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Nowadays, little technology exists that can monitor various water sources quickly and at a reasonable cost. The ultra-sensitive, fully
nd robust biosensor River Analyser (RIANA) is capable of detecting multiple organic targets rapidly and simultaneously at a heterogen

ormat (solid phase: bulk optical glass transducers). Commercialization of such a biosensor requires the availability of commercial h
ecognition elements (e.g. antibodies) and suitable commercial haptens (modified target molecules) for surface chemistry. Therfore,
as chosen as model analyte, which is also a task of common analytical methods like gas chromatography–mass spectrometry (GC–M

hey have to struggle with detecting sub-nanogram per liter levels in environmental samples. The reflectometric interference spectroscop
sed to characterize the commercially available immunochemistry resulting in a high-affinity constant of 2.6± 0.3× 109 mol−1 for the unlabele
ntibody. After the labeling procedure, necessary for the TIRF-based biosensor, a mean affinity constant of 1.2× 109 mol−1 was calculated out o
IfS (1.4± 0.4× 109 mol−1) and TIRF (1.0± 0.3× 109 mol−1) measurements.
Thereafter, the TIRF-based biosensor setup was used to determine the steroidal hormone testosterone at real world samples wi

re-treatment or sample pre-concentration. Results are shown for rapid and ultra-sensitive analyses of testosterone in aqueous sam
emarkable limit of detection (LOD) of 0.2 ng L−1. All real world samples, even those containing testosterone in the sub-nanogram per lite
e.g. 0.9 ng L−1), could be determined with recovery rates between 70 and 120%. Therefore, the sensor system is perfectly suited to
ow-cost system for surveillance and early warning in environmental analysis in addition to the common analytical methods. For the
ommercially available immunochemistry was fully characterized using a label-free detection method (RIfS) and successfully incorpor
IRF-based biosensor setup (RIANA) for reliable sub-nanogram per liter detection of testosterone in aqueous environmental samples
2005 Elsevier B.V. All rights reserved.
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. Introduction

.1. Environmental approach

The fast screening and monitoring of toxins in tap water, envi-
onmental samples, and food require new approaches in order to
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expedite appropriate countermeasures. Many toxins in env
mental samples can be introduced by industrial, agricultur
even military activity. Pollutants, such as pesticides, horm
and other endocrine disrupting compounds (EDCs), also
taminate soil and ground water are known to show adver
even toxic effects to humans at low nanogram per liter le
Toxic compounds may also be found in environmental s
ples caused by terrorist activities. Therefore, home securit
water safety require a very fast, cost-effective, and robust d
tion method for such compounds. Toxins also occur natu
in the food supply. Mycotoxin contamination is a particu
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problem due to fungal infection of grains and peanuts and can
still be present after food processing[24]. Whereas many cases
of food borne illnesses are caused by bacteria, a large number
of illnesses are also caused by bacterial toxins that have been
secreted into the foodstuff during growth[2]. Agricultural prod-
ucts can also be contaminated with pesticides, which may be
toxic to humans. In all, hormones and other EDCs, whereas
testosterone was used as model analyte, have adverse effects
on aquatic communities and human beings. A huge amount of
natural hormones and endocrine disrupting chemicals are reach-
ing surface waters[6,11,23]. The main sources of this pollution
are wastewater treatment plants and intensive stock rearing. The
effects of estrogenic compounds and of whose mixtures are not
entirely clear, but a no effect concentration (NOEC) or a lowest
observable effect concentration (LOEC) in the lower nanogram
per liter range is often discussed in literature[14,21,26,34].
The NOEC for vitellogenin in fish has been tested in numer-
ous species[1,9,19,20,29,30]. It does not matter, if there is an
acute or chronic aquatic toxicity, the intention should be clear.
What we need is a secure and accurate detection of problematic
compounds at low nanogram per liter levels in various water
matrices. For common analytical methods, it is necessary to pre-
concentrate samples by orders of magnitude to reach detectable
amounts of the analytes[16], but analytical methods at a very low
limit of detection (LOD) and a low limit of quantification (LOQ)
for problematic compounds in water are very important in envi-
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used widely in automated systems. Several studies have evalu-
ated the reliability of measuring endogenous testosterone levels
directly in serum or plasma by using manually or automated
commercially available immunoassays[3,5,31,33]. Taieb et al.
[25] compared 10 immunoassays for human (men, women, and
children) sera testosterone with a common analytical method
(GC–MS). The background of this study was that commercially
available testosterone immunoassays give divergent results,
especially at the low concentrations seen in women. The meth-
ods used, were eight non-isotopic immunoassays, two isotopic
immunoassays, and isotope-dilution gas chromatography–mass
spectrometry. Seven out of 10 immunoassays overestimated
testosterone concentrations in samples of women in comparison
to the common analytical method. Furthermore, the immunoas-
says underestimated testosterone levels in samples from men.
They concluded that none of the immunoassays tested was
sufficiently reliable for the investigation of sera from children
and women, in whom very low or low testosterone concentra-
tions (0.17–1.7 nmol L−1 or 49–490 ng L−1, respectively) are
expected.

