyme activity. If so, it is conceivable that its catalytic efficiency is 

low because of flavin dissociation. The present results do indicate that after dimer 

formation some conformational rearrangement occurs. These conformational 
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rearrangements are slow and result in a somewhat higher activity, a decrease in flavin 

fluorescence quantum yield and an increase in absorption at 450 nm. 

 So far, apoGOx has been reconstituted with several N
6-(aminoalkyl)-FAD 

conjugates, including theophylline-FAD [11], IgG-FAD [14], pyrroloquinolino-quinone 

(PQQ)-FAD [3, 44, 45], lipoic acid-FAD [46], ferrocene-FAD [3], trinitrotoluene-FAD 

[19] and FAD-functionalized gold nanoparticles [47]. All these conjugates restored 

GOx activity to a certain extent but dramatic differences were observed in the strength 

of the apoprotein-FAD conjugate interaction and the biocatalytic efficiency of the 

artificial enzyme. Reconstitution of apoGOx with progesterone-N6-(aminoalkyl)-FAD 

conjugates also resulted in active enzyme but the restoration of enzyme activity was far 

less efficient than with FAD and ahFAD. Oxygen consumption experiments pointed at 

P4-FAD dissociation during the activity assay. Gel filtration and absorption spectral 

analysis showed that dimerization only occurred with relatively high concentrations of 

apoprotein and that the degree of dimerization was dependent on the type of 

progesterone-FAD conjugate. This suggests that the hydrophobicity of the progesterone 

molecule and the mode of linkage to the FAD both are important for the reconstitution 

of GOx with the progesterone-FAD conjugates.  

 What might be the reason for the poor binding of the progesterone-FAD conjugates 

to apoGOx? The crystal structure of A. niger GOx shows that the FAD cofactor is 

bound in a channel of the monomer that is locked by a lid [48]. The structure suggests 

that upon FAD binding this lid will close and form the interface of the dimeric protein. 

In this way flavin binding is coupled to dimer formation and dissociation of the cofactor 

is being prevented [48]. The adenine part of the FAD is situated in the neighborhood of 

the lid and is also close to another segment of the dimer interface. Extending the FAD 

molecule with the progesterone moiety might hinder the closure of the lid and as a 

consequence hamper dimer formation.  

 For a good progesterone biosensor, nanomolar amounts need to be quantitated. The 

present results suggest that binding of progesterone-FAD conjugates to apoGOx is 

feasible. However, for efficient reconstitution of GOx activity binding of the 

progesterone-FAD conjugate should not interfere with GOx dimerization.  

 Optimization of the protein-FAD analyte interaction might be achieved by redesign 

of the progesterone-linker, the GOx protein, or both [49]. 
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Abstract 

In this chapter several aspects on the development of a highly sensitive Lateral Flow 

ImmunoAssay (LFIA) are described, which allows for a sensitive assay in this one-step 

homogeneous assay format. The application of an assay of progesterone is taken as an 

example. The format is based on a competitive immunoassay in a porous membrane 

containing immobilized antigen conjugate. Through the action of capillary force, a 

mixture of sample, primary antibodies, and secondary antibodies conjugated to reporter 

particles, is transported to the capture site. Carbon particles as reporter provide a visible 

detection and can be quantitated using a flatbed scanner and dedicated image analysis 

software. General aspects considering optimal performance of the assay format are 

discussed, including a reappraisal of the checkerboard titration, often used in the 

optimization of immunoassays. Using a high coating concentration of the analyte-

protein conjugate and a high dilution of the antibody solution, an IC50 of 0.6-1.2 µg L-1 

progesterone in buffer could be realized, depending on the antibody. Immediate addition 

of all reagents in LFIA was superior to premixing some of the components and allowing 

to react for a predetermined time. Of several blocking compounds tested bovine serum 

albumin was superior in performance. 

 

KEYWORDS: BSA, checkerboard titration, immunochromatography, lateral flow 

immunoassay, OVA, progesterone 
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Introduction 

Lateral flow immunoassays are currently a popular assay format, especially for 

applications outside the laboratory, i.e. "point of care/need" applications [1-5]. LFIA is 

a homogeneous (i.e. non-separation type) assay that is easy to perform, fast and low-

cost. When the analyte is a hapten, the design is often restricted to the competitive 

format. In this format free antigen and immobilized antigen compete for a limited 

amount of antibody binding sites. When developing such an assay format a first 

screening is commonly used to find the optimal concentrations of antibody and antigen 

by a checkerboard titration [6]. 

 However, in a publication by the group of Gauglitz quite another approach is 

mentioned [7-10], not currently in use when developing such an assay. According to 

this study a sensitive assay requires that the amount of antigen bound on the surface is 

high, which also enables a high dilution of the antibody. In their study, an imunochip 

was used and a flow system to deliver the sample mixed with an antibody solution to 

the chip. Using this strategy, the response at the chip is mass-transport limited and not 

dependent on the kinetics of binding of antigen to antibody. 

 We report here on the approach as mentioned in Ref. [7] for the enzyme 

immunoassay (EIA) and lateral flow immunoassay (LFIA) formats. Some other general 

aspects in the development of competitive LFIAs were studied as well, such as the 

sequence of addition of the reagents and the influence of the blocking compound. 

Progesterone (P4) has been chosen as the model hapten. 

 

Materials and methods 

Materials 

Bovine serum albumin (BSA), chicken egg-white serum albumin (OVA), progesterone 

(pregn-4-ene-3,20-dione) and thimerosal (2-(ethylmercuriomercapto)-benzoic acid 

sodium salt) were purchased from Sigma-Aldrich Chemie BV (Zwijndrecht, the 

Netherlands). Casein hydrolysate was from Merck (Amsterdam, The Netherlands), 

lactoferrin was from DMV International (Veghel, The Netherlands), β-lactoglobulin 

was from Davisco (Geneva, Switzerland), and teleostean gelatin, poly(methyl-

vinylether-10-maleic anhydride) and polyvinlylpyrrolidone (30kDa) were from Biodot 
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Inc. (Irvine, CA, USA). All P4-BSA conjugates, P4-analogue-BSA conjugates and P4-

analogs were purchased from Steraloids, Inc. (Newport, RI, U.S.A). NH2-functionalized 

biotin with different length polyethylene oxide linkers and neutravidin were from Pierce 

(Perbio Science Nederland BV, Etten-Leur, The Netherlands). 

 Goat-anti-mouse IgG-fc-specific/goat-anti-rabbit IgG-fc-specific in the LFIA as 

secondary antibody were from Jackson Immunoresearch Europe (Sanbio, Uden, The 

Netherlands), and goat-anti-mouse IgG/goat-anti-rabbit IgG conjugated to horseradish 

peroxidase as secondary antibody in the EIA were purchased from DAKO Diagnostics 

(Heverlee, Belgium). Other chemicals were of the highest purity available and 

purchased from Merck (Amsterdam, The Netherlands). Water was of Milli-Q quality 

(Millipore, Amsterdam, The Netherlands). 

 Costar 3590 high binding 96 wells microplates and Costar 3595 low binding 96 wells 

microplates were purchased from Corning BV Life Sciences (Schiphol-Rijk, The 

Netherlands).  

Monoclonal antibodies 

Monoclonal antibodies against P4-11α-hemisuccinate-bovine thyroglobulin were 

prepared under supervision of the Animal Sciences Group of Wageningen-UR (ASG-

WUR) and characterized as described in chapter 3 of this thesis. Apart from cross-

reactivity to pregn-4-ene-11α-hydroxy-3,20-dione, there were no serious interfering P4-

derivatives on mAb 49.3 (cf. Table 3.1).  

 Several commercially available monoclonal purified mouse antibodies raised against 

P4-11α-HS-BSA were purchased: M630408 (Fitzgerald Industries International, 

Concord, MA, USA), P2PXM207 (Acris Antibodies Hiddenhausen, Germany). These 

antibodies were characterized on cross-reactivity by their respective suppliers and were 

used without further characterization. The mAb 4P01 against P4-11α-HS-BSA 

(LabVision/Neomarkers, Immunologic, Duiven, The Netherlands) was used exclusively 

in the LFIA format. Cross-reactivity of this antibody with related steroid compounds 

was reported in Ref. [11]. 
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Polyclonal antibodies to P4 

Commercially available P4-specific polyclonal antibodies: 7720-1604 against P4-11α-

HS-HSA and 7720-1004 against P4-6β-HS-BSA were from Biogenesis Benelux 

(Nuclilab BV, Ede, The Netherlands). Polyclonal antibodies were also obtained through 

RIKILT-WUR (Institute of Food Safety, Wageningen University and Research Centre, 

Wageningen, The Netherlands) raised in rabbits against P4-3-CMO-BSA. 

Preparation of antigen conjugates 

Conjugates of P4-HS (Steraloids, Newport, RI, USA) to OVA (Pierce, Perbio Science 

Nederland, Etten-Leur, The Netherlands) were prepared using the Imject Immunogen 

EDC Kit with OVA (Pierce, Perbio Science Nederland, Etten-Leur, The Netherlands). 

Protein conjugates were dialyzed against Milli-Q water using a membrane with cut-off 

value of 15 kDa and lyophilized. Conjugates of P4-HS to PE2- or PE3-biotin (Pierce, 

Perbio Science Nederland, Etten-Leur, The Netherlands) were prepared by the mixed 

anhydride method [12] with slight modifications. P4-HS-PE2- and P4-HS-PE3-biotin 

conjugates were purified using a preparative HPLC system with mass detection (Waters 

Corp., Milford, MA, USA) and fractions with the required mass were lyophilized. All 

conjugates were stored desiccated at -20 °C in the dark. An overview of the structural 

formulas of functionalized chemicals and abbreviations is given in Table 6.1. 

Microplate test format 

For the tests using antibodies raised with P4-conjugates without BSA all solutions 

contained BSA for blocking, otherwise OVA was used. The tests were performed 

essentially as described in Ref. [13] with slight modifications as described in Ref. [14]. 

In anticipation of the final assay format being the LFIA, incubation times were reduced 

to 10 min. Briefly, P4-conjugated to BSA or OVA was coated in high-binding 

microplate wells. With the P4-HS-PE2-biotin or P4-HS-PE3-biotin conjugates, a mixture 

of neutravidin and conjugated P4 was coated in the wells. After blocking, a mixture of 

50 µL of serial dilutions of a P4 standard followed by 50 µL of an appropriate antibody 

dilution in assay buffer were allowed to compete with immobilized P4-conjugate. After 

incubating and washing, secondary antibodies coupled to HRP were incubated. After 

washing excess of label, substrate solution was added to the wells, enzyme reaction was 

stopped after a predetermined time by addition of 2 M H2SO4 and the absorbance values 
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(A450) were measured with a Wallac Victor 1420 Multilabel Counter (Perkin Elmer, 

Wellesly, MA, USA).  

 

Table 6.1. Overview of COOH-functionalized progesterone moieties and NH2-biotin-

polyethylene oxide moieties. 

  
Progesterone 3-CMO Progesterone-17-ol-3-CMO  

 
 

Progesterone 11α-HS Progesterone 21α-HS 
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Lateral Flow ImmunoAssay test format 

For the tests using antibodies raised with P4-conjugates without BSA all solutions 

contained BSA for blocking, otherwise OVA was used. Tests were performed 

essentially as described in Ref. [3]. Briefly, on plastic-backed nitrocellulose membranes 

(Whatman/Schleicher and Schuell, 's-Hertogenbosch, The Netherlands, pore size 

12 µm, AE 100) the P4-protein conjugate solution in spraying buffer (5 mM borate, 

pH 8.5) 1 µL/strip was spotted using a TLC-spotter (Camag Linomat IV, Camag, 

Berlin, Germany) at an amount ranging from 7-2,000 ng per strip. The highest 

concentration is in accordance with the maximum protein binding capacity as given by 

the supplier. With the P4-HS-PE2-biotin or P4-HS-PE3-biotin conjugates, a mixture of 

neutravidin and conjugated P4 was sprayed on the strips at the test line. The 

neutravidin:biotin ratio was 1:3.4. The membranes were dried overnight at 37 °C. A 

second plastic backing was applied and the membranes were cut into 0.5 by 5 cm strips 

using a Biodot CM4000 cutter (Biodot Inc., Irvine, CA, USA). To the prepared 

membranes an absorption pad of cellulose was applied (Whatman/Schleicher and 

Schuell, ‘s-Hertogenbosch, The Netherlands) and the membranes were stored desiccated 

in the dark at room temperature. 

 In low-binding microplate wells 50 µL of sample were mixed with 50 µL of an 

appropriate dilution of primary antibody and 10 µL of a 1:10 dilution of carbon-labeled 

secondary antibody (0.02% carbon nanoparticles, w/v) in running buffer (0.1 M borate, 

1% protein (w/v), 0.05% Tween20 (v/v), 0.02% (w/v) NaN3, pH 8.5). To this mixture a 

test strip was positioned vertically in the well, the test solution was allowed to run and 

after complete drying the pixel grey volume of the test line was recorded using an 

Epson 3200 Photo scanner (Seiko Epson, Nagano, Japan) and processed by image 

analysis software (TotalLab, Nonlinear Dynamics, Newcastle upon Tyne, United 

Kingdom). Scans were performed at 1200 dpi resolution using 16-bit grayscale. The 

resulting images were saved as 16-bit TIFF files. Images used for figures were cropped 

and modified by applying the "Sharpen" function in Photoshop 5. No other 

modifications were applied. In the program TotalLab blank pixel grey values on 

individual strips were measured just below the test line and subtracted from the pixel 

grey value of the test line. 
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 For experiments on maximal performance and reproducibility of the LFIA tests, 

several protocols for the addition sequence of reagents were used according to Scheme 

6.1. 

 

Scheme 6.1 Protocols for reagent addition in LFIA format 

Protocol # Sequence of addition of sample and reagents 
1 All reagents were added immediately to sample. 
2 Pre-incubation of sample and primary antibody for 30 min. 
3 Pre-mixing of primary and secondary antibody, immediate addition to sample. 
4 Pre-incubation of primary and secondary antibody for 30 min. 

 

Statistics 

Calculations of best-fit formulas, IC50 values (i.e. the concentration at 50% response of 

the signal without the analyte) and design of graphs were done using the program 

Microcal Origin v 6.0 (Microcal Software Inc., Northampton, MA, USA). The 

percentage of cross-reactivity is defined as the IC50 of progesterone divided by the IC50 

of the related steroid times 100%. The program Microsoft Excel 2000 was used for 

calculations on the SD and SEM data as well as Fig. 6.3. 

 

Table 6.2. Typical format for a checkerboard titration in the microplate, here exemplified for 

mAb 49.3 and P4 7α-CET BSA. Response is measured as A450. From left to right response on 

increasing mAb dilution and from top to bottom decreasing coating concentrations are shown. 

Corrections for blanks (column 6) were made.  

mAb dilution 1:200 1:600 1:1.800 1:5.400 1:16.200 No mAb  

 1 2 3 4 5 6 
[P4-conjugate] 

(µg L-1) 

A 2.48 2.43 2.27 2.21 1.97 0.00 1000 

B 2.37 2.27 2.17 2.00 1.66 0.00 333 

C 2.25 2.21 2.06 1.84 1.43 0.00 111 

D 2.02 1.96 1.78 1.38 0.96 0.00 33 

E 1.65 1.59 1.19 0.90 0.53 0.00 11 

F 1.05 0.89 0.60 0.38 0.32 0.00 3 

G 0.59 0.40 0.24 0.12 0.07 0.00 1 

H 0.50 0.26 0.15 0.10 0.05 0.00 No conjugate 
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Results and discussion 

Tests in the micro plate 

Preliminary tests were performed in the microplate using the EIA format and a 

checkerboard titration to determine optimal concentrations of the antibody and the P4 

conjugate under consideration. A typical set-up of a checkerboard titration is shown in 

Table 6.2. Usually one of the combinations with an appropriate response (here an A450 

of approximately 1.5) is chosen (cf. rectangles in Table 6.2). 

