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Immunoassays are suitable tools for high-throughput screenings. The prerequisite for accurate
determinations by these methods is the selection of an excellent antibody. The production and selection
of monoclonal antibodies is usually a tedious process. In this study, new strategies for improving
antibody production and characterization were applied. This includes the monitoring of the
immunization progress in mice through antibodies extracted from feces, which allows a time-resolved
and animal-friendly monitoring of the immune response. Additionally, fluorescence polarization
immunoassay (FPIA) could be successfully applied for fast and easy examination of cell culture
supernatants and the investigation of antibody/antigen interactions including kinetics and fluorescence
properties. These methods simplify the selection of the optimal antibody. As a target analyte,
carbamazepine was chosen. This is a widely used antiepileptic drug which also frequently occurs in the
environment. The new antibody enables CBZ determination in the concentration range 0.66-110 pg L™*
within 10 min using a high-throughput microtiter plate-based FPIA, and between 1.4 and 79 pg L™t

within 5 min applying an automated cuvette-based FPIA instrument, and from 0.05-36 ug L™* using
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Accepted 12th August 2016 ELISA. The measurements were performed at a non-equilibrium state which improved the sensitivity and

selectivity of the assays. Due to low cross-reactivity especially towards the main CBZ metabolite and
DOI: 10.1039/c62y01968d other pharmaceuticals (<1%), this antibody gives the opportunity for application in medical and

www.rsc.org/methods environmental analyses.

Introduction represents a fast alternatlYe. This assay belongs to.the group of
homogeneous assays, which means that no washing steps are
Immunoassays are bioanalytical methods that are based on the required. Additionally, FPIA usually only requires one short
high specificity of the binding between an antibody and its incubation step of a few minutes. The principle of this assay has
antigen. Usually these methods are performed on 96-well been described in detail many times."
microtiter plates (MTPs) and thus they are characterized by The prerequisite for a sensitive and accurate determination
a very high throughput. The most commonly used immuno- with immunoassays is the availability of a highly selective
assay is the enzyme-linked immunosorbent assay (ELISA), antibody with high affinity to the target analyte. Therefore,
which belongs to the group of heterogeneous assays and shows a thorough characterization of new antibodies is required.
very high sensitivity. But this assay includes long incubation The common protocol for the production of monoclonal
steps (0.5-2 h), an overnight coating step and several washing antibodies starts with the immunization of one or more mice.
steps. The fluorescence polarization immunoassay (FPIA) The blood of the mice is examined by ELISA to check the
presence of anti-analyte specific antibodies. This practice is
painful for the animals because usually the blood sample is
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. ) ) long time intervals. This makes it impossible to find the best
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moment for re-immunization or the termination of the immu-
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10.1039/c6ay01968d nization process. A more time-resolved method is therefore
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desirable. Carvalho et al. showed that the extraction and eval-
uation of antibodies from mouse feces is a good alternative to
serum screening.® Additionally, this allows a time-resolved
evaluation of the immunization progress without hurting the
animals. After several boosts, the mouse presenting the highest
level of anti-analyte antibodies is selected for further steps of
antibody production.

Next, spleen cells from the selected mouse are fused with
myeloma cells as described by Kohler and Milstein.* After the
fusion, the cell culture supernatants have to be tested in order
to decide which hybridoma cells are producing the best
antibody. This screening is usually performed by ELISA,
which is very time-consuming due to long incubation times.
As a fast alternative, FPIA could be used as the screening
method. The applicability of FPIA to antibody-enriched
medium has been already shown by Kolosova et al.® Addi-
tionally, FPIA can be used for the characterization of antibody
properties.®

As the target analyte, carbamazepine (CBZ) was chosen. This
is an antiepileptic drug, which is widely used in the treatment of
trigeminal neuralgia, and grand mal seizures. It can also be
used for the treatment of psychiatric disorders, e.g. bipolar
disorder or borderline personality disorder.” The main meta-
bolic pathways of CBZ in humans and the distribution of
extracted CBZ were summarized by Bahlmann et al® During
human metabolism, mainly 10,11-epoxy-CBZ (Ep-CBZ) is
formed. This intermediate is then enzymatically hydrolysed to
10,11-dihydro-10,11-dihydroxy-CBZ (DiOH-CBZ), which repre-
sents the major part of excreted CBZ.