1.3. Research needs

Having in mind the needs, described in the previous two chap-
ters, of environmental and clinical analysis the research needs
are clear. Up to now, cost-effective and ultra-sensitive monitor-
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onmental analysis[10]. Promberger and Schmid[18] reported
bout the determination of endocrine disruptors in drinking
round water in Austria by gas chromatography–mass

rometry (GC–MS)[18]. For this commonly used method, th
eported LOQs for 21 endocrine active substances ranging
to 1100 ng L−1 and the LOQ for testosterone was 10 ng L−1.
s we know from a water investigation institute, conventio
ater analysis (GC–MS) can quantify testosterone at leve
–5 ng L−1 after sample enrichment of several orders of m
itude (solid-phase extraction with a factor of 10,000: sta
ith 1 L water and ending up with 100�L organic solvent) an

estosterone derivatization before injection into the instrum
he time-consuming and expensive procedure of this prob
tic analysis leads to errors of at least 30 up to 50% in the l
anogram per liter range.

.2. Clinical aspects

Varieties of immunological methods are used to determ
estosterone levels in serum, which serves as important dia
ic marker in humans[13,32]. The absolute serum testoster
oncentration are useful in evaluating patients with polyc
vary syndrome, hyperandrogenic women with clinical m
estations of hirsutism, acne and alopecia, in postmenop
omen with androgen deficiency, and in men with hydro
adism. In addition, testosterone is measured in many

es like epidemiologic studies of breast and prostate can
estosterone immunoassays (chiefly competitive assays

ize radioactive, chemiluminescent, colorimetric or fluores
arkers. These assays are performed with or without prec
urification of the analyte. Only the non-radioactive are
-
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ng of testosterone in water resources is not possible by
ommon analytical methods with their time-consuming s
le pre-treatment and pre-concentration. Likewise, impr

mmunological methods for testosterone detection in biolo
uids are needed to compete with common analytical in
ents in clinical laboratories. Our fully automated immuno

or with its capability to measure estrone below the impo
OEC is a perfectly suited instrument to serve as a low
ystem for surveillance and early warning in environme
nalysis[27]. The River Analyser (RIANA) was successfu
sed for heterogeneous non-competitive immunoassays in

ng fluorescent-labeled molecular recognition elements
olyclonal or monoclonal antibodies) detecting organic

utants in aqueous samples (chiefly different water types
inding inhibition assays. Nowadays, commercially avail

mmunochemistry should be used on the RIANA system
llow ultra-sensitive testosterone detection in water sam
he use of commercial products guarantees the broad us
f this newly developed assay. First, the available immunoc

stry should be characterized via a label-free detection me
he biosensor used for antibody characterization is base
eflectometric interference spectroscopy (RIfS) using mul
eflection at thin layers[17]. By using this method, it is possib
o get information about the kinetics and thermodynamics o
bserved process as well as of the concentration of active
ody in bulk solution. This allows us, to crosscheck the affi
onstant of the anti-testosterone towards the promised a
y the supplier and to observe the labeling-process with re

o degradation and alteration of the monoclonal antibody u
fter obtaining maximum value out of the determined kin
nd thermodynamic data, the development of a fluoresc
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based immunoassay for ultra-sensitive testosterone detection
should be no problem. Verifying the assay performance in real
world samples using our immunosensor with spiked river and
drinking water at different levels of testosterone, should result in
recovery rates between 70 and 120%, as the AOAC International
recommends it[15]. The next step should include biological flu-
ids like urine and serum, or even plasma. The immunoassay and
the instrument used must be adjusted to the exigencies of these
complex matrices.