 Several combinations performed well, whereas, to our surprise, several antibodies 

tested did not give a satisfactory response with any of the antigen conjugates (cf. Table 

6.3). At that time it was not understood, but later on the effect of the OVA used as 

blocking component became clear (see below). This might have been the reason for the 

unsatisfactory performance of some antibody-antigen combinations. 

 

Table 6.3. EIA format, response in checkerboard titration to different P4-protein conjugates on 

several antibodies; (pAb) polyclonals and (mAb) monoclonals.  

EIA 
Immu-
nogen 

11-HSA 3-BSA 6-BSA 11-BTG 11-BSA 11-BSA 

 
Anti-
body 

pAb pAb pAb mAb mAb mAb 

Coating conjugate brand Biogen. RIKILT Biogen. ASG Fitzger. Acris 
P4-3-CMO-BSA *  n.t. n.t. n.t. ++ n.t. n.t. 
P4-7α-CET-BSA *  n.t. n.t. n.t. ++ n.t. n.t. 
P4-21-HS-BSA *  n.t. n.t. n.t. ++ n.t. n.t. 
P4-3-CMO-OVA **  +- ++ +- - - ++ 
P4-6β-HS-OVA **  +- ++ +- - - ++ 
P4-11α-HS-OVA **  + ++ + - - ++ 
P4-21-HS-OVA **  + ++ + - - ++ 
P4-6β-HS-biotin-PE2 **  +- ++ + +- - - 
P4-6β-HS-biotin-PE3 **  +- ++ + +- - - 
P4-11α-HS-biotin-PE2 **  + ++ - ++ - - 
P4-11α-HS-biotin-PE3 **  + ++ - ++ - - 
P4-21-HS-biotin-PE2 **  +- + - - - - 
P4-21-HS-biotin-PE3 **  +- - - - - - 
* 1% BSA in blocking and 0.1% in assay buffer 
** 1% OVA in blocking and 0.1% in assay buffer 
++ good response + medium response +- some response - no response 
n.t. not tested 
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 Application of the strategy as mentioned in Ref. [7] is depicted in Fig. 6.1. As an 

example the response of mAb 49.3 using P4-7α-CET-BSA is shown, for assay buffer 

containing 0.1% BSA spiked with serial dilutions of P4 and low or high coating 

concentrations and mAb dilutions. The difference in sensitivity depending on the 

coating concentration and the dilution of the antibody is clearly visible. The IC50 of the 

standard curve with a low coating concentration was 2.4 µg L-1, whereas an IC50 of 

0.4 µg L-1 was obtained for the curve resulting from the incubation on a high coating 

concentration. The better sensitivity of the assay with a high coating concentration is in 

line with Ref. [8], showing similar results for an immunosensor for the quantitation of 

P4 in buffer or bovine milk.  

 

 

Fig. 6.1: Sensitivity of the assay in the microplate EIA, given as the B/B0 at A450. Recognition 

was performed with mAb 49.3. Dashed line: coating concentration of 33 µg L
-1

 P4-7α-CET-

BSA, antibody diluted 1:1,800 with assay buffer; solid line: coating concentration of 10 mg L
-1

 

with the same conjugate and an antibody dilution of 1:20,000.  
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Tests in the LFIA format 

Aiming at an even better performance, several conjugates of P4-derivatives and BSA 

were tested in this format in addition to the conjugates with a good performance in the 

microplate. These included P4-11β, 21-diol-3, 20-dione-3-CMO-BSA; P4-17, 20β-diol-

3-one-3-CMO-BSA; P4-17-ol-3, 20-dione-3-CMO-BSA; P4-21-ol-3, 20-dione-3-CMO-

BSA; P4-20α-ol-3-one-3-CMO-BSA. However, apart from P4-17-ol-3, 20-dione-3-

CMO-BSA, no satisfactory results were obtained (results not shown). 

 

Table 6.4. LFIA format, response in checkerboard titration to different P4-protein conjugates 

on several antibodies. (pAb) polyclonals and (mAb) monoclonals. 

LFIA 
Immu-
nogen 

3-BSA 11-BTG 11-BSA 11-BSA 

 
Anti-
body 

pAb mAb mAb mAb 

Coating conjugate brand RIKILT ** ASG * Acris ** Neomarkers * 
P4-3-CMO-BSA  n.t. ++ ++ ++ 
P4-3-CMO-17-OL-BSA  n.t. ++ ++ ++ 
P4-7α-CET-BSA  n.t. ++ ++ - 
P4-21-HS-BSA  n.t. ++ n.t. ++ 
P4-3-CMO-OVA  - n.t. n.t. n.t. 
P4-11α-HS-OVA  - ++ ++ ++ 
P4-6β-HS-biotin-PE2  n.t. ++ n.t. - 
P4-6β-HS-biotin-PE3  n.t. ++ n.t. - 
P4-11α-HS-biotin-PE2  - ++ n.t. ++ 
P4-11α-HS-biotin-PE3  n.t. ++ n.t. ++ 
P4-21-HS-biotin-PE2  n.t. ++ n.t. ++ 
P4-21-HS-biotin-PE3  - ++ n.t. ++ 
* 1% BSA in running buffer; ** 1% OVA in running buffer 
++ good response + medium response +- some response - no response 
n.t. not tested 
 

 In a preliminary checkerboard titration it was observed that the highest coating 

concentration (2,000 ng µL-1) performed less than the 1,000 ng µL-1 concentration, and 

the highest coating concentration was omitted from further experiments. This can be 

explained as the maximum space that is available for the carbon nanoparticles. The 

dimensions of BSA are 5.5x5.5x9 nm [15] and the dimension of the nanoparticles is 

200 nm. The size of the nanoparticles is the limiting factor here as there is no more 

space available at the test line. 
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Fig. 6.2: Sensitivity of the assay in the LFIA format using mAb 49.3 and P4-7α-CET-BSA. 

Panel a dashed line: coating concentration 125 ng µL
-1

, mAb concentration 5 ng mL
-1

; solid 

line: coating concentration 1000 ng µL
-1

, mAb concentration 2.5 ng mL
-1

; Panel b: Scan of 

LFIA strips in an inhibition assay on P4 using mAb 4P01 and P4-3-CMO-BSA at a coating 

concentration of 1,000 ng µL
-1
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conjugates, indicating a more general antigenic interaction (cf. Table 6.4). In addition, 
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PE2-biotin, P4-6β-PE3-biotin and P4-7α-CET-BSA conjugate (cf. Table 6.4). So, for 

this antibody, the antigenic determinant is anticipated at the carbon-3, -11 and/or -21 

moieties (cf. Table 6.1). 

 It was not clear from the checkerboard titration and competition tests performed in 

this format that, due to the different kinetics, the relationship between a high coating 

concentration and consequently a high dilution of the antibody as stated in Ref. [7] was 

valid here as well. However, with serial dilutions of P4 in running buffer using high or 

low coating concentration, a better sensitivity could be obtained (cf. Fig. 6.2a). The 

mAb concentration was set in such a way that the response of a buffer solution without 

P4 was always at a pixel grey volume of 1x105, a value that can be clearly seen by the 

naked eye. The IC50 with a coating concentration of 125 ng µL-1 was, as calculated from 

the standard curve, 5.5 µg L-1, and with a coating concentration of 1000 ng µL-1 the IC50 

was 1.2 µg L-1. A response similar to the one above was observed when mAb 4P01 and 

P4-3-CMO-BSA were used (results not shown). Using this combination an IC50 of 

2.7 µg L-1 with a coating concentration of 62.5 ng µL-1 was calculated, whereas at a 

coating concentration of 1000 ng µL-1 an IC50 of 0.6 µg L-1 was found. A typical 

response of an inhibition assay on the strips is depicted in Fig. 6.2b. 

 

Table 6.5. Preliminary test on IC50 values (µg L
-1

) of P4 for several P4-PE-biotin conjugates. 

Recognition was with mAb 49.3 or 4P01. A mixture of P4 conjugate and neutravidin was 

sprayed on the test line at a concentration of 500 ng µL
-1

 neutravidin. 

Conjugate mAb 49.3 mAb 4P01 
P4-6β-HS-PE2-biotin 13 No recognition 
P4-6β-HS -PE3-biotin 4 No recognition 
P4-11α-HS -PE2-biotin 28 > 40 
P4-11α-HS -PE3-biotin 24 21 
P4-21-HS -PE2-biotin 7 13 
P4-21-HS –PE3-biotin 7 10 
 

 From a typical inhibition experiment it can be concluded, with respect to the results 

with the P4-PE-biotin conjugates, that the binding of the antibodies to the conjugate at 

the 11-position is strongest, as these antibodies were raised with a similar P4-protein 

conjugate. As a consequence, the competition with free progesterone is less sensitive 

(cf. Table 6.5). These results are in accordance with earlier observations [16-18]. A 
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slight tendency on a better sensitivity of the longer spacer can be observed. This is in 

agreement with the results as reported in Ref. [19]. 

 

 

Fig. 6.3: Response of 0 (light gray), 10 (dark gray) or 50 µg P4 L
-1

 (black) on different 

protocols of sequence of addition of reagents. Using protocol 1 all reagents were added 

simultaneously; using protocol 2 sample was pre-incubated with antibody solution; using 

protocol 3 antibody solution and labeled secondary antibodies were pre-mixed and added 

immediately; using protocol 4 the mixture of primary and labeled secondary antibodies was 

pre-incubated. 

 

 Tests were done to reveal the influence on the performance of the LFIA with respect 

to the sequence of addition and, possibly, pre-incubation. Immediate mixing of all 

reagents (i.e. protocol 1), favorable for a simple and fast assay, was found to be superior 

when compared to the other protocols (cf. Fig. 6.3). These tests were performed in 

triplicate and showed an SD of 2-30% and an inter assay SEM of 20-40%. 
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Fig. 6.4: Dependency of the test response on the OVA concentration in running buffer (0.1 M 

borate, pH 8.5, 1% protein, 0.05% Tween 20, 0.02% NaN3). Panel a: absolute response of 

blank buffer on increasing OVA concentration and decreasing BSA concentration using P4-3-

CMO-BSA and mAb 4P01. Panel b: Difference in response between P0 (no P4) to P20 

(20 µg L
-1

 P4) using P4-3-CMO-BSA and mAb 4P01. Panel c: absolute response of blank buffer 

on increasing OVA concentration and decreasing BSA concentration using P4-7α-CET-BSA 

and mAb 49.3. Panel d: Difference in response between P0 (no P4) to P20 (20 µg L
-1

 P4) using 

P4-7α-CET-BSA and mAb 49.3. 

 

Influence of blocking compounds on the response 

To our surprise, monoclonal antibodies P2PXM207 and 4P01, both raised with P4-11α-

HS-BSA and both allowing a high dilution in the checkerboard titration, did not show 

any inhibition with OVA as blocking protein. This phenomenon was seen both in the 

EIA format and in the LFIA format. In a study as reported in Ref. [8] using a TIRF 

format, OVA was also used as a blocking protein with mAb BM2068, a mAb 

a b 

c d 
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comparable to mAb P2PXM207 (OVA concentration was not mentioned). To elucidate 

this discrepancy, OVA was also used to perform an inhibition assay using mAb 49.3 

that was not raised using a conjugate with BSA and could be used with either or both 

BSA and OVA as blocking protein(s). With this mAb no inhibition was shown with 

OVA as blocking protein (result not shown). 

 A series of BSA-OVA combinations in running buffer were prepared and using mAb 

49.3 or 4P01, the influence on the assay performance upon increasing concentrations of 

OVA could be seen (cf. Fig. 6.4). 

 The results on OVA strongly suggest that OVA binds to the P4 conjugate at the test 

line, or shields the P4 conjugate from recognition by the antibody, since the blank 

signal, i.e. without addition of 20 µg L-1 free P4, is strongly reduced upon addition of 

OVA (cf. Fig. 6.4a and 6.4c). Moreover, the response difference between the 0 µg L-1 

and 20 µg L-1 are decreasing upon a higher OVA concentration, which also suggests an 

influence of OVA on the binding of free P4 with the antibody in solution (cf. Fig. 6.4b 

and 6.4d). Obviously, OVA has a binding affinity or (antibody-) shielding propensity 

towards P4, maybe due to a hydrophobic binding pocket or surface area. 

 

Table 6.6: Influence of blocking compound on the progesterone-LFIA performance 
a
 

Blocking compound b mAb 49.3/ P4-7α-CET 
BSA Used as common blocking agent, complete inhibition 
OVA Nearly no inhibition 
β-lactoglobulin Nearly no inhibition 
Lactoferrin No recognition at the test-line 
Casein hydrolysate Speed reduction due to obstruction, nearly no inhibition 
PVP 30 kDa Less recognition at test-line, smear on strip, nearly no inhibition 
p(MVEMA) c  Aggregation of label, no recognition at test-line 
TG d No recognition at test-line 
a Inhibition with a concentration of 20 µg L-1 progesterone. 
b When not mentioned otherwise, a concentration of 10 g L-1 was used. 
c p(MVEMA): poly(methyl-vinylether-10-maleic anhydride), concentration 1 g L-1. 
d TG: Teleostan Gelatin, concentration 1 g L-1. 
 

 By using lactoferrin even the blank incubation, without free P4, does not show a line, 

which indicates that this protein prevents the binding of the antibody-carbon conjugate 

to the immobilized antigen-protein conjugate. Having a high isoelectric point 

(approximately 8.7) the overall charge of this protein in the incubation buffer is positive 

instead of negative as is the case for the other blocking agents. Whether this charge 
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difference is the explanation for the absence of a blank signal remains to be elucidated. 

Other blocking components like casein hydrolysate, PVP and poly(methyl-vinylether-

10-maleic anhydride) affect the performance of the assay and, hence, are not preferred 

for blocking purposes. 

 

Conclusions 

A screening of monoclonal ASG-WUR-made, and commercially available monoclonal 

as well as polyclonal antibodies, and a preparation of a polyclonal antibody from 

RIKILT-WUR was performed, aiming at a sensitive, selective, fast, easy to handle, and 

low-cost test format on the ultimate goal of a test format for the quantitation of 

progesterone in bovine milk. Commercially available progesterone-BSA conjugates, 

two gifts of progesterone-OVA conjugates, homemade progesterone-OVA conjugates, 

and homemade progesterone-biotin conjugates spatially separated with linkers of 

different lengths (P4-PE2-biotin and P4-PE3-biotin) were used as capture reagents. 

Although some of these latter conjugates showed an acceptable performance, we did not 

continue the use of the P4-biotin conjugates due to their hygroscopic nature, and 

consequently, the difficulty in handling.  

 It was possible to increase the sensitivity of EIAs and LFIAs by applying a high 

concentration of coating conjugate and a high mAb dilution as mentioned by the group 

of Gauglitz, cf. Ref. [7]. An IC50 of 0.6-1.2 µg L-1 P4 in buffer (depending on the 

antibody) could be realized in the LFIA format, which has not been shown before for 

this analyte.  