Due to the widespread use and a low degradation rate in
wastewater treatment plants, CBZ is often used as a marker for
wastewater input into surface and groundwater.”'* When CBZ
enters surface water, it can reveal negative effects on the health
status of aquatic organisms.™*> Additional treatment steps
like ozonation would improve the degradation rate in waste-
water treatment plants.’>'* Therefore, CBZ can be seen as
a marker for the elimination efficiency of wastewater treat-
ment plants.™

ELISAs have been developed for CBZ and have been
successfully applied to water samples.”>'® FPIA for the
determination of CBZ in serum is already used' and the
application of this kind of assay to surface water samples has
been recently described.'® Previously described CBZ immu-
noassays were performed with a monoclonal anti-CBZ anti-
body, which showed high cross-reactivity (CR) against CBZ
metabolites and related compounds, but also to the antihis-
taminic drug cetirizine which is not structurally close to
CBZ.>?° This leads to overestimations of CBZ levels in water
samples, especially during the hay fever season, when the
antihistamine is present in waters. To avoid this effect, a new,
more selective monoclonal antibody against CBZ was
desirable.

The goal of this work was to manage to produce a new highly
specific monoclonal anti-CBZ antibody via improved strategies
using animal-friendly and time-efficient methods for the
monitoring of the immunization progress, the antibody selec-
tion and the antibody characterization.
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Materials and methods
Reagents and materials

All solvents and chemicals were purchased from Sigma-Aldrich,
Merck KGaA, Serva, Mallinckrodt Baker and Toronto Research
Chemicals Inc. in the highest available quality. The FP tracer
CBZ-triglycine-5-(aminoacetamido)fluorescein (CBZ-AAF) was
previously synthesized."”® CBZ-triglycine and the tracer for
ELISA, CBZ-triglycine-horseradish peroxidase (CBZ-HRP) were
previously prepared by Bahlmann et al.'® CBZ-triglycine-oval-
bumin (CBZ-OVA) was prepared following the same proce-
dure.” For the preparation of buffers and solutions, ultrapure
water from a Milli-Q® Reference water purification system from
Millipore was used. The compositions of the phosphate buff-
ered saline (PBS) buffer, PBS-based washing buffer, sample
buffer, citrate buffer, and 3,3’,5,5'-tetramethylbenzidine (TMB)
solution were described previously.*

During synthesis of the immunogen, a thermomixer
compact (Eppendorf) was used. PD-10 desalting columns (GE
Healthcare) were used for the purification of the immunogen.
Matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS) measurements using a Bruker
Reflex II instrument (Bruker Daltonik) were carried out to
determine the coupling ratio of the immunogen. 96-well clear
UV-Star MTPs (Greiner Bio-One) were used for fractionating the
synthesized immunogen. Clear high-binding and black non-
binding 96-well MTPs from Greiner Bio-One were employed for
ELISA and FP measurements, respectively. All assay incubation
and shaking steps were performed on a plate shaker Titramax
101 from Heidolph (750 rpm). The MTPs for ELISA were washed
using an automated plate washer from BioTek. For the
measurements of absorbance (ELISA) and fluorescence polari-
zation (FPIA), eon and Synergy H1 plate readers from BioTek
were used, respectively. Both were controlled by the software
Gen5 (BioTek). FPIA in cuvettes was performed on a filter-based
aokin spectrometer FP 470 (aokin AG). The system was
controlled by the aokin software mycontrol™. The excitation
wavelength was fixed at 470 nm, and the emission was
measured at 520 nm. The fluorescence intensities at perpen-
dicular and parallel polarizer settings were measured simulta-
neously and continuously (kinetic measurement). For
automated measurements, an aokin liquid handling worksta-
tion (LHW), which can be connected to the spectrometer, was
used.