2. Experimental

2.1. Materials

The steroidal hormone testosterone (17�-hydroxy-4-
androsten-3-one) was purchased as VETRANAL® analytical
standard from Riedl-de Haën Laborchemikalien GmbH & Co.
KG, Seelze, Germany. The fluorescent dye CyDyeTM Cy5.5
was purchased from Amersham Biosciences, Europe GmbH,
Fribourg, Germany. The aminodextrans AmdexTM with 40
and 170 kDa molecular weight were purchased from Helix
Research Company, Springfield, OR, USA. The monoclonal
antibody to testosterone (catalog no. BM2076, clone 7003,
host mouse, isotype IgG1, immunogen: T-3-CMO-BSA) was
purchased from Acris Antibodies GmbH, Hiddenhausen, Ger-
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of antibodies to the surface changes the optical thickness of the
toggling layer, which causes a change in the reflectance spec-
trum. Thus, the interaction process between the antibody and the
hapten derivative on the surface can be detected time-resolved
and label-free. A scheme of the detection method is shown in
Fig. 1. With this method, it is possible to get information about
the kinetics and thermodynamics of the observed process as well
as of the concentration of active antibody in bulk solution. The
RIfS setup is described in detail in the work of Schmitt et al.
[22].

All samples measured with RIfS were handled by a commer-
cial flow system (Automated Sample Injection Analyser—ASIA
from Ismatec, Wertheim-Mondfeld, Germany), which contains
two peristaltic pumps and a six-way valve. Moreover, this
flow system is equipped with an auto sampler from Ismatec,
Wertheim-Mondfeld, Germany. The auto sampler was used to
inject the samples into a sample loop. From there, the sample
is driven in continuous flow passing the prepared transducer.
After the interaction process, the transducer surface is regen-
erated with 0.5% sodium dodecyl sulfate (SDS) at pH 2. This
procedure does not destroy the immobilized hapten derivative,
but cleans the surface from bound antibody.

2.2.2. TIRF—measurement setup
The setup of the River Analyser is well described by Tschme-

lak et al.[27] and consists of the following components. Light
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any. The derivative testosterone-3-(O-carboxymethyl)ox
17�-hydroxy-4-androsten-3-one-3-(O-carboxymethyl)oxime
sed for surface chemistry is commercially available,

nstance, from Sigma–Aldrich Chemie GmbH, Steinhe
ermany (product no. T8390, CAS 10190-93-9, molec

ormula C21H31NO4, molecular weight 361.5). Labeling a
urification of the monoclonal antibody were carried ou
escribed in the product information sheet supplied with

abeling kit from Amersham Biosciences, Europe Gm
ribourg, Germany. UV–vis spectra were recorded usin
pecord M500 spectrophotometer from Carl Zeiss Jena G
ena, Germany. Common chemicals of analytical grade
urchased from Sigma–Aldrich Chemie GmbH, Steinh
ermany, or Merck KGaA, Darmstadt, Germany.

.2. Methods

.2.1. RIfS—characterization setup
The biosensor used for antibody characterizations is bas

eflectometric interference spectroscopy using multiple re
ion at thin layers. Therefore, white light is guided with an opt
ber to the transduction layer. At each interface between
erent refractive indices, the light is partially reflected. Th
eflected beams superimpose and build a characteristic int
nce spectrum, which is detected with a diode-array. The bin
,
e
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rom a laser diode (Coherent Deutschland GmbH, Dieburg,
any) with approximately 15 mW operating at 635± 2 nm is

oupled into the beveled edge of a bulk optical glass slide (S
pezialglas GmbH, Gruenenplan, Germany). The laser

s guided by total internal reflection along the sensitive
f the glass transducer. Fluorescent dyes close to the chi