 Tests on the performance of the LFIA format by changing the sequence of the 

addition of the reagents and sample, and without or with pre-incubation of some of the 

reactants, revealed that addition of all the reagents at once to the sample, favorable for a 

fast assay, was superior. 

 Using OVA as a blocking agent in P4 specific EIAs as well as LFIAs was 

detrimental to the test results. Based on incubations with and without free P4 we 

speculate that OVA prevents binding of the monoclonal antibody to the immobilized 

coating conjugate and/or to P4 in solution. OVA is synthesized in the oviduct of hens 
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under the influence of steroid hormones estradiol and/or progesterone [21]. However, 

the presence of a hydrophobic binding pocket in the protein could not be confirmed. 

 BSA proved to be the best blocking agent in tests with P4 of several blocking agents 

tested. In contrast, a protein analogous to BSA, i.e. OVA, completely abolished the 

competitiveness of the assay. It should be noted that upon developing an assay for the 

detection of very hydrophobic analytes such as P4, care should be taken to use blocking 

components that do not interact with the specific hapten or hapten-protein conjugate. 
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Abstract 

Fast assays for the quantitation of progesterone in bovine milk are restricted to 

immunological techniques. However, the antigen-antibody interaction in milk is often 

impaired due to matrix components. Furthermore, the use of undiluted raw milk can 

obstruct the pores of the immunostrip when the method of choice is Lateral Flow 

ImmunoAssay. Here we present the results of some steps in sample pretreatment of the 

milk matrix to overcome these hurdles in an assay of progesterone in bovine milk using 

the Lateral Flow ImmunoAssay format. Treatment of milk with organic solvents or 

surfactants using Enzyme ImmunoAssay showed that treatment with 5% ethanol or 

2.5% Tween resulted in a slightly improved performance when compared to untreated 

milk. Application of "clarifying reagents" in raw milk did not result in a better 

performance on Lateral Flow ImmunoAssay. Application of SepPak C18 columns to 

isolate the progesterone from the milk matrix resulted in a good mass balance in 

Enzyme ImmunoAssay, but failed in Lateral Flow ImmunoAssay due to unidentified 

matrix components that co-eluted with the progesterone. 

 

Keywords: bovine milk; dairy industry; lateral flow immunoassay; progesterone; 

reproduction; sample pretreatment 
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Introduction 

Detection and correct interpretation of signs of estrus, anestrus and early diagnosis of 

pregnancy are important economic aspects of dairy reproductive management [1]. 

Several non-chemical techniques for timely indication of estrus are in use: i.e. 

restlessness, diminished feed intake and milk production, and change in body 

temperature [2-4]. These signs are often not accurate enough for unambiguous 

interpretation [5]. Progesterone (pregn-4-ene-3,20-dione) levels in milk are indicative of 

the animal's reproductive status [6]. For a reliable indication of the reproductive 

condition, these tests have to be performed daily. 

 In the past, determination of progesterone has been primarily based on 

radioimmunoassay (RIA) [7]. RIA has several limitations, which are inherent to the use 

of radioactive isotopes. The constraints imposed by RIA have been overcome by the 

development of progesterone-specific enzyme immunoassays (EIA) [8].  

 Apart from the aforementioned formats, several other immunoassay formats have 

already been recommended for on-line measurement of milk-P4 [9-12]. However, no 

method assaying milk for progesterone that meets all of the requirements for a low-cost, 

fast and easy to handle technique is on the market yet, mainly for lack of one or more of 

those demands.  

 Use of the Lateral Flow ImmunoAssay (LFIA) format is reported here. The LFIA 

belongs to the group of so-called thin-film or dry reagent immunoassays [13]. It is a 

homogeneous (i.e. no washing steps are necessary), (competitive-)binding assay with 

the potential to meet the previously mentioned demands. Use of the LFIA format is 

already mentioned for an assay on P4 in bovine milk [14, 15], but some improvements 

on the sensitivity and the format would be recommendable. 

 To be used in a sensitive competitive assay format, several hurdles have to be 

overcome. Progesterone is present for 80% in the fat fraction of the milk, and for a fast 

assay the analyte has to be released from this fraction. Release of the progesterone from 

the fat fraction using organic solvents or surfactants is an option. Tests using EIA as 

well as LFIA format were performed for their possible influence on the antibody-

antigen interaction and the strip performance (flow, material; etc.). Furthermore, in the 

LFIA format, the presence of fat and milk proteins can obstruct the pores of the 
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immunostrip, requiring precautions to overcome this phenomenon [16, 17]. Application 

of "clarifying reagents" can be used to ease the performance of the test [18, 19]. In the 

EIA as well as in the LFIA assay format, the interaction between the analyte and the 

antibody in the milk matrix may be severely impaired, often by unidentified matrix 

components [20, 21]. Pre-test separation of the analyte from interfering matrix 

substances has been chosen to prevent matrix effects. Separation of P4 from the milk 

matrix using C18, tC18, C8 or tC2 sorbents was evaluated. In literature, C18 columns 

are commonly applied to concentrate hydrophobic compounds out of contaminated 

samples. For example, the technique has been used to isolate PCB's from milk [18], 

clean-up of environmental samples such as effluents from sewage treatment plants, and 

subsequent analysis using GC-MS [22] or LC-MS [23, 24]. When applying such a 

strategy, tests on progesterone (P4) can then be performed in buffer instead of in milk. 

The results of these studies are presented and discussed. 

 

Materials and methods 

Materials 

Bovine serum albumin (BSA), thimerosal (2-(Ethylmercuriomercapto)-benzoic acid 

sodium salt) and progesterone (P4: pregn-4-ene-3,20-dione) were purchased from 

Sigma-Aldrich Chemie BV (Zwijndrecht, the Netherlands). P4-BSA conjugates were 

purchased from Steraloids, Inc. (Newport, RI, U.S.A). 

 Monoclonal antibodies against P4-11α-hemisuccinate-bovine thyroglobulin were 

prepared and characterized as described in chapter 3 of this thesis. Apart from cross-

reactivity to pregn-4-ene-11α-hydroxy-3,20-dione, there were no serious interfering P4-

derivatives on mAb 49.3 (cf. Table 3.1).  

 Goat-anti-mouse IgG conjugated to horseradish peroxidase as secondary antibody in 

the EIA was purchased from DAKO Diagnostics (Heverlee, Belgium), and goat-anti-

mouse IgG-fc-specific in the LFIA as secondary antibody was from Jackson 

Immunoresearch Europe (Sanbio, Uden, The Netherlands). Other chemicals were of the 

highest purity available and purchased from Merck (Amsterdam, The Netherlands). 

Water was of Milli-Q quality (Millipore, Amsterdam, The Netherlands). 
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 Milk from a Holstein Friesian cow in estrus ("blank milk") was obtained from the 

herd at Waiboerhoeve (Wageningen UR, Lelystad, The Netherlands) and the 

concentration of P4 was determined using the EIA method as described in Ref. [25]. 

The concentration of P4 was 200 ng L-1. 

 Costar 3590 high binding 96 wells microplates and Costar 3595 low binding 96 wells 

plates were purchased from Corning BV Life Sciences (Schiphol-Rijk, The 

Netherlands).  

 ZipTips C18 were from MilliPore (MilliPore Nederland BV, Amsterdam, The 

Netherlands) and columns in the "light" format (i.e. with the lowest volume) with 

different sorbents, C18, tC18, C8, tC2 were from Waters (Waters Chromatography BV, 

Etten-Leur, The Netherlands). 

Microplate test format 

Tests were performed essentially as described in Chapter 6 of this thesis. Absorbance 

values (A450) were measured with a Wallac Victor 1420 Multilabel Counter (Perkin 

Elmer, Wellesly, MA, USA) or a Thermo Labsystems Multiskan Spectrum plate reader 

(Thermo Fisher Scientific BV, Breda, The Netherlands). 

Lateral Flow ImmunoAssay test format 

Tests were performed essentially as described in Chapter 6 of this thesis, using mAb 

49.3 and P4-7α-carboxyethylthioether-BSA (P4-7α-CET-BSA) or P4-3-carboxy-

methyloxime-BSA (P4-3-CMO-BSA) as the conjugate. Apart from the AE100 

nitrocellulose membranes (pore size 12 µm), fused silica Fusion5 membranes 

(Whatman/Schleicher and Schuell, 's-Hertogenbosch, The Netherlands) and 

polyethylene Porex Chemistry K membranes (Porex, Fairburn, GA, USA) were tested 

as well.  

 Tests were also performed using the format as described in Ref. [14] with slight 

modifications. Briefly, at the test line mAb 29.2 (200, 100, or 50 ng µL-1) was sprayed 

on 10 mm distance from the bottom of the AE100 strip. The mAb 29.2 is very similar in 

characteristics to mAb 49.3 (cf. Table 3.1). P4-11α-hemisuccinate (P4-11α-HS) coupled 

to PE2-biotin (Pierce, Perbio Science Nederland, Etten-Leur, The Netherlands), (P4-

11α-HS-PE2-biotin) was mixed with neutravidin-coated carbon particles. The 

neutravidin:biotin ratio was 1:1.7.  
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Concentration of P4 out of the milk matrix using ZipTips or SepPak columns 

ZipTips C18 were used to concentrate P4 out of 1 mL of milk. According to the 

protocol of the supplier, ZipTips were conditioned, milk was applied onto the tip and 

after washing, the tip contents were eluted with 5 µL absolute EtOH and mixed with 

45 µL assay buffer (concentration 10% EtOH). In the assay, addition of 50 µL of this 

mixture to 50 µL of assay buffer containing the mAb dilution and the reporter particles 

coupled to the secondary antibody, resulted in an effective concentration of 5% EtOH. 

 SepPak columns in the "light" format loaded with C18, tC18, C8 or tC2 sorbent were 

used to concentrate P4 out of 5 mL of milk spiked with 0 or 100 µg L-1 P4. After 

washing with 1 mL Milli-Q water, the P4 was eluted using fractions of 100 µL EtOH, 

which were subsequently mixed with 900 µL assay buffer (0.1 M phosphate buffer, 

0.15.mM NaCl pH 7.2, 0.02% thimerosal, 0.1% BSA) resulting in a 10% EtOH 

concentration. In the assay the end concentration of EtOH was 5%. SepPak C18 

columns were used to concentrate P4 out of 5 mL of milk spiked with physiological 

concentrations of P4 (1-20 µg L-1) and eluted with fractions of 100 µL absolute EtOH, 

and subsequently mixed with 900 µL of buffer. In case of testing with the EIA format 

assay buffer was used; and with the LFIA format running buffer (0.1 M borate buffer 

pH 8.5 1% BSA, 0.05% Tween20 and 0.02% NaN3). Then, P4 content was assessed 

with both assays. 

 Figures were prepared using the program Microcal Origin v.6. (Microcal Software 

Inc., Northampton, MA, USA). 

 

Results and discussion 

Tests in the microplate 

Combination of mAb 49.3 and P4-3-CMO-BSA or P4-7α-CET-BSA performed well in 

the EIA format (cf. Chapter 6). The results for P4-spiked assay buffer and for milk from 

a cow in estrus (200 ng P4 L-1) spiked with serial dilutions of P4 are depicted in 

Fig. 7.1. It is clear that the response in milk is seriously impaired due to the presence of, 

as yet, unidentified matrix components. 
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Fig. 7.1: Sensitivity of the assay in the microplate (EIA) using P4-3-CMO-BSA as a coating 

conjugate (33 µg L
-1

). Recognition was performed with mAb 49.3 diluted 1: 1,800 in assay 

buffer. A representative set of tests in buffer (solid line) and in spiked milk from a cow in estrus 

("blank milk", 200 ng P4 L
-1

 milk; dashed line) was compared. 

 

 Since progesterone is for 80% present in the fat fraction, addition of organic solvents 

or surfactants to raw unspiked milk samples was tested for release of P4 from the 

matrix. The A450 of the 5% concentration of organic solvents or 2.5% of surfactants was 

compared to the response of assays without additions, and is depicted in Fig. 7.2.  

 Subsequently, the competition in the EIA format was tested when the buffer or milk, 

spiked with 0 or 10 µg L-1 P4 contained organic solvents or surfactants by comparing 

buffer or milk without or with additions. Organic solvents used included ethanol 

(EtOH), acetonitrile (ACN) and dimethylsulfoxide (DMSO). Surfactants tested included 

Tween20 (Tw20), Tween80 (Tw80), and TritonX-100 (TX100). Results with organic 

solvents are depicted in Fig. 7.3a for buffer and 7.3b for milk. Results with surfactants 

are depicted in Fig. 7.3c in buffer and 7.3d in milk. From these studies, EtOH and ACN 

in an end concentration of 5% showed the largest difference between 0 and 10 µg L-1 P4 
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(cf. Fig. 7.3), i.e., the least impaired antibody-antigen interaction and, hence, a more 

accurate and useful assay. Application of 2.5% Tw20 or Tw80 might be useful as well. 

 

Fig. 7.2: Influence of the addition of 5% organic solvents or 2.5% surfactants to buffer or milk 

in the assay in competitive EIA format compared to experiments without additions (plain). 

Absolute responses at A450 are given for experiments in buffer (light gray) or blank milk (dark 

gray). 

 

Tests in LFIA format 

The development of the test in buffer and the critical parameters are presented in 

Chapter 6 of this thesis. Using mAb 49.3 under optimal conditions in buffer resulted in 

an IC50 of 1.2 µg L-1. 

 In our hands tests in a comparable format to the format as reported in Ref. [14], i.e. 

using 50 µL of buffer mixed with 50 µL of neutravidin-coated carbon particles 

functionalized with P4-HS-PE2-biotin, and a test line with 100 ng µL-1 antibody, 

showed a good response and inhibition (results not shown). However, applying 
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undiluted raw milk resulted in an impaired flow through the membrane, and in a 

reduced response at the test line. Lower salt concentrations in running buffer as 

indicated in Ref. [16], did not improve on this situation. 

 

  

  

Fig. 7.3: Influence of the addition of organic solvents or surfactants to buffer or milk in an 

EIA inhibition assay with blank milk or the same milk spiked with 10 µg L 
–1

 P4. Difference in 

response (A450) is shown. A higher difference implicates a better performance. Panel a: buffer 

and organic solvents; panel b: milk and organic solvents; panel c: buffer and surfactants; 

panel d: milk and surfactants. 
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propanone (acetone), 2-butanon and dimethyl-sulfoxide (DMSO). As P4 has 2 keto 

groups in the molecule (cf. Fig. 1.1b), the influence of the two ketones was analyzed 

based on the idea that a better isolation of P4 out of the milk matrix could be obtained 

by a substitution with an excess of ketones. This is also in accordance with the report on 

the clarifying reagents (see below) as mentioned in Ref. [19]. Higher alcohols were 

included assuming that the hydrophobic P4 would be easier to isolate using more 

hydrophobic compounds. The same propensity was found in the LFIA format as in the 

EIA format; however, using the higher alcohols not even a blank response was obtained 

(results not shown). In LFIA EtOH and acetone in an end concentration of 5% seemed 

the best option. The response using ACN as solvent was less favorable. EtOH was 

chosen over acetone, since acetone has some nasty properties when in contact with 

plastics. However, as the flow through the membrane was blocked using undiluted raw 

milk, testing with milk and EtOH was not performed. 