Immunogen synthesis

The N-hydroxysuccinimide (NHS)/N,N'-dicyclohexylcarbodiimide
(DCC) activated ester method was used for the synthesis of the
immunogen CBZ-triglycine-bovine serum albumin (CBZ-BSA).
For this, 6.8 umol of the hapten CBZ-triglycine were dissolved in
50 pL dimethylformamide (DMF). Then 20 uL of NHS (46.5 g L™"
in DMF) and DCC solution (83.5 g L' in DMF) were added. The
mixture was shaken for 18 h in a thermomixer at 22 °C and 700
rpm. Then the reaction mixture was centrifuged for 10 min at
20 °C and 14 000 rpm, in order to separate the solution from the
precipitate formed. BSA (6.0 mg) was dissolved in 600 pL of
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a 0.27 mol L' sodium hydrogen carbonate solution. Into that
solution, small volumes of the activated ester solution were
added every few minutes (12 x 5 uL). Between the pipetting steps,
the reaction mixture was shaken in the thermomixer. After in
total 60 pL of the activated ester was added to the BSA solution,
the mixture was shaken for 4 more hours at 22 °C and 700 rpm.

The conjugate was purified using a PD-10 desalting column.
The column was first equilibrated with 25 mL 1 : 10 diluted PBS
buffer (pH 7.6). Then the reaction mixture was applied to the
column and was then eluted with 7.5 mL of the diluted PBS
buffer. The fractions were collected in a MTP (three drops per
well) and the absorbance was measured at 280 nm with
a reference wavelength of 620 nm. The fractions with an optical
density (OD) higher than 0.5 were collected.

The collected fraction was applied on a Zeba™ spin micro-
desalting column. A dihydroxyacetophenone (DHAP) matrix was
used for MALDI-TOF-MS measurements. Masses of 66 454 and
76 635 Da were determined for the BSA and CBZ-BSA conjugate,
respectively. CBZ-triglycine minus water has a mass of 390 Da.
Consequently, the mean coupling ratio was 26 molecules of
CBZ-triglycine per BSA molecule. The protein concentration of
the CBZ-BSA (3.2 g L™ ') was determined using a Bradford assay
as described before.”***

Antibody production

The production of the anti-CBZ antibodies including the
immunization, fusion, cultivation, purification and subisotyp-
ing was performed at hybrotec GmbH (Potsdam, Germany). All
animal experiments were conducted in accordance with animal
ethical care regulations and with German law after approval of
the experiments with live subjects by the respective committee,
LUGV (Landesamt fiir Umwelt, Gesundheit und Ver-
braucherschutz), Abteilung Verbraucherschutz, Referat V3,
Seeburger Chaussee 2, 14476 Potsdam. For the immunization of
three Balb/c mice (mouse 1-3), the immunogen CBZ-BSA was
used. For the first injection, 100 pg of the conjugate with
Freund's adjuvant were used for each mouse. After 42 days,
another 50 ng were injected. Blood samples were tested 48 days
after the first injection. The mouse with the highest antibody
titer, determined by indirect ELISA using CBZ-OVA, was chosen
for the production of monoclonal anti-CBZ antibodies. Only
a few CBZ calibrators were used to verify the recognition of free
CBZ by the antibodies present in the serum samples. After
another CBZ-BSA injection (day 112), spleen cells of this mouse
(mouse 1) were fused with myeloma cells 116 days after the first
immunization.

The resulting hybridoma cells were cultivated in eight 96-
well MTPs. The presence of anti-CBZ antibodies was tested for
the supernatants of all these clones with an indirect, competi-
tive ELISA. Therefore, ultrapure water was used as the “cali-
brator” to test for the presence of anti-hapten antibodies.
Additionally, one calibrator with a high CBZ concentration was
used to verify the binding of free CBZ by the antibody. 14 clones
showed a reaction with CBZ-OVA and five of them gave
a reasonably high signal. For these antibodies, a significant
inhibition by free CBZ was observed. For further investigations,
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0.1% sodium azide was added to the supernatants of the five
selected clones. After additional testing, these clones were
further cultivated and purified through a protein A column and
the subclasses for each of these antibodies were determined (all
subisotype 1gG1).