ace are excited by the evanescent field at the reflection s
he emitted fluorescence light is collected via polymer fib
ltered by absorption filters with cut-on at 690 nm (Ome®

ptical Inc., Brattleboro, VT, USA), detected by photodio
sing lock-in detection and the signals are electronically am
ed before data recording. An HTS PAL auto sampler with c
omposer software (CTC Analytics AG, Zwingen, Switzerla
s used for dilutions, sample preparations (transferring 10�L
f the antibody stock solution to 900�L of the sample followe
y two mixing strokes) and the sample transfer to the R
nalyser. Liquid handling and data acquisition are fully a
ated and computer-controlled. One measurement cycle
ashing steps, injection of the sample and regeneration o
urface takes about 12 min. The regeneration protocol co
f a flow cell flushing with 400–800�L of a diluted SDS solu

ion (0.5% SDS in Milli-Q water at pH 2) followed by a rinsi
tep with buffer. Such a regeneration cycle can be repeated
000 times depending on the stability of the immobilized a

yte derivatives on the transducers. Afterwards, the transd
an be recycled by starting the surface chemistry (see Se
.2.4) from the beginning.

.2.3. Assay format
The test format used for all measurements is a binding

ition assay. Here, an analyte derivative (analyte molecule
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Fig. 1. Scheme of the RIfS detection method. The left part of the scheme shows how the reflected beams superimpose and how the optical thickness of the transducer
changes during binding events onto the surface. The right part shows the change of the characteristic interference spectrum and how this shift is transformed into a
signal curve.

ified with a spacer containing a carboxyl group) is covalently
immobilized to an aminodextran layer bound to the glass trans-
ducer. This aminodextran layer is used to reduce non-specific
binding to the surface. The sample containing the analyte is incu-
bated in solution with the specific antibody. Therefore, 100�L of
the antibody stock solution are mixed with 900�L of the sample
and are incubated for approximately 5 min. The antibody binds
the analyte during the incubation step until the equilibrium of the
reaction is reached. When the sample is pumped over the sensor
surface, only the antibodies with free paratopes can bind to the
surface. For the binding inhibition assay to be quantitative, the
binding of the antibody to the surface must be mass transport-
limited. This allows the signal to be a function of rather the
diffusion rate to the surface then of the kinetics of the surface
binding. To this purpose, the number of high-affinity binding
sites on the surface has to be much higher than the number of
antibodies in bulk solution. To be sure that the binding is mass
transport-limited, we use small amounts of antibodies and we
immobilize a huge excess of antigen derivatives on the sensor
surface. The binding inhibition assay was carried out in single
analyte operating state.

2.2.4. Immobilization strategies
RIfS-transducer chips of 1 mm D 263 glass with layers

of 10 nm Nb2O5 and 330 nm SiO2 (Unaxis AG, Pf̈affikon,
Switzerland) were cleaned with freshly prepared Piranha solu-
t ated
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and then, the transducers are rinsed with DMF and Milli-Q water
before being dried in a nitrogen stream. These treated trans-
ducers carry specific binding sites for the testosterone antibody
with a high density and can, therefore, serve as a sensor surface.
In addition, the aminodextran coating used reduces unspecific
binding to this surface.

The bulk optical glass transducers for TIRF measurements
were cleaned in the same way as described for the smaller
RIfS-transducers. After drying under a nitrogen flow, 25�L of
(GOPTS) were applied to the surface and reacted for 30 up
to 60 min. The silanized surface was rinsed with dry acetone
and dried under a flow of nitrogen. Subsequently, the dissolved
aminodextran (AmdexTM with 40 kDa molecular weight with 1
amino group per 11 glucose units) was applied to this silanized
surface and incubated for up to 5 h in a water-saturated atmo-
sphere. Thereafter, the testosterone derivative is immobilized in
the same way as previously descibed for the RIfS-transducer
chips.