 In addition to the AE100 nitrocellulose membrane several other membrane materials 

were tested to study the flow behavior of raw milk samples. Fusion5 membranes with 

silica as the strip material showed a substantially higher flow rate, however, there was 

no recognition between antigen and antibody. Porex Chemistry K membranes consist of 

polyethylene particles of uniform size, pressed into a test strip. With Porex Chemistry K 

results were similar as with AE100. Application of defatted milk did not improve on 

this blocking of AE100 membranes. 

Application of "Clarifying Reagents" 

Milk clarifying reagents mentioned in the literature [19] were tested with respect to 

antibody-antigen interactions and the quality of inhibition in the assay formats. 

Application of acids or bases resulted in clear solutions when using defatted milk 

powder, but in whole milk results were insufficient. Furthermore, by using the clarified 

milk from defatted milk powder the pores of the membranes became obstructed in the 

same way as by using untreated milk. The complete "Clarifying Reagent" could not be 

used here due to the presence of SDS in a high percentage, known to disturb the 

antibody-antigen interaction. 
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Concentration and isolation of P4 from the milk matrix 

According to the manufacturer ZipTips are an easy way to concentrate an analyte out of 

interfering matrices. These ZipTips are tips in the format of 200 µL tips that are used on 

conventional laboratory pipettes. C18 material is immobilized in the tip. When the 

analyte in the sample is retained by the C18 material in the tip, according to the protocol 

of the supplier, it can be eluted using 5 µL of ACN (or EtOH) and the eluate can be 

analyzed for the analyte using a GC or LC technique. ZipTips C18 were used to 

concentrate P4 out of 1 mL of milk. In the case of EIA as well as LFIA this 5 µL 

volume would be ideal for further dilution in buffer and testing. Addition of 45 µL 

buffer and 50 µL of antibody solution provided a net EtOH concentration of 5% in the 

assay. However, pipetting low volumes of organic solvents using common laboratory 

pipettes with plastic tips is often unsatisfactory. Moreover, it was already clear that the 

EIA and LFIA test procedures were prone to serious interference by small differences in 

EtOH concentration, disturbing the assay in a non-reproducible way (cf. Fig. 7.3a). 

 SepPak columns were applied as an alternative strategy of isolating and 

concentrating P4 out of the milk matrix. Several formats and sorbents are available. For 

isolation and concentration of P4 the C18 sorbent has been frequently used. The use of 

SepPak columns in the "light" format with different sorbents was studied in a 

preliminary test using blank milk and a high concentration of P4. The results are 

depicted in Fig. 7.4a for raw blank milk and Fig. 7.4b for the same milk spiked with 

100 µg L-1 P4. Following application of the milk to the column, EtOH fractions were 

eluted. The eluates were tested in the P4 specific EIA, which revealed a high unspecific 

background when sorbents of the t-type were used (tC18 and tC2). Less of this non-

specific background was observed with the sorbents C18 and C8. Of these latter 

sorbents the C18 type was superior in retaining P4, especially fractions 2 and 3, as 

based on the difference in blank and spiked milk experiments (cf. Fig. 7.4). 

 A further analysis of Fig. 7.4 for fractions that can be used to assess P4 content of 

milk samples revealed that the 3rd fraction eluting from tC18 column could be used for 

this purpose. The blank signal of this fraction is quite low (i.e. approximately 2 µg L-1), 

whereas fraction 3 from the spiked sample (containing 100 µg L-1) contains P4 up to 

23 µg L-1. When physiological concentrations of P4 (1-20 µg L-1) are applied and the 
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same distribution of P4 in the fractions still holds, the usefulness of this sorbent will 

have to be established in future experiments. 

 With physiological concentrations of P4 spiked in milk (1-20 µg L-1), a satisfactory 

mass balance of P4 after EtOH elution from the C18 column could be obtained by 

analysis of the fractions in EIA, cf. Table 7.1.  

 

 

Fig. 7.4. Elution profile of milk using different sorbents in SepPak columns in the "light" format. 

"Blank milk" from a cow in estrus (200 ng L
-1

 P4) and spiked with 100 µg L
-1

 P4 (in both cases 

5 mL) was applied to the columns and fractions of 100 µL were mixed with 900 µL assay buffer 

and tested in the EIA format. Panel a: blank milk, panel b: spiked milk. Fraction 1 did not 

contain P4 as this was in the void volume of the column. 
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 The distribution of P4 across the different fractions is depicted in Fig. 7.5. 

Optimization of the sample volume and the elution volume has to be established in 

future experiments to reduce the amount of P4 in the "not retained" fraction. Using the 

3rd eluted fraction from the C18 column may be helpful to assess P4 levels in milk. The 

difference in P4 amount present in the 3rd fraction of blank and with 1 µg L-1 spiked 

milk is approximately 1.3 ng and with 20 µg L-1 spiked milk 20 ng. For the other 

concentrations comparable calculations can be made and show unambiguous 

interpretation of the P4 level. Indeed, these amounts of P4 can be measured with the 

EIA and would be distinguishable amongst the other P4 concentrations and the 3rd 

fraction of the blank-milk experiment. 

 

Table 7.1: Mass balance of the eluate from a C18 column after spiking milk of a cow in estrus 

(200 ng P4 L
-1

) as indicated. 5 mL of spiked milk was applied to a C18 column and fractions of 

100 µL of eluate in 100% EtOH were mixed with 900 µL assay buffer and assayed on P4 in EIA 

format. Data are given as ng P4 retained in the consecutive fractions. The "not retained" 

fraction was still 5 mL. 

 "blank milk" spiked with spiked with spiked with spiked with 
 0.2 µg L-1 1 µg L-1 5 µg L-1 10 µg L-1 20 µg L-1 

1st fraction 0.01 0.02 0.02 0.02 0.02 
2nd fraction 0.87 0.74 3.2 15 8.8 
3rd fraction 1.0 2.3 9.8 13 21 
4th fraction 0.13 0.42 1.5 3.9 11 
5th fraction 0.09 0.03 0.09 0.55 2.0 
6th fraction 0.07 0.04 0.08 0.14 0.37 
7th fraction 0.07 0.04 0.10 0.10 0.20 
8th fraction 0.08 0.12 0.03 0.10 0.09 
9th fraction 0.08 0.90 0.98 1.0 0.97 
Not retained 0.08 0.42 5.8 14 45 
Recovered 3 5 22 48 88 
Applied 1 6 26 51 101 

 

 Unfortunately, upon addition of 50 µl of the diluted eluate in assay buffer and 50 µl 

of two-times concentrated running buffer (i.e. 0.2 M borate buffer pH 8.5 2% BSA, 

0.1% Tween20 and 0.04% NaN3) to LFIA, no difference in response between raw 

unspiked and spiked milk was found, as both samples showed a similar (reduced) 

signal. This may be explained by assuming that as yet unidentified interfering 

substance(s) in the milk matrix was/were co-eluted with P4, thereby disturbing assay 



Chapter 7 

 

130 

performance. Mixing of the EtOH fractions with running buffer showed comparable 

results (not shown). 

 

Fig. 7.5. Distribution of P4 across the fractions of 100 µL of EtOH when eluted from C18 

column after application of 5 mL of blank milk or milk spiked with the indicated amount of P4. 

After collection of the 100 µL EtOH fractions, these were diluted with 900 µL of assay buffer. 

The "not retained" fraction was used as such and a calibration curve was prepared using the 

"not retained" fraction of the blank milk to correct for matrix effects. 

 

 When discontinuous elution of the column was applied by washing with increasing 

concentrations of EtOH in H2O, the response of the unidentified substance(s) 

disappeared together with the specific response of P4. Obviously, the hydrophobicity of 

the unidentified compound(s) is/are similar to that of P4 itself. 

 

Conclusions 

In this study several approaches were used to develop an LFIA for the quantitation of 

P4 in bovine milk. Successful performance of an immunoassay is heavily dependent on 

the quality of the applied antibody with respect to its specific binding capacity to the 

free hapten and the immobilized coating antigen and to the influence of possibly 

interfering substances in the matrix on the antibody-sample antigen and antibody-

coating antigen interactions. Application of organic solvents or surfactants did not 

improve test performance. In addition, tests in LFIA format are also dependent on the 
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quality of the porous membrane. In contrast to information published earlier [14, 15], 

untreated, undiluted raw whole milk could not be used in the LFIA format, as milk 

constituents obstructed the pores of the nitrocellulose immunostrip and also of some 

other membrane materials tested. Application of clarifying reagents did not improve on 

this behavior. Following application of milk to C18 columns, and subsequent elution 

using EtOH, tests in the EIA performed well, but in the LFIA unidentified hydrophobic 

substances in the milk matrix disturbed the binding of antigen to antibody. 

Unfortunately, these interfering substances could not be separated from P4 by a gradient 

elution. 

 The main difference between EIA and LFIA is the application of washing steps in 

EIA that are omitted in the homogeneous, one-step LFIA. Most probably, interfering 

substance(s) are removed during washing steps, which enables testing for P4 with the 

EIA. In addition to washing steps differences in kinetics of the antigen-antibody 

interaction in EIA and LFIA should be considered as well. EIA is an assay format with 

equilibrium end-points, whereas LFIA requires antibodies that rapidly bind 

counterparts. Consequently, the latter assay is more susceptible to disturbances from 

and substances in the matrix. 
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Abstract 

Lateral Flow (Immuno)Assays are currently used for qualitative, semi-quantitative and 

to some extent quantitative monitoring in resource-poor or non-laboratory 

environments. Applications include tests on pathogens, drugs, hormones and 

metabolites in biomedical, veterinary, feed/food and environmental settings. We 

describe principles of current formats, applications, limitations and perspectives for 

quantitative monitoring. We illustrate the potentials and limitations of analysis with 

Lateral Flow (Immuno)Assays using a literature survey and a SWOT analysis (acronym 

for Strengths, Weaknesses, Opportunities, Threats). Articles used in this survey were 

searched for on Medline, Scopus and in references of reviewed papers. Search terms 

included immunochromatography, sol particle immunoassay, lateral flow immunoassay 

and dipstick assay. 

 

Keywords: biomonitoring; clinical chemistry; food safety; forensics; lateral flow assay; 

veterinary 
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Introduction 

A major challenge for a versatile application of monitoring technologies in the 

biomedical, veterinary and environmental sciences, and the food industry is to develop 

fast, quantitative and low-cost devices that can be applied with minimal expertise. Most 

of the currently used monitoring technologies require laboratory facilities, expensive 

equipment, and trained personnel. It is important to realize that most of the analytes to 

be monitored are molecules without specific physicochemical characteristics that would 

distinguish them from related and interfering components in the bio-matrix. 

Accordingly, complicated purification and separation methods, such as extraction and 

chromatography, have to be applied before an analysis is possible. Recent reviews on 

these and related biomedical and environmental issues illustrate the current state of art 

[1-8]. 

 There is nowadays a turn in this approach of analyses in centralized, well-equipped 

laboratories. One new direction started with the development of sensors. Already many 

decades ago elegant applications have been described, and such sensors have been and 

are being widely used in biomedical settings to determine the concentrations of 

electrolytes, oxygen, carbon dioxide, glucose and lactate. Although these techniques are 

most often convenient, important, or even life saving in biomedical settings, the number 

of analytes that currently can be detected is still limited. 

 Biosensors, especially immunosensors, in which a biological compound (i.e. an 

antibody in case of an immunosensor) is used for recognition of the target analyte, can 

be accommodated to determine all kinds of components. However, in most cases 

sophisticated and often expensive equipment is necessary. Therefore, this technology is 

outside the scope of the present literature survey. 

 During the last decade a few other technologies have been proposed and developed 

that fulfill at least part of the requirements of versatility as indicated. One of the most 

promising approaches is the Lateral Flow (Immuno)Assay (LFA), a technology that is 

currently widely applied. LFAs are often incorrectly referred to as "dipsticks". 

However, real dipstick assays are based on the immunoblotting principle and do not rely 

on lateral fluid flow through a membrane. In this survey Lateral Flow (Immuno)Assays 
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are evaluated and, therefore, reference to dipsticks that are lateral flow assays will be 

named LFAs. 

 Lateral Flow Assays, i.e. prefabricated strips of a carrier material containing dry 

reagents that are activated by applying the (fluid) sample, are important for diagnostic 

purposes, e.g. to ascertain pregnancy, failure of internal organs (e.g. heart attack, renal 

failure or diabetes), infection or contamination with specific pathogens, presence of 

toxic compounds in food, feed or the environment and abuse of (illicit) drugs. They are 

especially designed for use at point of care/need, i.e. outside the laboratory. Results 

usually come within 10-20 minutes. 

 The current generation of LFAs has high sensitivity, selectivity and ease of use 

combined. In most cases sensitivity and selectivity are achieved by combining 

miniaturized thin-layer chromatography, the use of analyte-specific antibodies or 

DNA/RNA specific sequences, and by tagging the analyte or the recognition element. 

The current overview is focused on LFA technologies, based on a selection of 

publications, and discusses its Strengths, Weaknesses, Opportunities and Threats 

(SWOT analysis). 

 

Principles of Lateral Flow (Immuno)Assays 

The Lateral Flow (Immuno)Assay is based on an (immuno-)chromatographic principle, 

where sample analyte can compete with labeled analyte for recognition element binding 

sites, or sample analyte can compete with immobilized analyte for labeled recognition 

element binding sites. Several formats are in use. An anti-analyte antibody is used as 

recognition element in immunoassays (LFIA). For high molecular mass analytes the 

format may be of the sandwich type, but for low molecular mass analytes the format is 

mostly restricted to the competitive design. It is also possible to use nucleic acid 

hybridization as recognition element, called Nucleic Acid Lateral Flow Assay (NALF). 

A combination of nucleic acid and antigen-antibody interaction is also possible, and is 

called Nucleic Acid Lateral Flow ImmunoAssay (NALFIA). In this last format the 

application of tag-labeled primers enables the sandwiching of amplicon between 

binding proteins on the membrane and on the colored nanoparticles. 
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 In the competitive LFIA format the response is negatively correlated to the analyte 

concentration (e.g. more analyte present, less signal; no analyte gives the highest 

signal). Two layouts are possible: (i) antibody is sprayed at the test-line, a mixture of 

sample analyte and labeled analyte is applied and both compete for binding sites on the 

antibody; (ii) a conjugate of the analyte to a protein is sprayed at the test-line, a mixture 

of labeled antibody and sample analyte is applied, giving the sample analyte a head start 

for binding to the antibody (cf. Fig. 2.7). The preferred layout is dependent on the 

particular application. 

 Nowadays many labels are used, often these are made of colored (nano) particles, but 

enzyme labels are used as well. In that case there is no strict homogenous assay, as the 

substrate of the enzyme has to be added in a second step. This is less favorable when 

designing an assay with the objective to be automated. Publications using enzyme labels 

are therefore not covered in this survey. Nanoparticles are used in the majority of cases, 

particularly based on gold and latex. Other labels are less frequently applied such as 

carbon, quantum dots, and fluorescent and magnetic nanoparticles. 

 A selection of published LFA applications with the applied method and sensitivity is 

presented in Table 8.1a-e. 

 

Table 8.1a: Overview of Lateral Flow (Immuno)Assays. Detection of infections. 