The purified antibodies were stored at —20 °C after adding
different amounts of glycerol, depending on the antibody
concentration. Too low concentrations should be avoided. In
general, 50% of glycerol were added, but due to lower concen-
trations of antibodies from clone 2 and 4, only 25% glycerol
were added so that all concentrations were higher than 400 mg
L' for long-term storage.

Feces screening

Feces samples of all three mice were collected from day 11 after
the immunization and then every 7 days. The samples were
stored at —20 °C until analysis. The antibodies from these
samples were extracted by dissolving the feces in extraction
buffer (1.5 mL extraction buffer per 0.1 g feces). The extraction
buffer was prepared by dissolving 1% BSA, 1% NaN; and 2
tablets protease inhibitor cocktail tablets (Roche) in 100 mL PBS
buffer. The mixtures of extraction buffer and feces were shaken
for 23 h in centrifugation tubes on a shaking table with 80 rpm
at room temperature. Afterwards the mixtures were centrifuged
two times for 10 min at room temperature. The supernatants
were used to analyze the content of anti-CBZ specific antibodies
using direct, competitive ELISA as described later on. Instead of
monoclonal anti-CBZ antibodies, the undiluted feces extracts
were used. When enough extract was present, a triplicate
determination was performed. Unfortunately in some cases not
enough feces could be collected and therefore not enough
extract could be produced. For some samples, only a single or
duplicate determination could be performed.

Direct competitive ELISA

For direct, competitive ELISA, each well was coated with 200 pL
anti-mouse IgG antibody (polyclonal, sheep, Cat.-no. R1256P,
lot 21481, Acris Antibodies) at 1 mg L™" in PBS buffer. MTPs
were covered with Parafilm® M and shaken at 750 rpm for 18 h.
The MTPs were then washed three times with an automatic
plate washer using a PBS-based washing buffer.

Then 200 pL of the respective anti-CBZ antibodies were
added to each well and incubated for 1 h. For the feces
screening, undiluted feces extracts instead of the monoclonal
antibody dilutions were used. For investigations of cell culture
supernatants, different dilutions of supernatants were used, so
that the upper asymptote was comparable for all clones. The
fully optimized assay described here uses the antibody from
clone 1 diluted in PBS buffer at a concentration of 7.5 pg L.

After another washing step, 150 pL of different calibrators
were added to the respective wells. For the comparison of the
sensitivity of the antibodies, only CBZ calibrators were used. For
the determination of CRs, calibrators of the different CBZ-
related substances were used. Directly after adding the cali-
brators, 50 pL of the CBZ-HRP conjugate diluted in sample
buffer (8.3 pug L™, pH 9.5) were added. For feces screening and
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investigations on cell culture supernatants, a higher tracer
concentration of 16.6 ug L™ was chosen. After a 30 min incu-
bation period and another washing step, the TMB substrate
solution was added. This solution was prepared according to
the following protocol:*® 21 mL citrate buffer with 8.1 pL
hydrogen peroxide (30%) and 525 pL TMB solution were mixed
and 200 pL were added to each well. The reaction was stopped
after 30 min by adding 100 pL of 1 mol L' sulfuric acid.
Absorbance was measured at 450 nm and referenced to 620 nm.