2.3. Measurement and data evaluation

2.3.1. RIfS
As described in Section2.2.3, the measurements have to be

performed under mass transport-limited conditions. To this pur-
pose, the antibody concentration was adjusted to a slope of 1 pm
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ath. After rinsing with Milli-Q water and drying in a nitr
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ollowed by cleaning with dry acetone and drying in a ni
en stream. The coupling of aminodextran (AmdexTM with
70 kDa molecular weight with 1 amino group per 13 g
ose units) as an aqueous solution (1:3) to this silanized
ace is carried out by incubating for 4 h in a water-satur
tmosphere. After thoroughly rinsing with Milli-Q water a
rying, the prepared chips are stable for several months
ovalent coupling of the testosterone derivative testostero
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his modified transducer surface is done by an activated
enerated byN,N′-dicyclohexylcarbodiimide (DCC) in dryN,N-
imethylformamide (DMF). The reaction is finished after
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ptical thickness per second. This concentration depends
ow channel, the flow velocity, and most of all on the acti
f the antibody.

The concentration of monoclonal bivalent antibody with
aratopes can be calculated using the law of mass actio
ssuming that both paratopes are independent to:

R,f = cR

2
−

(
cR+cL+K−1

2 −
√

1
4(cR + cL + K−1)2 − cR cL

)2

2cR
,

ith the concentration of free antibody (receptor),cR,f, the con
entration of antibody binding sites,cR, the concentration o
nalyte (ligand),cL and the affinity constant,K [17]. Normally,
he relative free antibody,cR,f/2cR, is plotted to the conce
ration of analyte,cL. Adjusting the resulting formula by
evenberg–Marquardt least square fit to the measured v

he affinity constant and the active antibody concentration
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be determined. This approximation fits well for the unlabeled
antibody, but for the fluorescence labeled antibody the assump-
tions of being monoclonal and independent reaction of the two
binding sites is not true. Therefore, the determination of the
active concentration and the affinity constant is different.

The active concentration of the fluorescence labeled antibody
is evaluated by comparing the slope of a sample of unlabeled
antibody with known activity with the slope of a sample of
labeled antibody, whereas both samples contain the same amount
of protein. The affinity of the antibody–analyte reaction can be
determined by approximating the data with the logistic fit func-
tion (see Section2.3.2) and determining the concentration of
analyte, which remains half of the antibodies to have a free bind-
ing site. This concentration yields the equation:

K = 2 + √
2√

2cL,0.5 − cR
,

wherecL,0.5 is analyte concentration and half of the antibodies
are free,cR the concentration of antibody binding sites andK is
the affinity constant[17]. For the logistic fit function,cL,0.5 is
equal to the variablex0.

To determine the activity and the affinity constant of a labeled
and unlabeled anti-testosterone antibody, we performed mea-
surements with 450 ng mL−1 antibody and variable amounts of
testosterone ranging from 0.9 ng L−1 to 900�g L−1. The com-
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analyte concentration, which corresponds to a decrease of 50%
of the dynamic signal range (IC50). The slope of the tangent in
this point is given by the parameterp. Out of the logistic fit data,
the 10–90% range of the dynamic signal can be calculated which
gives an first impression about the possible utilizable range of
the received calibration curve. In compliance with the IUPAC
rules (The Orange Book)[8], the limit of detection (LOD) is
calculated as three times the S.D. of the blank measurements
(S.D.blanks) and the limit of quantification (LOQ) is calculated
as 10 times the S.D.blanks. The use of LOQ for logistic calibra-
tion curves is skeptical, because with its non-linear behavior, the
results for immunoassays are often worse than they need to be.
A real alternative is the use of the 95% confidence belt and the
related minimum detectable concentration (MDC) and reliable
detection limit (RDL)[28]. O’Connell et al.[28] reported on cal-
ibration and assay development using the four-parameter logistic
model and assay quality control procedures. We used Origin
7G SR4 (OriginLab Corporation, Northampton, MA, USA) to
fit the data set and to calculate the 95% confidence belt. The
received data were used to calculate the validation parameters
LOD, LOQ, MDC, and RDL. All important statistical calcu-
lations of the data evaluation were done in a semi-automated
procedure.