Application Method Detects Sensitivity * Ref. 
Adenoviral 
Conjunctivitis 

Colloidal gold 
labeled primary 
antibody 

Virus particles in 
tears 

88% positives [9] 

Bacillus anthracis Polystyrene dyed 
microspheres 
labeled specific 
oligonucleotide 

RNA 2 B. anthracis 
cells 

[10] 

Bacterial infections 
in arthroplasty 

Colloidal gold 
labeled oligo dT 
strands 

Amplification 
product with dA tail 
of 23S rRNA PCR 

10 cells of  
S. aureus 

[11] 

Biosecurity Polyaniline labeled 
primary antibody; 
electrochemical 
quantitation 

Escherichia coli 
O157:H7; 
Salmonella spp in 
food 

7.9x101 CFU mL-1 [12] 

Brucellosis Colloidal dye 
(Palanyl red) labeled 
monoclonal anti-
human IgM 
antibody  

Brucella-specific 
Immunoglobulin M 
antibodies in serum 

93% positives [13] 
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Table 8.1a: continued 

Application Method Detects Sensitivity * Ref. 
Dengue virus Dye entrapped 

liposome DNA 
probe 

4 dengue serotypes 
after isothermal NA 
based amplification 
in serum 

50-50,000 copies of 
RNA molecules in 
serum 

[14] 

Giardia lamblia and 
Cryptosporidium 
parvum 

Carbon labeled 
secondary antibody 

Antigens to those 
parasites in feces 

96% positives 
G. Lamblia 
99% positives  
C. parvum 

[15] 

Heliobacter pylori Commercial test kit Micro organism in 
feces 

91% positives [16] 

IgG (human or 
chicken) 

Dye labeled anti-
IgG antibodies 

IgG in mosquito 
bloodmeal 

10 µg L-1 [17] 

Influenza virus A 
and B 

Commercially 
available kits 

Influenza virus in 
nasal wash of 
children 

84% positives [18] 

Influenza A, 
influenza B and 
respiratory syncytial 
virus 

Raman signature 
labeled antigen 
measures Raman 
scattering 

Analyte  [19] 

Leptospirosis Colloidal dye 
labeled monoclonal 
anti-human IgM 
antibody  

Leptospira specific 
IgM in serum 

87% overall 
sensitivity 

[20] 

Malaria Several methods 
(VecTest ™) 

Plasmodium 

falciparum 

circumsporozoite 
protein in 
homogenized heads 
and thoraxes of 
female Anopheles 
mosquitoes 

89% positives [21] 

Respiratory 
Syncytial Virus 

Gold labeled 
antibody 

Analyte in 
nasopharyngeal 
aspirates 

93% of positives [22] 

Rotavirus Colloidal gold 
labeled primary 
antibody 

Rotavirus in feces 70% of positives [23] 

Schistosomiasis Blue colloidal dye 
labeled egg antigen  

Antibody to 
Schistosoma 

japonicum in serum 

97% positives in 
acute form 
94% in chronic 

[24] 

Schistosomiasis Carbon labeled 
primary antibody  

Parasite antigen in 
urine 

0.2 µg L-1 [25] 

Streptococcus 
pneumoniae 

Up-converting 
phosphor labeled 
species-specific 
DNA sequence 

Micro organism 
DNA in a complex 
matrix (fish sperm) 

1 ng of Alu-I 
restricted 
S. pneumonia 

DNA 

[26] 
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Table 8.1a: continued 

Application Method Detects Sensitivity * Ref. 
Treponema 
pallidum;  
Hepatitis B 

Colloidal gold and 
oligonucleotide 
labeled antibody 

Antibodies to 
Treponema pallidum 
and Hepatitis B 
antigen in serum 

5 µg L-1 HB antigen [27] 

Trichinellosis Colloidal gold 
labeled antigen 

Antibody to the 
parasite in swine 
serum 

100% of positives [28] 

Trichomonas 
vaginalis 

Colored particle 
labeled antibody 

Parasites in vaginal 
swabs 

83% of positives [29] 

Yersinia pestis Up-converting 
phosphor labeled 
primary antibody 

F1 antigen of Y. 

pestis in lung 
specimens 

104 CFU mL-1 [30] 

* % of positives compared to the "gold standard" 

 

Table 8.1b: Overview of Lateral Flow (Immuno)Assays. Detection of metabolic disorders. 

Application Method Detects Detection limit Ref. 
Albumin Fluorescent dye 

labeled antibody or 
fluorescent dye 
labeled antigen 

Analyte in 
serum/whole blood 

12.2-60 g L-1 [31] 

C-reactive protein Fluorescent dye 
labeled antibody 

hs-CRP in whole 
blood 

0.133 mg L-1  [32] 

C-reactive protein; 
heart type fatty acid 
binding protein  

Colloidal gold 
labeled primary 
antibody 

C-reactive protein; 
heart-type fatty-acid 
binding protein in 
plasma 

2 mg L-1 CRP 
5 µg L-1 H-FAB 

[33] 

Diabetes Commercial test Hemoglobin A1c in 
blood 

2.5% HbA1c [34] 

Lipoprotein A Selenium labeled 
analyte 

Analyte in serum, 
plasma or blood 

< 40 mg L-1 Lp(a) [35] 

Nephropathy  Alkaline color 
reaction to 
tetrabromphenol 
blue  

Albumin in urine 98% PPPV a) [36] 

Neutrophils, 
eosinophils 

Eu III chelate 
microparticles 
conjugated to 
primary antibody 

Eosinophil protein 
X (EPX) 
Neutrophil lipocalin 
(HNL) in whole 
blood 

0.082 g L-1 for EPX 
0.05 g L-1 for HNL 

[37] 

Pregnancy 
associated plasma 
protein A 

Europium or biotin 
labeled antibody 

Total PAPP-A and 
PAPP-A complexed 
with the proform of 
eosinophil major 
basic protein 

0.18 mIU L-1 for 
total PAPP-A and 
0.23 mIU L-1 for 
PAPP-A/proMBP 

[38] 

Prostate-specific 
antigen 

Gold labeled 
secondary antibody 

Free and total 
prostate specific 
antigen  

1 µg L-1 PSA [39] 
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Table 8.1b: continued 

Application Method Detects Detection limit Ref. 
Prostate-specific 
antigen 

Quantum dot 
labeled IgG, 
electrochemical 
quantitation 

Analyte in serum 20 ng L-1 PSA [40] 

Protein antigens Blue latex labeled 
secondary antibody 

hCG in buffer 500 IU L-1 [41] 

Serum albumin 
(urinary) 

Colloidal gold 
labeled primary 
antibody and biotin 
labeled primary 
antibody 

HSA in urine 30 mg L-1 [42] 

a) PPV: Positive Predictive Value of indicated metabolic disorder 

 

Table 8.1c: Overview of Lateral Flow (Immuno)Assays. Detection of toxic compounds. 

Application Method Detects Detection limit Ref. 
Aflatoxin B1 Colloidal gold 

labeled primary 
antibody 

Analyte in pig feed 
extracts 

2 µg kg-1 [43] 

Botulinum 
neurotoxin D 

Colloidal gold 
labeled primary 
antibody 

Botulinum 
neurotoxin D in 
horse feces 

50 ng L-1 [44] 

Carbaryl Colloidal gold or 
HRP labeled 
primary antibody 

Analyte in extracts 
from food samples 

100 µg L-1 [45] 

Carbaryl, 
endosulfan 

Colloidal gold or 
HRP labeled 
primary antibody 

Analyte in extracts 
of cereals and 
vegetables 

100 µg L-1 for 
carbaryl 
10 µg L-1 for 
endosulfan 

[46] 

(Dihydro)strepto-
mycin 

Colloidal gold 
labeled primary 
antibody 

Analyte in raw milk 25 µg kg-1 for 
streptomycin 
50 µg kg-1 for 
dihydro-
streptomycin 

[47] 

Escherichia coli 
O157:H7 

Polyaniline-labeled 
antibody; 
electrochemical 
detection 
 

Pathogen in fresh 
food 

81 cfu mL-1 [48] 

Fumonisin B1 Colloidal gold 
labeled primary 
antibody 

Analyte in extracts 
of cereals or peanuts 

1.0 µg L-1 [49] 

Glycyrrhizic acid Colloidal gold 
labeled primary 
antibody 

Analyte in extracts 
of roots, leaves or 
stems of liquorice 
plant samples 

20-50 µg L-1 [50] 

Medroxy-
progesterone acetate 

Colloidal gold 
labeled primary 
antibody 

Analyte in 
extractions of swine 
liver or urine 

10 mg kg-1 [51] 
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Table 8.1c: continued 

Application Method Detects Detection limit Ref. 
Nicarbazin Blue latex 

microspheres 
labeled antibody 

Analyte in poultry 
feed 

2 mg kg-1 [52] 

Ricin Commercial kit Analyte in food and 
drinks 

10 mg kg-1 [53] 

Sulfadimidine Colloidal gold 
labeled primary 
antibody 

Analyte in urine or 
milk 

10 µg L-1 in urine 
10 µg L-1 in fresh 
bovine milk 

[54] 

Sulphametazine Colloidal carbon 
labeled secondary 
antibody 

Sulphametazine in 
urine 

6.3 µg L-1 in diluted 
(1/10) urine 

[55] 

Sulfonamides Colloidal gold 
labeled antibody 

Analyte in eggs and 
chicken muscle 

10-40 µg L-1 [56] 

Verotoxigenic 
Escherichia coli 

Carbon labeled 
primary antibody 

Micro organism in 
raw milk, minced 
beef, apple juice and 
salami 

100% positives * [57, 
58] 

* % of positives compared to the "gold standard" 

 

Table 8.1d: Overview of Lateral Flow (Immuno)Assays. Detection of adultery of food or feed. 

Application Method Detects Detection limit Ref. 
Beef and sheep 
content 

Commercial kit Analyte in raw and 
cooked meats 

0.50% (w/w) bovine 
or ovine meat 

[59] 

Immunoglobulin G 
(bovine)  

Colloidal gold 
labeled primary 
antibody 

Bovine IgG in dried 
porcine plasma 

0.01% v/v [60] 

Ruminant 
by-products in feed 
or feed ingredients 

Commercial kit Skeletal muscle 
protein from beef, 
sheep and goats 
 

1% by-product [61] 

 

Table 8.1e: Overview of Lateral Flow (Immuno)Assays. Miscellaneous applications. 

Application Method Detects Detection limit Ref. 
Anti-Anthrax 
protective IgG 

Colloidal gold 
labeled streptavidin 
with anthrax 
protective antigen 

Analyte in serum or 
whole blood 

3 mg L-1 IgG in 
serum 
~14 mg L-1 IgG in 
whole blood 
100% positives * 

[62] 

Catalase-positive 
micro organisms  

Antibody capture; 
electrochemical 
detection of 
peroxide by 
endogenous catalase 

Micro organism in 
food 

50 CFU mL-1 [63] 
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Table 8.1e: continued 

Application Method Detects Detection limit Ref. 
Cortisol  Colloidal gold 

labeled primary 
antibody 

Cortisol in 
blood/serum 

3.5 µg L-1 in plasma [64] 

Drugs of abuse Colloidal gold 
labeled analyte 

Simultaneous 
detection of 7 drugs 
of abuse in urine 

97-100% positives * [65] 

Fungal α-amylase Carbon particles 
labeled primary 
antibody  

Analyte in 
environmental 
samples 

1-10 µg L-1 [66, 
67] 

Human chorionic 
gonadotropin 

Carbon labeled 
primary antibody 

hCG in urine 10 mIU mL-1 [68] 

Human chorionic 
gonadotropin or 
prostate-specific 
antigen 

Colloidal gold 
labeled primary or 
secondary antibody 

Analyte in urine or 
serum 

1 ng L-1 hCG in 
urine 
10 ng L-1 hCG in 
serum 
0.2 µg L-1 TPSA in 
serum 

[69] 

Oestron sulphate Colloidal gold 
labeled antibody 

Analyte in urine 140 µg L-1 (EC50) [70] 

Progesterone Colloidal gold 
labeled analyte-
OVA conjugate; 
antibody capture 

Analyte in bovine 
milk 

5 µg L-1 [71] 

* % of positives compared to the "gold standard" 

 

SWOT analysis 

A SWOT analysis (acronym for Strengths, Weaknesses, Opportunities and Threats) on 

the Lateral Flow (Immuno)Assay format is discussed here. An overview of Strengths 

and Weaknesses, internal to the organization, is given in Table 8.2a. An overview of 

Opportunities and Threats, presented by the external environment, is given in 

Table 8.2b.  

 

Strengths 

In Table 8.1a-e an overview is presented on publications mainly presented in the last 

decade. The examples have been grouped into five categories: infections, metabolic 

disorders, toxic compounds, adultery of food or feed, and miscellaneous applications. 

Many successful LFAs are mentioned and all are designed for use at point of care/need: 

the doctor's examination room, emergency ward in general hospitals, tests on food or 
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feed for toxic compounds or adultery with undesirable components in food/feed 

industries. Also for tests on biowarfare, law enforcement and forensics this format is 

preferred regularly. Especially in Third-World countries these tests are used for 

biomedical purposes, since there is no need to refrigerate the prepared strips. Moreover, 

visual interpretation of the results is often satisfactory. Due to their extended shelf life 

large batches can be prepared, diminishing the variation between batches. 

 

Table 8.2a: SWOT-analysis of Lateral Flow Assay - Internal factors 

Strengths Weaknesses 
S1. One step assay, no washing step 

necessary 
W1. One step assay, no washing step 

possible 
S2. Fast and low cost, low sample volume W2. Qualitative or semi quantitative 

results 
S3. Reduced developing time brings 

applications faster to the market 
W3. Response is negatively correlated to 

concentration in competitive format 
S4. Simple test procedure W4. Imprecise sample volume reduces 

precision 
S5. Applications at point of care/need W5. Restriction on total volume in test 

gives a limit on sensitivity 
S6. Sensitive for proteins, haptens and 

nucleic acid amplicons 
W6. In one-step format no possibility to 

enhance the response by enzyme 
reaction 

S7. Versatile format W7. Good antibody preparation or 
hybridization nucleic acid sequence 
obligatory 

S8. Individual tests or sometimes array 
format for batch-wise mid-throughput 
screening 

W8. Usually designed for individual tests, 
not for high-throughput screening 

S9. Prolonged shelf-life without the need 
to refrigerate, larger batches can be 
prepared in advance 

W9. Obstruction of pores due to matrix 
components 

S10. Qualitative (on/off) or semi-
quantitative result 

W10. Immunostrips usually not 
manufactured for the purpose 

 

Weaknesses 

The weaknesses will be discussed in more detail and, if possible, improvements will be 

proposed, especially with respect to quantitative results. 

 Ad W1: Nitrocellulose immunostrips are prepared with well-balanced 

hydrophobicity and wetting properties. Washing or pre-test blocking will destroy these 

properties. 
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 Ad W2: Simple quantitation by spraying a series of lines of capture reagent with 

increasing concentration, so-called "digital style" evaluation is sometimes sufficient [33, 

42, 72]. A more extended format uses evaluation of the signal by a measuring device. 

This can be a simple hand-held reflectometer [14, 41, 73], but when a more precise 

evaluation is required, the signal can be digitized using a flatbed scanner or a CCD 

camera and dedicated software [68, 74, 75]. However, costs and analysis time will 

increase, although there is a trend in reduction of hardware costs due to miniaturization. 

In contrast, using a reader diminishes subjective user interpretation, enables the storage 

of data and is often more sensitive than visual interpretation. 

 Ad W3: In the competitive format the response is negatively correlated to the 

concentration. Especially when used by untrained persons, this might cause ambiguities. 