To determine the working range, the precision profile (xcv,i)
and its intersections with the Horwitz curve[7,12] has to
be calculated. Based on scores of AOAC inter-comparison
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.3.2. TIRF
For the measurements, we used labeled (CyDye Cy5.TM)

onoclonal IgG1 antibody from mouse and the suitable
yte derivative (testosterone-3-(O-carboxymethyl)oxime).
ntire sample volume was 1000�L. For a calibration routine
00�L of spiked Milli-Q water was automatically mixed b

he auto sampler with 100�L of a cooled antibody stock sol
ion (approximately, 6–8◦C) containing the labeled antibo
nd ovalbumin from chicken eggs (OVA) in 10-fold phosph
uffered saline (PBS) (10-fold PBS: pH 6.8, 1500 mM sod
hloride, 100 mM potassium phosphate monobasic). Aft
efined incubation time of approximately 5 min, this mixt
as measured using the biosensor setup. The experim
esign for a calibration routine consists of nine indepen
lank (Milli-Q water) measurements and eight concentra
teps (each measured as three replica) of the analyte (s
illi-Q water). For all concentration steps and the blank m

urements (nine replica), the mean value and the standard
tion (S.D.) for the replica was calculated. The measured s

or the mean value of the blanks was set to 100% and all sp
amples could be obtained as a relative signal below this
alue. To fit the data set, a logistic fit function[4] (parameter
f a logistic function:A1, A2, x0, andp) was used:

= A1 − A2

1 + (x/x0)p
+ A2.

hereA1 is the upper asymptote andA2 is the lower asymptot
he range betweenA1 andA2 is the dynamic signal range. T

nflection point is given by the variablex0 and represents th
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rograms, Horwitz developed an empiric correlation betw
he comparative standard deviation and the concentration
aboratory inter-comparison programs, Horwitz proposed
quation for the reproducibilityσR = fc0.8495 with a factor
= 0.02. The corresponding error is the relative standard
tion R.S.D. = 100× (σR/c) that can be calculated with t
eproducibilityσR and the analyte concentrationc. For intra-
aboratory reproducibility, Horwitz found a higher precision
onsequently lower R.S.D. values. In this case, the factorf can be
educed to two-thirds up to half of its former value. R.S.D.
es can be calculated for each concentration and they rep

he Horwitz curve (seeFigs. 2–5). A valid concentration dete
ination is possible only if the precision profile is below
orwitz curve. The S.D. values of the inverse function (S.Di)
an be calculated using the S.D. values of the measured
S.D.yi ) and the associated values of the first derivative (y′) of
he logistic fit (y) for each concentration. Then, the varia
oefficients (xcv,i) can be calculated and plotted together w
he values of the Horwitz curve and the calibration data in
emi-logarithmic graph. Finally, the range between the inte
ion points of the Horwitz curve and the precision profile as
e seen inFigs. 2–5gives the working range.

. Results

The use of antibodies in immunochemistry requires h
ffinity to a certain analyte. In our model system, the com
ial available monoclonal antibody anti-testosterone yields
equirement with an affinity constant of 2.6± 0.3× 109 mol−1

or an unlabeled antibody. This value was calculated from
ata displayed inFig. 2 using the equation in Section2.3.1.
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Fig. 2. Testosterone calibration curve using the RIfS detection method show-
ing measured values for an unlabeled antibody with an affinity constant of
2.6± 0.3× 109 mol−1 and an active antibody concentration of approximately
50.8%.

Moreover, the activity of the antibody was determined with
50.8%. During the labeling procedure, the antibody losses fur-
ther 45% of its activity, so only 27.4% of the labeled antibody
is active. Using this antibody concentration, the affinity of the
labeled antibody can be determined to 1.4± 0.4× 109 mol−1

using the data shown inFig. 3 with the method RIfS and to
1.0± 0.3× 109 mol−1 with the method TIRF (seeFig. 4). The
calculated affinities (RIfS and TIRF) of the labeled antibody
are very similar resulting in a mean value of approximately
1.2× 109 mol−1. The parameters of the logistic fit and vali-
dation parameters are summarized inTable 1. The decreased
affinity can be explained due to the labeling procedure of the
monoclonal antibody that results in a quasi-polyclonal labeled
antibody. Triplicate UV-measurements from 240 to 800 nm have
determined a mean dye to antibody rate of 2.6 calculated accord-
ing to the product information sheet of the labeling kit used.

F show-
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Fig. 4. TIRF-based calibration curve and 95% confidence belt for testosterone
measured on a testosterone-3-(O-carboxymethyl)oxime (derivative) modified
transducer from 90 pg L−1 to 900�g L−1 (eight steps). The antibody (first batch)
concentration (cm–Ab) was 30 ng mL−1 in each sample. The working range from
approximately 0.6 ng L−1 to 80�g L−1 is shaded in gray.

Fig. 5. TIRF-based calibration curve and 95% confidence belt for testosterone
measured on a testosterone-3-(O-carboxymethyl)oxime (derivative) modified
transducer from 90 pg L−1 to 900�g L−1 (eight steps). The antibody (second
batch) concentration (cm–Ab) was 15 ng mL−1 in each sample. The working
range from approximately 1.5 ng L−1 to 5.5�g L−1 is shaded in gray.

Table 1
Parameters of the logistic fit function (A1,A2,x0, andp) including errors (S.D.A1,
S.D.A2, S.D.x0, and S.D.p) and validation parameters (LOD, LOQ, MDC, and
RDL) for all four calibration curves (RIfS and TIRF) with the different antibody
concentrations (cAB) between 15 and 450 ng mL−1 of anti-testosterone

Detection method RIfS RIfS TIRF TIRF

cAB [ng mL−1] 450a 450b 30b 15c

A1 [%] 103.1± 0.7 102.8± 1.5 100.2± 0.8 97.8± 0.9
A2 [%] 5.2± 0.8 9.0± 1.7 3.1± 1.3 3.4± 1.0
x0 [�g L−1] 0.91± 0.03 0.85± 0.08 0.72± 0.07 0.15± 0.01
p 2.11± 0.16 1.11± 0.11 0.50± 0.02 0.74± 0.04
LOD [ng L−1] 405.5 149.6 0.6 0.2
LOQ [ng L−1] 808.7 492.3 6.6 5.2
MDC [ng L−1] 129.6 43.3 0.3 0.9
RDL [ng L−1] 193.2 85.7 1.0 2.2

a Unlabeled anti-testosterone from first batch.
b Labeled anti-testosterone from first batch (dye to antibody rate of 2.6).
c Labeled anti-testosterone from second batch (dye to antibody rate of 2.4).
ig. 3. Testosterone calibration curve using the RIfS detection method
ng measurements and the logistic fit, which result in an affinity consta
.4± 0.4× 109 mol−1 with a previously determined activity of approximat
7.4%.
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We used testosterone as example to adapt the first commer-
cially available assay on our TIRF-based biosensor RIANA.
Therefore, the characterized labeled antibody with an affin-
ity constant of 1.2× 109 mol−1 was incorporated into a het-
erogeneous non-competitive immunoassay. In a first step, a
freshly prepared transducer with the derivative testosterone-
3-(O-carboxymethyl)oxime immobilized on the complete sen-
sitive area of the chip was calibrated with testosterone from
90 pg L−1 to 900�g L−1 in eight steps by using 30 ng labeled
anti-testosterone (protein amount with an activity of 27.4%) per
sample (sample volume: 1.0 mL). The calibration resulted in a
LOD of 0.6 ng L−1, a LOQ of 6.6 ng L−1, a MDC of 0.3 ng L−1,
and RDL of only 1.0 ng L−1. The resulting calibration curve is
shown inFig. 4 and all parameters of the logistic fit function
and calculated results for the validation parameters are summa-
rized inTable 1. The 10–90% range of the dynamic signal starts
at 9.4 ng L−1 and ends at 54.9�g L−1. In contrast, the work-
ing range depending on the Horwitz curve and precision profile
starts at 0.6 ng L−1 (which is equivalent to the LOD) and ends
at 80�g L−1 after over five orders of magnitude. To get a first
impression about real world testosterone quantification using
our immunosensor, we spiked drinking water (Tuebingen, Ger-
many) at two different testosterone levels (45 and 90 ng L−1).
The obtained data for triplicate measurements have been eval-
uated using the corresponding calibration curve (seeFig. 4)
and parameters of the corresponding logistic fit (seeTable 1),
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antibody. A smoother labeling procedure (shorter reaction time,
lower temperature, smaller volume) resulted in a mean dye to
antibody rate of 2.4 calculated according to the product informa-
tion sheet via triplicate UV-measurements from 240 to 800 nm.
Having in mind the recently published results about the effects of
reducing the amount of antibody within TIRF-based immunoas-
says[27], the same TIRF-transducer was calibrated with testos-
terone from 90 pg L−1 to 900�g L−1 in eight steps by using
only 15 ng labeled anti-testosterone per sample. The calibra-
tion resulted in a LOD of 0.2 ng L−1, a LOQ of 5.2 ng L−1, a
MDC of 0.9 ng L−1, and RDL of only 2.2 ng L−1. As expected,
the LOD and LOQ of this second calibration were improved
by using half of the labeled antibody (second batch). Only the
accuracy of the logistic fit suffers from the antibody reduction.
Therefore, the 95% confidence belt is wider and consequently
MDC and RDL show higher values. The 10–90% range of the
dynamic signal starts at 7.4 ng L−1 and ends at 2.9�g L−1 (see
Fig. 5), which is remarkable smaller than for the first TIF-based
calibration curve shown inFig. 4, as well as the working range
depending on the Horwitz curve and precision profile which lasts
from 1.5 ng L−1 to 5.5�g L−1. The second TIRF-based calibra-
tion curve with only 15 ng labeled anti-testosterone is shown
in Fig. 5 and all parameters of the logistic fit function and cal-
culated results for the validation parameters are summarized
in Table 1. To ensure high-precision testosterone quantification
at real world sampling using our immunosensor, we spiked lab
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ample measurements.