Changing the format by using an "immunothreshold" can overcome this problem [64]. 

In this format two lines are sprayed on the immunostrip, line nr 1 is the analyte-protein 

conjugate and line nr 2 is the secondary antibody. The analyte is mixed with primary 

antibodies conjugated to colloidal nanoparticles, and applied onto the strip. When no 

analyte is present in the sample, all antibodies will bind to the immobilized analyte at 

line nr 1, however, when analyte is present, primary antibodies will bind to line nr 1 

and/or nr 2 in an analyte concentration-dependent way, and the intensity of the latter 

line is evaluated. 

 Ad W4 and W5: Tests are usually sold as kits, providing all the items necessary for 

performance of the test, such as a dropper for taking a fixed amount of sample. 

However, when an untrained user executes the test, an accurate use of the dropper is not 

an easy task, resulting in test-errors. Application of a better measuring device for 

sample addition will improve on this item. When the point of care/need is restricted to 

"in the field" this will not be easy, but for applications where the point of care/need is 

located in, e.g., a feed mill, in the doctor's examination room or in the emergency ward 

of hospitals, sample addition with an automated sampling device will increase the 

accuracy and reproducibility of the test. It will be dependent on the purpose of the test 

whether a sampling device is necessary, taking into account that the investment costs 

will increase. 

 Inherent to the test format the mounting device has a restricted volume, often limited 

to 100 µL; larger volumes, especially over 1 mL are precluded. Addition of several 
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loads of sample will deteriorate the immunostrip as stated in W1, and will increase the 

assay time. The development and application of more sensitive tags is highly 

recommended here. To accommodate larger volumes a different assay format should be 

used, most probably not a one-step format. 

 Ad W6: Several attempts have been made to increase the signal by introducing an 

enzyme as the label [46, 76, 77] or electrochemical signal generation [12, 63, 78]. Apart 

from losing the "one step" concept when using an enzyme, a biological element with 

limited stability is introduced; shelf life may decrease and handling becomes more 

complicated. Approaches using other physical properties of the label include the 

localized surface plasmon resonance (LSPR) of the gold nanoparticles to increase the 

signal [69] and surface enhanced Raman scattering (SERS) of Au or Ag nanoparticles 

[19]. More sensitive chemiluminescent [37] or fluorescent [14, 31, 32, 79] tags may 

increase the sensitivity, but will increase the price of the assay, because more 

sophisticated hardware and software are needed to read the signal. 

 Ad W7: Raising a sensitive antibody with good selectivity is not always possible due 

to the nature of the analyte under consideration. Selection of the antibody with the 

required properties is dependent on several factors that may not be compatible with one 

another. Often a compromise is the only option and consequently the performance of 

the test is restricted in one aspect or another. Selection of a good nucleotide sequence 

that enables rapid hybridization in the NALF format can be very time-consuming and is 

often trial-and-error. A strategy as used in the selection of good aptamers (i.e. small 

nucleotide sequences), called SELEX might be used here as well [80]. 

 Ad W8: Several authors report on batch-wise implementation of assays (high 

throughput testing), being in the microarray format [10, 14, 74, 81] or simply by 

sticking several strips on a plastic backing [77]. There are also reports on combined 

testing of one sample on several analytes (multi-analyte testing) [27, 46, 82]. However, 

individual tests performed sequentially in high throughput mode are not mentioned. 

 Ad W9 and W10: Sometimes sample pretreatment might be an option, separating the 

analyte from the matrix. There are also different materials available to be used as 

immunostrips, although in most cases nitrocellulose is used, available from several 

suppliers such as MilliPore, Pierce and Whatman. Other materials applied are 

polyethylene (Porex Chemistry K, Porex), nylon (MilliPore, Pall Biosciences), 
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polyethersulfone (Nalgene-Nunc) or fused silica (Fusion5, Whatman), which for 

particular purposes may improve on this weakness. 

 Improving the quality of the immunostrips by dedicated manufacturing techniques is 

a first recommendation. Preparation of the strips in a highly reproducible way using a 

controlled atmosphere (temperature, humidity, dust) is a second recommendation. To 

improve on the reproducibility of the tests several steps in the execution can be 

automated. When the volume of the sample can be assessed in a more precise way, 

better reproducibility is a realistic option. However, often this is not necessary as a 

visual on/off signal is sufficient. When a semi-quantitative result is requested, reading 

of the signal at the test line using a simple reflectometer might improve on this 

situation. In doing so, the price will not increase substantially, especially since the 

reflectometer can be used for a prolonged period of time. When a more accurate 

quantitative result is required and a digital scanner or CCD camera is obligatory, initial 

costs will increase substantially. Some reports mention the use of an internal standard 

for higher reproducibility [32]. 

 

Table 8.2b: SWOT-analysis of Lateral Flow Assay - External factors 

Opportunities Threats 
O1. New applications at point of care/need T1. GC-MS or LC-MS in an automated 

format 
O2. Application on other biomatrices: 

tears, saliva, sweat 
T2. Automated EIAs 

O3. Better reproducibility using 
automation of manufacturing, reagent 
addition, drying time and read-out of 
results 

T3. Apoenzyme Reactivation 
Immunological System (ARIS) 

O4. Miniaturization of the LFIA strips T4. Immunosensor formats (e.g. SPR, 
grating coupler, TIRF, magneto-
biosensor) 

O5. Development of high-throughput 
LFIA assays 

T5. Microparticle immunoassays (e.g. 
Luminex and related brands) 

O6. Sweeping of the market at existing 
and upcoming economies 

T6. Lab-on-a-chip technology 

O7. New applications can be ahead of 
other technologies due to faster 
development 

T7. Concentration of lateral flow (device) 
patents at one commercial enterprise 
(Inverness Medical Innovations, Inc.) 
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Opportunities 

Opportunities are mainly related to off-laboratory applications. The success of the 

pregnancy test is the best-known example. Many tests are available nowadays for home 

testing; these are non-prescription tests that can be obtained at the pharmacy or through 

the Internet, although there is still an enormous potential left. Examples include testing 

in the consulting room of the general practitioner, the emergency ward at the hospital, 

testing on drugs of abuse in law enforcement and forensics and tests on biowarfare, 

where fast results are of utmost importance. 

 The matrix of these tests is usually blood/serum/plasma or urine, (extracts of) the 

food or feed to be tested or atmosphere, (extracts of) soil or water on environmental 

issues. In biomedical applications the analyte under consideration is often also present 

in tears, saliva or sweat, and the use of these matrices is still underdeveloped, mainly 

because of sensitivity aspects. Application of more sensitive tags might be an option 

here. Although the restriction on the sample volume is a weakness (see above), it is also 

an opportunity, especially when only a limited amount of sample can be obtained, 

provided the target analyte is present in sufficient quantity to meet the sensitivity of the 

test. 

 Implementation of the format as described in Ref. [74] using a LFA in microarray 

format and automated sample addition and read-out of the results might be an option for 

some applications. 

 Compared to biosensor technology (see below) the LFA technology can be brought 

to the market extremely quickly with a relatively small investment. At the time of 

writing the investments on hard- and software for the consumer are also nil to minimal. 

 

Threats 

Nowadays prices of hardware and software of many test systems tend to go down. This 

is among others due to miniaturization of the hardware and re-use of software 

components. For some applications in, e.g., the emergency ward of hospitals, the 

doctor's office, the milking parlor in the dairy industry, but not at home or on the street, 

hardware that was out of the scope a few years ago, might now provide an option for 
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reliable, fast and low-cost tests. Although GC-MS and LC-MS are in need of trained 

personnel, applications use far more automation than a few years ago.  

 Traditionally EIAs are performed in centralized laboratories by manual intervention 

of trained technicians. Nowadays these tests can also be performed using highly 

sophisticated hardware in automated setups (ELISA robots). The group of Mottram 

designed an automated set-up for off-laboratory tests on progesterone in bovine milk in 

the milking parlor for information on the reproductive status of dairy cows [83]. 

 Many applications of the ARIS technique are already available in dry reagent format. 

These use a reflectometer called Ames Seralizer that was specifically developed for this 

assay format [84-87]. Tests are provided for blood/serum/plasma or saliva. However, 

recent applications, apart from the quantitation of TNT in drinking water [88], are not 

mentioned. 

 To name a few biosensor applications: prices of Surface Plasmon Resonance (SPR) 

equipment tend to go down with the introduction of several new brands, and the 

RAPTOR system is already portable, although it has been tested in buffer only [89]. 

The magneto-biosensor, under development at Philips Research, may be a serious threat 

upon market introduction, based on its concept of full integration and disposable assay 

cartridges [90, 91]. However, from a cost calculation’s point of view applications are 

primarily foreseen in the mid- and high-end markets. 

 Reduction of hardware costs for the microparticle immunoassay might give this 

technique a realistic option in resource-poor settings [92]. This can be an advantage 

when more than one analyte has to be investigated. Using the Luminex 100 technology, 

up to 100 different analytes can be tested in one run in high throughput mode. At the 

time of writing, the price of the microparticles is a hurdle that has to be overcome. Other 

brands are available as well, sometimes for reduced costs. Especially when automated 

sample preparation is used this will reduce the assistance of trained personnel, cf. Ref. 

[93]. However, resource-poor settings often are devoid of electricity, which would 

hamper the use of such equipment. 

 A format that gets a lot of attention these days is the Lab-on-a-chip format [94-97]. 

Apart from a much longer development time, the investments are considerable, as the 

whole microfluidic device has to be designed in advance and prepared using a 

cleanroom. In addition, the very small volumes that can be added to the microfluidic 
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device also implicates that sufficient analyte should be present in such a small volume 

to be detectable. 

 With respect to the patent situation around lateral flow and lateral flow devices the 

situation is very complicated. Several hundreds of patents have been filed and Inverness 

Medical Innovations, Inc. has collected a number of important patents on lateral flow 

over the last years by buying strategic companies. However, one of the most restricting 

patents on lateral flow is expiring, which would enable an easier market access. 

 For real off-laboratory applications at point of care/need, the best option is to use 

lateral flow assays, provided that a good recognition element is available and that visual 

qualitative on/off or semi-quantitative results using a reflectometer are sufficient. 
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This thesis 

This thesis is aimed at the development of a dry reagent immunoassay of progesterone 

in cow's milk. Progesterone is a steroid hormone and regulates ovulation in female 

mammals. The concentration of progesterone in blood and in milk is in accordance with 

the reproductive cycle of the individual female. When items related to reproduction 

need to be addressed, an assay of progesterone is often the method of choice. In the 

dairy industry, progesterone tests in bovine milk are used as a non-invasive method for 

determination of the reproductive status of the cow. To minimize user handling, the 

format of a dry reagent assay is chosen. This format can be automated, gives results fast, 

and investments and disposables are low-cost. These requirements are obligatory as 

preferably these tests are performed at every milking. 

 

Methods for the determination of the progesterone concentration 

In chapter 2 an overview is given on current methodology for assays of progesterone. 

The "gold standard" in the clinical laboratory and in environmental samples, uses 

physicochemical techniques such as gas chromatography-mass spectrometry (GC-MS) 

[1] or high performance chromatography-mass spectrometry (LC-MS) [2]. Apart from 

the expensive investment in hardware, the tasks to be performed need skilled hands. 

Often there is need for sample pretreatment, and this prevents a high throughput of 

samples. 

 Two one-step immunological methods are already described, i.e. the Apoenzyme 

Reactivation Immunological System [3, 4] and the Lateral Flow Immunoassay [5, 6]. 

These formats were chosen as having a fair chance for a fully automated, high 

throughput, low-cost and fast assay on progesterone in bovine milk. 

 

Apoenzyme Reactivation Immunological System (ARIS) 

Preliminary investigations on the progesterone assay using ARIS 

The above mentioned report [3] did not give detailed information on the strategy 

applied. Later on, also more details on interfering compounds in milk [7, 8] and the 

report on using ARIS for TNT in drinking water with its low detection limit became 
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available [9]. In chapter 3 our preliminary results with ARIS are reported. For a 

successful performance several chemicals, not current on the market, are required, 

especially apoglucose oxidase (apoGOx) and Flavin Adenine Dinucleotide (FAD) 

labeled analyte. The FAD-progesterone conjugates were available through Animal 

Sciences Group of Wageningen UR (ASG-WUR). 

 Antibodies to the analyte are required as well; these can be obtained from 

commercial sources. Also, at ASG-WUR, three dedicated antibodies to progesterone 

especially selected for ARIS, had been developed. Cross reactivity of these antibodies 

on structurally related compounds that are present in bovine milk is investigated. It was 

concluded that the cross reactivity of these components is acceptable. 

 Interference of matrix components was summarized from the literature. The presence 

of low amounts of free FAD and redox compounds such as ascorbic acid and 

superoxide dismutase in varying concentrations are reasons for concern. Even when free 

FAD is present in a concentration of 2 nM, this will react with apoGOx in the same way 

as analyte-labeled FAD. However, the reaction with free FAD is preferred over that 

with the labeled FAD, and a high interference is to be expected (cf. Fig. 3.2a). The 

reported free FAD concentration in raw milk is 16.8 nmol/100 g milk [7]. The presence 

of redox compounds will interfere with the HRP reaction that is used for quantitation of 

the enzyme activity of the reactivated enzyme [8]. Influence of glycerol and ascorbic 

acid was tested in this study. 

 Preparing apoGox is not an easy task [10] and the lack of reproducibility of the assay 

made us look for a more thorough investigation on the preparation and hydrodynamic 

properties of apoGOx when recombination with FAD, a FAD analogue or the FAD-

progesterone conjugates was performed. 

 

On-line preparation of apoGOx and reactivation using FAD 

Obligatory for an ARIS test is the preparation of well-characterized apoGOx. In 

chapter 4 the possibilities of an on-line preparation of apoGOx are reported. Glucose 

oxidase (GOx) is a homodimeric molecule where each monomeric unit harbors a 

molecule of FAD. Only the application of a low pH can separate the FAD from the 
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molecule, thereby dissociating the dimer to monomeric apoGOx. Reconstitution using 

FAD again dimerizes the protein, producing functional reactivated GOx. 

 Small amounts of GOx were treated in a flow system in a micro enzyme reactor 

while retained on an ultrafilter with a cut-off value of 30 kDa producing apoGOx. FAD 

and apoGOx were separated using the ultrafilter, retaining the apoprotein. A low 

residual enzyme activity and high capacity for reactivation when FAD is applied was 

obtained. It was possible to obtain an apoGOx preparation with the ability to reactivate 

80% of the initial enzyme activity. 

 Some properties of this micro enzyme reactor, which could be miniaturized even 

more, were evaluated, providing an effective volume of 1 µL while injecting 20 nL of 

sample. The results of this study are also reported in Ref. [11]. 

 

Reconstitution and reactivation of apoGOx with FAD, a FAD analogue, or FAD-

labeled progesterone 

In chapter 5 the study of several properties when preparing apoGOx, reconstituting to a 

dimer and reactivating the apoGOx with FAD, a FAD analogue and progesterone-

labeled FAD to a fully functional holoenzyme is reported. 

 In this case, a preparative gel filtration system was used to separate acid-treated GOx 

into apoGOx and FAD. In this system the molecules are also separated according to 

their molecular mass, allowing larger amounts to be treated. Dextran-coated charcoal 

removed the last traces of FAD from the prepared fractions and a very low residual 

activity was obtained. 

 An analytical gelfiltration system was used to investigate the dimerization of the 

apoGOx when FAD was applied. A solution of apoGOx was treated with different 

concentrations of FAD or one of its derivatives, and introduced into the flow system. 

The effluent was analyzed using a UV/VIS spectrophotometer, monitoring at 215 nm 

for protein and at 450 nm for FAD, allowing characterization of the peaks. A series of 

compounds with defined molecular masses was used to calibrate the system. 

 Reactivation to a functional enzyme was investigated using a solution of apoGOx 

treated with different amounts of FAD or one of its derivatives, and determination of the 
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enzyme activity of the holoenzyme in an oxygraph. This system quantitates the decrease 

of the amount of oxygen, due to the enzymatic activity of reactivated GOx.  

 As well as with the reconstitution as the reactivation experiments it became clear that 

the FAD-progesterone conjugate was released from the apoGOx when diluted in the 

system. As FAD binds very tightly to the apoGOx, this is highly unusual. A high 

concentration of the FAD conjugate is necessary to prevent the loss of enzyme activity. 

Consequently a very high concentration of apoGOx is required to get enough response 

in the tests. But the conjugate must compete with free analyte in the sample for binding 

sites on the antibody, and a low limit of detection as was our aim, cannot be obtained. 

Our conclusion therefore is that for a successful application of the ARIS technique 

quantitating progesterone in milk, the protein and the FAD-progesterone conjugate must 

be re-engineered. The results are also reported in Ref. [12]. 

 Based on these conclusions, the lack of reproducibility in the microplate tests and the 

presence of interfering components in bovine milk, we decided to stop the development 

of this assay format. 

 

Lateral Flow ImmunoAssay 

Many Lateral Flow ImmunoAsays (LFIAs) are currently applied in the clinic, at home 

and in the doctor's office. Applications include quick screening on heart attack at First 

Aid, pregnancy tests, and use of (illicit) drugs. In Third World health care it is used for 

the detection of infective and parasitic diseases. But usually higher concentrations of 

analyte are involved in these tests than that one is restricted to when assaying milk for 

progesterone. 

 When designing an immunological test on a low molecular weight compound (i.e. a 

hapten) one is restricted to the competitive format, as haptens have only one epitope. 

Current consensus is that an analyte-protein conjugate is immobilized at the test line, 

giving the sample analyte a head start by contacting the sample with the antibody (in 

solution or at the conjugate release pad) first. 

 In the reports mentioned above [5, 6] a very low limit of detection was claimed in 

milk. The report [6] uses HRP as label, so enhancement of the signal is obtained, but 
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this test is now essentially a two step process. As this format is not easy to automate, 

this approach was not investigated. 

 The assay format in Ref. [5] was controversial, as the antibody was immobilized at 

the test line. But here, the format was also initially a two-step process, as the label was 

added afterwards. In a second report, label and sample are applied simultaneously, 

however, the same low limit of detection in milk is reported [13]. 

 

General aspects on LFIA 

In chapter 6 a study to combine progesterone-protein conjugates and antibodies for 

optimal performance in LFIA format is presented. Several conjugates and antibodies 

could be obtained through commercial sources, other conjugates were synthesized, the 

ARIS antibodies were used as well, and all combinations were tested, first in the 

microplate in an EIA format as described in Ref. [14]. Best combinations were later 

tested in LFIA format. 

 Current consensus when designing an immunological assay of a hapten is to apply a 

checkerboard titration scheme for optimal concentrations of immobilized analyte-

protein conjugate and antibody dilution, comparable to the approach as reported in Refs 

[15-17]. This is in contrast to a report where application of high coating concentrations 

of immobilized analyte-protein conjugate and high dilution of the antibody preparation, 

is mentioned [18]. Using this approach, the quantitation becomes mass-transport limited 

and is independent of the kinetics of binding. In this report, however, the applied assay 

format uses a flow system, with different kinetics when compared to EIA or LFIA 

formats. Application of this approach resulted in comparable behavior in EIA as well as 

in LFIA, and in an IC50 of 0.6 µg L-1 in buffer in LFIA. 

 Production of monoclonal antibodies to low mass compounds e.g. haptens, requires 

the hapten to be conjugated to a protein for an immunological response. Commercial 

antibodies raised against progesterone often use a conjugate of progesterone to bovine 

serum albumin (BSA). Selection of the hybridoma cell lines producing anti-

progesterone antibodies should include testing on cross-reactivity to BSA, and these cell 

lines cannot be used for antibody production. However, current practice when using 

such antibodies is to omit BSA as blocking agent in the assay buffer to reduce cross-
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reactivity, and using ovalbumin (OVA) instead [19]. To our surprise, no response was 

generated when OVA was used as blocking agent, using several antibodies, among 

those the one comparable to the mAb of Ref. [19]. The influence of BSA and OVA as 

blocking agents was investigated first, revealing the disturbance of the antibody-antigen 

interaction when using OVA. The influence of several other blocking agents was also 

investigated. It should be noted that upon developing an assay for the detection of very 

hydrophobic analytes such as progesterone, care should be taken to use blocking 

components that do not interact with the specific hapten or hapten-protein conjugate. 

 

Sample pretreatment of bovine milk 

In chapter 7 we report on several techniques for sample pre-treatment of the milk 

samples. As the progesterone is mainly present in the fat fraction of the milk, for a fast 

and sensitive test the analyte has to be isolated and, when required, concentrated. 

 A series of test was initiated on interference of organic solvents or surfactants with 

the antibody-antigen interaction as well as susceptibility of the nitrocellulose membrane 

to organic solvents. Application of ethanol showed the best performance, showing 

minimal interference at a maximum end concentration of 5%.  

 Sample clean up was performed using C18 sorbents and chromatographic columns. 

Progesterone was separated from the milk matrix and eluted using ethanol; response and 

mass balance in EIA format were satisfactory. But response in LFIA format did not 

differ between low progesterone milk (200 ng L-1) and the same milk spiked with 

physiological concentrations of progesterone (1-20 µg L-1). The presence of, as yet 

unidentified compound(s) in the milk matrix, prevented a good antibody-antigen 

interaction in LFIA format. The phenomenon is not well understood; the problem might 

be related to the one-step format of LFIA as interfering compound(s) might be washed 

out using EIA, or different kinetics. However, in EIA some interference is seen as well. 

 

Literature survey and SWOT analysis in LFIA technique 

In Chapter 8 a literature survey is presented and a SWOT analysis on the Strengths, 

Weaknesses, Opportunities and Threats of this technique. Many successful applications 

are already on the market. However, some weaknesses remain, and an improvement on 
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some of the weaknesses is suggested. Opportunities are mainly in the application of 

more sensitive labels, allowing tests on biological matrices not currently in use. For 

some applications automation in an array format using automated sample addition and 

read-out of the response might be an option [20]. Threats are mainly in the application 

of EIA robots [21, 22] and of biosensors. Although several formats are published in the 

literature [19, 23-25], none is on the market yet. The patent situation of many LFIA 

applications, hampering development of new applications, is another issue of concern. 

General conclusions 

For a fast, easy to use, and low-cost test on progesterone to be applied in an automated 

format in the milking parlor, such a test is restricted to the application of one or another 

immunoassay format. Many attempts have been taken to this day on developing such a 

format. Immunoassays are heavily dependent on the quality in terms of sensitivity and 

specificity of the applied antibody preparation. Until now, a test that meets all of the 

above-mentioned requirements is still not on the market.  

 Although several dry reagent immunoassay formats, already reported on 

progesterone in milk [3, 5, 6] were studied, none meets the requirements as mentioned 

above in such a way that a fully automated test in the milking parlor is feasible. The 

milk matrix is the main disturbing factor, as progesterone is mainly present in the fat 

fraction and many interfering components are present, impairing the antibody-antigen 

interaction. The low concentration of progesterone is another factor to be taken into 

account, as this prevents dilution of the sample, and consequently can diminish 

interference of unknown matrix components. 

 

Future prospects 

New antibodies will be developed and eventually will reach the market. It should be 

emphasized that, when these antibodies are intended for tests with milk as the matrix, 

apart from tests on the cross-reactivity of related steroid compounds, a thorough 

investigation has to be made on the interference of other matrix components.  

 Techniques become cheaper due to miniaturization and competition among suppliers, 

and more brands of equipment become available. So in the near future, biosensor 
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techniques and microparticle immunoassays will become available at lower costs and 

will be a realistic option to be used in the milking parlor. 

 However, the remaining question is, if the investment costs for automated 

progesterone quantitation in the milking parlor will give enough value for money. As 

stated in the study of Roelofs et. al [26], the decline in progesterone level in milk has 

not enough predictive value for a successful insemination in that cycle. It might 

however, be possible when the decline in progesterone level is combined with the rise 

after ovulation, this has enough predictive value for the ovulation in the next cycle. If 

so, there might be enough accuracy for a successful insemination. To that end, 

progesterone quantitation has to be performed at every milking. And that will require a 

low-cost, easy to perform, fast and sensitive assay. 
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Inleiding 

De melkveehouderij is sterk afhankelijk van het op het juiste moment tot voortplanting 

komen van de melkkoeien. Immers een koe moet, om onder optimale omstandigheden 

melk te kunnen produceren, elk jaar een kalf krijgen. Koeien vertonen vaak een 

veranderd gedrag, de bronst, vlak voor het moment van de eisprong, dit noemt men: "de 

koe is tochtig". Dit gedrag uit zich in rusteloosheid, verminderde voeropname, 

verminderde melkgift en het toestaan dat andere koeien haar "bespringen". In de 

hedendaagse melkveehouderij wordt het juiste moment van inseminatie vooral bepaald 

door de dieren te observeren om de signalen van de bronst te herkennen. Dit is echter 

een tijdrovend proces. Daarbij komt dat lang niet alle dieren op het moment van 

observatie het bronstgedrag vertonen. Tevens wordt door schaalvergroting en het 

toepassen van automatische melksystemen ("melkrobots") de mens-dier interactie 

verminderd.  

 Daarom wordt het voor de moderne melkveehouder steeds lastiger om de koeien op 

het juiste moment te laten insemineren, met als gevolg dat de tijd tussen het verkrijgen 

van twee kalveren (de "tussenkalftijd") onacceptabel lang wordt. Er zijn verschillende 

opties voorhanden om een betere detectie van tochtigheid te verkrijgen; hierbij worden 

de gegevens van het dier: voeropname, melkgift en mate van beweeglijkheid over lange 

tijd opgeslagen en vergeleken met deze gegevens van vorige dagen. Toch is er nog geen 

sprake van een optimaal systeem om tochtigheid voldoende nauwkeurig te bepalen. 

 Bij alle vrouwelijke zoogdieren staat de voortplanting onder invloed van het 

hormonale systeem. De afgifte van de geslachtshormonen vindt niet continu plaats maar 

volgt de voortplantingscyclus. Sommige hormonen worden afgegeven in de hersenen. 

Dit zijn het peptide hormoon Gonadotropin Releasing Hormone (GnRH) in de 

hypothalamus, en de eiwithormonen Luteinising Hormone (LH) en Follicle Stimulating 

Hormone (FSH) in de hypofyse. In de eierstokken worden de steroïde hormonen 

oestradiol en progesteron gevormd. Steroïden zijn hydrofobe moleculen; zij lossen beter 

in vet op dan in water en kunnen gemakkelijk door de celmembraan diffunderen. 

 De afgifte van de hormonen in de hersenen en eierstokken wordt door elkaar 

beïnvloed in een negatieve terugkoppeling. Na een eisprong wordt de afgifte van 

progesteron in de eierstokken verhoogd. Zodoende wordt voorkomen dat er opnieuw 

een eitje tot ontwikkeling komt. Als er veel progesteron wordt aangemaakt, wordt er 
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veel minder GnRH geproduceerd in de hypothalamus, en dus ook veel minder LH en 

FSH. Als er geen bevruchting plaats heeft gevonden stopt de progesteronproductie en er 

wordt weer GnRH, LH en FSH afgegeven. Hierdoor wordt een nieuwe cyclus in gang 

gezet. Op een bepaald moment, als de concentratie van progesteron en oestradiol het 

laagst is, komt er in korte tijd een grote hoeveelheid LH vrij, hierdoor wordt een nieuwe 

eisprong geïnduceerd. Indien er bevruchting plaats heeft gevonden produceert het 

embryo in eerste instantie chorionchonadotropine (CG), dat de productie van 

progesteron in de eierstokken voortzet tot de placenta de productie van progesteron over 

kan nemen, zodat evenmin een nieuwe eisprong plaats kan vinden tijdens de dracht. De 

concentratie van alle geslachtshormonen in het bloed is zeer laag, daarbij zijn steroïde 

hormonen voor het grootste deel aan transporteiwitten gebonden, dus de concentraties 

zijn zeer lastig te bepalen. 

 Progesteron kan door de celmembraan diffunderen, daardoor komt het ook voor in 

melk, zelfs in een nog wat hogere concentratie dan in het bloed, omdat dit hormoon zich 

concentreert in het melkvet. In melk is de concentratie van progesteron in de orde van 

1-30 µg L-1 en van oestradiol 500-800 ng L-1. Hierbij dient te worden opgemerkt dat het 

gehalte van oestradiol meer schommelt tijdens de cyclus dan dat van progesteron. 

 Men is van mening dat als men dagelijks de hoeveelheid progesteron zou kunnen 

meten in de melk, die toch al voorhanden is, dit een welkome aanvulling kan betekenen 

op de huidige geautomatiseerde technieken voor bronstdetectie. Progesteron in melk is 

echter lastig te bepalen omdat, afgezien van de lage concentratie, melk allerlei 

bestanddelen bevat die invloed kunnen hebben op de bepaling van het 

progesterongehalte. Toch zijn er wel allerlei "cow side" testkits in de handel om het 

progesterongehalte in melk te bepalen. Echter, de meeste kits zijn bewerkelijk of te duur 

voor een routinematige bepaling van grote aantallen monsters.  

 Er zijn veel pogingen ondernomen om te komen tot een goedkope, snelle en geheel 

geautomatiseerde bepaling van progesteron in melk. Geen van deze technieken heeft op 

dit moment geleid tot gevalideerde testen die reeds geïmplementeerd zijn in 

melkwinningsapparatuur. In dit proefschrift worden enkele technieken die mogelijk 

kunnen bijdragen aan een goedkope, snelle en geheel geautomatiseerde test, aan een 

nader onderzoek onderworpen. 
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Dit proefschrift 

Analytische methoden om de concentratie van progesteron te bepalen 

In hoofdstuk 2 is een inventarisatie gemaakt van op dit moment toegepaste technieken 

voor de bepaling van progesteron in lichaamsvloeistoffen. De oudste gebruikte 

technieken in het klinisch chemisch laboratorium en voor het doen van milieuanalyses 

berusten op fysiochemische bepalingsmethoden (gas chromatografie gekoppeld aan 

massaspectrometrie, GC-MS, of vloeistofchromatografie gekoppeld aan massa-

spectrometrie, LC-MS). Deze methoden zijn behalve duur door de gebruikte apparatuur, 

ook zeer arbeidsintensief en vereisen geschoold personeel. Deze methoden zijn minder 

geschikt om grote hoeveelheden monsters in korte tijd te kunnen analyseren, omdat 

vaak nog een voorbewerking nodig is.  

 Later kwamen immunochemische technieken op de markt, waaronder Radio 

ImmunoAssays (RIA) en Enzyme ImmunoAssays (EIA). Deze technieken berusten op 

de herkenning van analyt door het antilichaam opgewekt tegen het betreffende analyt. 