Due to the poor activity of only 27.4% of the labeled a
estosterone (see above), we ordered a second batch

ig. 6. This chart shows mean recovery rates with error bars (triplicate de
ation) for different water matrices (lab water (Milli-Q), drinking water (T
ingen, Germany), and river water (River Neckar, Germany)) at various sp

evels. Recovery rates for the TIRF-based testosterone calibration with: (a
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nd 90 ng L−1 to verify a precise determination of high conta

nation levels. The obtained data for triplicate measurem
ith only 0.7–2.1% error in relative signal scale, has been
ated using the corresponding calibration curve (seeFig. 5)
nd parameters of the corresponding logistic fit (seeTable 1),
espectively. Out of these evaluated results, we calculated
ecovery rates as percentage of testosterone contaminatio
ecovery rates could be obtained between 78.4 and 118.2%
rrors between 4.9 and 20.0%. Therefore, all mean recov
ould be obtained between 70 and 120%, as it is recomme
y the AOAC International[15]. The results for recovery rat
re summarized inFig. 6.

. Conclusions: an outlook

The RIfS setup is able to characterize an antibody comple
ot only in his affinity, assuming that the protein concentra

s equal to the active concentration; moreover, the activity ca
etermined. Furthermore, once characterized monoclona
ody to an analyte, any other polyclonal or monoclonal antib

o the same analyte can be characterized and compared
rst (monoclonal) antibody. Moreover, it was shown that the
rescent label has no effect on the method RIfS and delive
ame results as TIRF measurements. The decreased affin
he loss of activity of the labeled antibody compared to the u
eled antibody can be explained due to the labeling proce
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of the monoclonal antibody, which results in quasi-polyclonal
labeled antibody.

For the first time, commercially available immunochemistry
was successfully implemented on the TIRF-based biosensor
River Analyser resulting in a LOD of only 0.2 ng L−1 for direct
measurements of water samples. To verify high-precision and
robust testosterone quantification at real world sampling using
our immunosensor, we spiked lab water (Milli-Q), drinking
water (Tuebingen, Germany) and river water (River Neckar, Ger-
many) at different testosterone levels. All real water samples,
even those containing testosterone in the sub-nanogram per liter
range (e.g. 0.9 ng L−1), could be determined with recovery rates
between 70 and 120%. Therefore, the sensor system is perfectly
suited to serve as a low-cost system for surveillance and early
warning in environmental analysis in addition to the common
analytical methods. Now, our immunoassay and the instrument
should be transferred to clinical analysis to measure testosterone
in biological fluids like urine, serum, or plasma.
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