Immunochemische technieken, voor het overgrote deel EIA, worden tegenwoordig het 

meest gebruikt voor een snelle screening. De gebruikte apparatuur kan in sommige 

gevallen redelijk tot zeer goedkoop zijn, maar nog steeds zijn er betrekkelijk veel 

handelingen nodig om deze bepalingen uit te voeren. De techniek vereist minstens één 

wasstap, waardoor automatiseren een stuk lastiger wordt. Er zijn ook eenstapstesten 

ontwikkeld, hierbij wordt één handeling in één reservoir uitgevoerd. Vaak wordt de 

bepaling uitgevoerd zonder dat er reagentia hoeven te worden toegevoegd. Dit wordt 

een "droge reagens" techniek genoemd. Het vloeibare monster wordt in contact gebracht 

met de drager van de droge reagentia door het monster op te brengen of de drager in de 

vloeistof te dopen. 

 Zo'n techniek is bijvoorbeeld de Apoenzyme Reactivation Immunological System 

(ARIS) test. Hier wordt gebruik gemaakt van een filtreerpapiertje waarop alle reagentia 

al zijn aangebracht. Als in een druppel van het te onderzoeken vloeibare monster een 

bepaalde concentratie van het betreffende analyt aanwezig is, vindt er een 

kleurverandering in het papiertje plaats, waarbij de mate van verandering een indicatie 

is voor de hoeveelheid analyt in het monster. Een andere immunochemische techniek, 

de Lateral Flow ImmunoAssay (LFIA) maakt gebruik van een label met gekleurde 
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(rood, zwart of blauw) of fluorescerende nanodeeltjes, en geeft op de testlijn een 

concentratie afhankelijke gekleurde of fluorescerende lijn te zien. Op die manier kan de 

aan- of afwezigheid van het gezochte analyt in het monster worden bevestigd. 

 Tegenwoordig staat het gebruik van biosensoren volop in de belangstelling. Wij zijn 

van mening dat de techniek nog teveel in de kinderschoenen staat en in vele gevallen te 

duur is voor een toepassing zoals wij die beogen te ontwikkelen voor een toepassing in 

de melkstal. 

 Omdat de ARIS techniek en de LFIA techniek de meeste kansen boden voor een 

goedkope, snelle en te automatiseren test, zijn deze technieken aan een nader onderzoek 

onderworpen.  

 

Voorlopige inventarisatie van een progesteron bepaling met de ARIS techniek 

In hoofdstuk 3 beschrijven we onze resultaten met ARIS. Deze techniek berust op een 

immunologische reactie, waarbij het antilichaam het gezochte analyt herkent. 

Toevoeging van een kreupel enzym, apoglucoseoxidase (apoGOx), en herstel van de 

enzymwerking door toevoeging van bepaalde chemicaliën resulteert in een kleuromslag 

van een papierstripje. Op dit stripje zijn alle reagentia in droge vorm aangebracht. 

Toedienen van het (vloeibare) monster zet de test in gang. De intensiteit van de 

gevormde kleur is een maat voor de hoeveelheid analyt. De kleur kan met het oog 

worden afgelezen of met behulp van een simpel apparaatje, een reflectometer. Bij deze 

test is de hoeveelheid kleur evenredig met de hoeveelheid analyt in het monster (= meer 

analyt, meer kleur). 

 Onontbeerlijk voor de testen in ARIS formaat zijn een goed antilichaam en de voor 

de test vereiste chemicaliën. Deze bestaan uit apoGOx en conjugaten van Flavine 

Adenine Dinucleotide (FAD) aan progesteron. Bij de Animal Sciences Group van 

Wageningen Universiteit en Research Centrum (ASG-WUR) waren reeds antilichamen 

ontwikkeld evenals de conjugaten van progesteron aan FAD. Het bereiden van apoGOx 

is echter geen gemakkelijke taak en het feit dat de resultaten met zo'n preparaat 

verkregen, slecht reproduceerbaar waren, deed ons zoeken naar andere manieren van 

bereiding en karakterisering van het apo-eiwit en onderzoek te doen naar het 

reactiemechanisme tijdens de reactivatie van het apo-eiwit tot functioneel holo-enzym. 
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On-line bereiden van apoGOx  

Voor de ARIS test is het noodzakelijk om op reproduceerbare wijze goed 

gekarakteriseerde apoGOx te kunnen produceren. In hoofdstuk 4 is een micro 

enzymreactor gepresenteerd. Hierin is beschreven hoe, zonder gebruik te maken van 

immobilisatie van het eiwit, enzymkarakteristieken bepaald kunnen worden. Dit is met 

een voorbeeld geïllustreerd door apoGOx te bereiden en te reactiveren tot werkzaam 

glucose oxidase (GOx). GOx is een homodimeer, bestaande uit twee gelijke eenheden. 

Elke eenheid bevat een molecuul FAD, dat gescheiden kan worden van het eiwit. Deze 

scheiding vereist een behandeling bij lage pH, want onder normale omstandigheden zal 

het eiwitmolecuul het FAD niet afstaan. Na de behandeling blijft apoGOx over, dat als 

monomeer beschikbaar komt. In de beschreven opstelling werd GOx onderworpen aan 

een zuurbehandeling, waarna FAD en apo-eiwit werden gescheiden door filtratie op 

basis van molecuulgrootte. Om weer een functioneel enzym te worden, moet na 

toevoegen van FAD een homodimeer worden gevormd, dat ook nog in de juiste 

configuratie beschikbaar moet komen om weer als enzym te kunnen werken. In een 

voorbereidende test werd aangetoond dat het apo-eiwit met FAD weer tot een 

functioneel enzym kon worden hersteld. 

 

Reconstitutie en reactivatie van het apoGOx met FAD of FAD-gelabeld progesteron  

In hoofdstuk 5 is beschreven hoe apoGOx op iets grotere schaal werd bereid. 

Onderzocht werd of dit apoGOx ook met het FAD-gelabeld progesteron kon worden 

gereconstitueerd tot dimeer en gereactiveerd tot een werkzaam enzym.  

 Voor de bereiding van het apo-eiwit en de analyse na reconstitutie als het apo-eiwit 

in contact werd gebracht met FAD, een FAD analogon of een van de conjugaten, werd 

gebruik gemaakt van een gelfitratiesysteem, waarbij de moleculen worden gescheiden 

naar molecuulgrootte. De uittredende vloeistofstroom werd hierna door een UV/VIS 

detector geleid. Aan de hand van specifieke absorptie in het spectrum kan de 

aanwezigheid van eiwit en/of FAD worden aangetoond.  

 De mate van herstel van de enzymactiviteit werd bepaald door, nadat een oplossing 

van apoGOx was behandeld met verschillende hoeveelheden FAD, een FAD analogon 

of FAD-progesteron conjugaten, deze enzymactiviteit te meten in een oxygraaf. In dit 
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systeem wordt de afname van de zuurstofconcentratie door de enzymwerking van het 

gereactiveerde GOx gemeten.  

 Zowel bij de reconstitutie als bij de reactivatie testen bleek dat na toediening van het 

FAD-progesteron conjugaat aan apoGOx dimeer werd gevormd en de enzymactiviteit 

kon worden hersteld. Echter, door verdunning werd het conjugaat weer van het apo-

eiwit gescheiden en was de enzymactiviteit sterk verminderd. Een hoge concentratie 

conjugaat en tevens een hoge concentratie apo-eiwit is nodig om genoeg functioneel 

enzym te verkrijgen. Omdat dit conjugaat moet competeren om antigeen bindings-

plaatsen van het antilichaam met vrij analyt in het monster, betekent dit, dat het 

bereiken van de vereiste hoge gevoeligheid bijna onmogelijk wordt. De conclusie van 

deze studie is dat, om tot een werkzaam systeem te komen, de moleculaire 

samenstelling van zowel GOx als het FAD-progesteron conjugaat moet worden 

gewijzigd. 

 

Lateral Flow ImmunoAssay 

De Lateral Flow ImmunoAssay (LFIA) wordt al veel toegepast in de kliniek en 

daarbuiten, maar vooral voor testen buiten het laboratorium ("point-of-care/need"). 

Toepassingen bestaan uit testen op de Eerste Hulp, bijvoorbeeld om te zien of iemand 

een hartinfarct heeft, en aan het bed voor het toezicht houden op medicijngebruik. In de 

Derde Wereld zijn deze testen veel in gebruik voor het aantonen van infecties. De kant 

en klare strips kunnen lange tijd bij kamertemperatuur worden bewaard en de uitslag 

van de test kan vaak met het oog worden bepaald. Soms wordt gebruik gemaakt van een 

reflectometer om de testresultaten af te lezen. Ook de zwangerschapstest en veel testen 

voor het aantonen van al dan niet illegaal gebruik van medicijnen, hormonen en drugs 

zijn vaak gebaseerd op deze techniek. Maar doorgaans gaat het in deze toepassingen om 

hogere concentraties dan die wij beogen te bepalen in melk. 

 De techniek berust op het aanbrengen van een testlijn van analyt gekoppeld aan een 

eiwit op een smalle strip nitrocellulose. Een antilichaam dat specifiek is voor het te 

bepalen analyt wordt voorzien van gekleurde bolletjes en ook op de strip aangebracht. 

Het geheel kan droog worden bewaard. Als de strip in contact wordt gebracht met het 

(vloeibare) monster, wordt de test in gang gezet. De testlijn wordt in meer of mindere 
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mate gekleurd al naar gelang de hoeveelheid analyt in het monster. Bij deze techniek is 

de hoeveelheid kleur omgekeerd evenredig aan de hoeveelheid analyt in het monster 

(= geen analyt geeft het sterkste signaal). 

 

Optimalisatie van het testsysteem 

Onontbeerlijk voor elke immunoassay en dus ook voor dit testformaat is een goed 

antilichaam, dat het te bepalen analyt herkent met hoge gevoeligheid en hoge 

specificiteit. In hoofdstuk 6 is beschreven hoe een optimale combinatie van 

geïmmobiliseerd analyt-eiwit conjugaat en antilichaam werd gevonden. Daartoe zijn 

enkele conjugaten van progesteron aan het eiwit bovine serum albumine gekocht, of aan 

het eiwit ovalbumine of aan biotine gesynthetiseerd, en getest met vrijwel alle 

commercieel verkrijgbare anti-progesteron antilichamen, zowel polyklonaal opgewekt 

in konijnen als monoklonaal, opgewekt in muizen. Om het geheel hanteerbaar te 

houden, zijn deze testen eerst in de 96-wells microplaat uitgevoerd. De beste 

combinaties werden getest in LFIA formaat. Na optimalisatie van de test werd in het 

LFIA testformaat een IC50 van 0.6 µg L-1 in buffer vastgesteld. De IC50 (inhibitie van 

50% van het signaal bij afwezigheid van het analyt) is een maat voor de gevoeligheid 

van de bepaling. 

 

Monstervoorbereiding en isolatie van progesteron uit de melk 

In hoofdstuk 7 zijn enkele technieken om progesteron uit de melk te isoleren aan een 

test onderworpen. Daar progesteron voor 80% in de vetfractie van de melk aanwezig is, 

was dit een voorwaarde om een snelle test uit te kunnen voeren. Er werden testen 

uitgevoerd waarbij organische oplosmiddelen of surfactanten aan de melk werden 

toegevoegd om de progesteron uit de vetfractie te isoleren. Deze testen leverden 

teleurstellende resultaten op. Ook het gebruik van "clarifying reagents", waarbij de melk 

doorzichtig gemaakt wordt, leverde niet het gewenste resultaat. 

 Ook werden zuivering en concentratie uitgevoerd met behulp van met verschillende 

materialen geladen chromatografische kolommen. Hierbij wordt de progesteron 

vastgehouden op het kolommateriaal en aldus gescheiden van de melk. Vervolgens 

wordt de progesteron van het kolommateriaal geëlueerd met een geschikt oplosmiddel. 
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De aldus verkregen fracties werden vervolgens in en voor progesteron geschikte EIA 

getest op progesterongehalte. In dit testsysteem werden goede resultaten verkregen. 

Helaas was het LFIA testsysteem ongeschikt om in de fracties die uit de kolom kwamen 

het progesterongehalte te bepalen. Waarschijnlijk worden in dit testsysteem storende 

bestanddelen uit de melk tegelijk met progesteron van de kolom geëlueerd. 

 

Literatuuroverzicht en SWOT analyse van de LFA techniek.  

In hoofdstuk 8 is een overzicht gepresenteerd van in de literatuur beschreven 

toepassingen van de LFA techniek. Tevens is een analyse beschreven van de sterke en 

zwakke kanten van deze techniek, de mogelijkheden en de bedreigingen. Dit wordt een 

SWOT analyse genoemd (Strengths, Weaknesses, Opportunities and Threats). 

 Gezien het grote aantal succesvolle testen dat reeds op de markt is, mag gesteld 

worden dat de LFA techniek voor veel toepassingen geschikt is. Toch zijn er wel 

verschillende beperkingen aan deze test verbonden. Het resultaat is in het beste geval 

semi-kwantitatief, het formaat is minder geschikt om grote aantallen monsters achter 

elkaar te testen. Bij testen met een stroperige vloeistof of vloeistof met veel vet en/of 

eiwit raken de poriën van de strip snel verstopt. Ook is het gebruikte drager materiaal 

niet specifiek ontworpen voor deze testen. Enkele verbeteringen zijn aangegeven. 

 Ook is nog een aantal uitdagingen onder de aandacht gebracht. Automatiseren van de 

monstertoediening en uitlezing van het resultaat kan voor een verbetering van de 

betrouwbaarheid zorgen; miniaturisatie kan de test geschikt maken om grotere aantallen 

monster in een keer te testen. Als gevoeliger labels ontwikkeld worden, kan de test ook 

bij lagere concentraties succesvol worden ingezet. Men kan hier denken aan 

lichaamsvloeistoffen als zweet of speeksel; ook kunnen monsters dan verder worden 

uitverdund, zodat matrixeffecten verminderd worden. 

 De bedreigingen zijn vooral het gebruik van de ARIS techniek, biosensoren, en 

gerobotiseerde EIAs. De huidige patent situatie, waarbij bedrijven met succesvolle 

patenten worden opgekocht door één bedrijf, belemmert het ontwikkelen van nieuwe 

testen. Echter, een belangrijk patent is onlangs verlopen. 
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In hoofdstuk 9 is een samenvatting gepresenteerd met discussie en vooruitzichten voor 

het bepalen van progesteron in melk in een geautomatiseerd systeem in de melkstal. 

 Hoewel er in de wetenschappelijke literatuur onderzoeken gepubliceerd zijn die 

positief zijn over de hier onderzochte methoden, is uit het in dit proefschrift gepresen-

teerde onderzoek gebleken, dat genoemde methoden niet geschikt zijn voor een 

bepaling van het progesterongehalte in melk.  

 De vraag die overblijft is echter, of de investering in een snelle test in de melkstal 

genoeg profijt oplevert voor de melkveehouder. Uit wetenschappelijk onderzoek is 

gebleken, dat de daling van het progesterongehalte vóór de eisprong niet betrouwbaar 

genoeg is om deze eisprong met voldoende nauwkeurigheid te voorspellen. Echter, 

mogelijk kan een combinatie van de daling van het progesterongehalte net voor de 

eisprong samen met de stijging na de ovulatie wel genoeg betrouwbaarheid bieden voor 

het voorspellen van de ovulatie in de volgende cyclus. 
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