The precision profile was determined by measuring 16 CBZ
calibrators in sixtuplicate. For calculations, the software Origin
9.1G (OriginLab) was used. As described by Ekins, the relative
errors of concentration were calculated.> The concentrations
with a relative error of lower than 30% were defined as the
measurement range. This value was chosen following the three
sigma criterion as described previously.*

FPIA on MTP

For the homogeneous assay on MTPs, 280 uL borate buffer (2.5
mmol L~ " disodium tetraborate decahydrate, 0.01% sodium
azide, pH 8.5) with 0.01% Triton™ X-100 were pipetted into
each well. After adding 20 pL of calibrators, a background
measurement was performed with excitation at 485 nm and
emission at 528 nm (using a polarizer at parallel and perpen-
dicular settings). 20 pL of the tracer CBZ-AAF, 1:40 000,
diluted in a PBS-based tracer stabilization buffer,'® was added to
each well and shaken for 5 min. Then 20 pL of anti-CBZ anti-
body in a PBS-based antibody stabilization buffer'® were added.
For the final assay, 20 pL of the antibody from clone 1 (375 pg
L") were used. After 10 min of shaking, the fluorescence
intensities were measured with the settings described above.

The total fluorescence intensities were determined as the
sum of the parallel and double perpendicular intensity. The G
factor was set to 1.0. The fluorescence intensities at perpen-
dicular and parallel polarizer settings from the background
measurement were subtracted from the respective values. These
background-corrected values were then used for the calculation
of the degree of polarization. The precision profile for clone 1
was determined as described for ELISA.

FPIA in cuvettes

For the examination of the cell culture supernatants with FPIA
in cuvettes, all steps were performed manually. First, 2 mL
borate buffer were pipetted into a round glass cuvette contain-
ing a stir bar. 100 pL ultrapure water was added instead of
calibrators. Then 100 pL of tracer dilution (1 : 20 000 in stabi-
lization buffer) were added. Afterwards, small volumes of the
cell culture supernatants were pipetted into the cuvette. The
degrees of polarization were corrected by the background
signals and the G factor (determined for each measurement)
and the degree of polarization of the free tracer was subtracted.

The calibration curve and precision profile of the selected
antibody (clone 1) were determined automatically using the
LHW. All volumes were adapted from the manual measurement
described above, besides the calibrator (here: 200 puL) and the
antibody. Here, 100 pL of a dilution of the purified antibodies of
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clone 1 (1500 pg L™') in stabilization buffer were used. All
calibrators were measured in triplicate. The G factor was fixed
at 1.10.

Cross-reactivity

The CR of twelve substances was determined with ELISA and
FPIA on MTPs: 10,11-dihydro-CBZ (DiH-CBZ), Ep-CBZ, oxcar-
bazepine (Ox-CBZ), DiOH-CBZ, 10,11-dihydro-10-hydroxy-CBZ
(10-OH-CBZ), 2-hydroxy-CBZ (2-OH-CBZ), 3-hydroxy-CBZ (3-OH-
CBZ), CBZ-triglycine, iminostilbene, opipramol dihydro-
chloride, loratadine and cetirizine (CET). Each cross-reactant
was determined in triplicate on each MTP and on two MTPs.
The molar CRs were determined dividing the molar test
midpoint of CBZ by the molar test midpoint of the cross-reac-
tant. The CR towards 2-OH-, 3-OH- and DiH-CBZ was addi-
tionally determined on one MTP for ELISA at pH 8.5 (pH of the
sample buffer was varied). The CR of DiOH-CBZ, 2-OH-CBZ and
CET was also determined on one MTP for cell culture super-
natants from clone 1-5 using ELISA.

Results and discussion
Immunization progress via feces testing

Usually, the production of analyte-specific antibodies in mice is
monitored by collecting and analyzing blood samples. This
painful procedure can be replaced by analysis of feces, in which
antibodies can also be found. Additionally, this kind of samples
can be collected more frequently than blood samples.

The feces from all three immunized mice were collected
every week and antibodies from mice feces were extracted. With
the undiluted extracts, calibration curves were set up with
direct, competitive ELISA. The maximum absorbance as
a measure for the antibody titer and the test midpoint as an
indicator for affinity were determined (Fig. 1). The immune
response of the three mice differed considerably. After the
immunization, nearly no signal could be detected for mouse 2,
i.e. almost no anti-CBZ antibodies were found in the feces of
this mouse; i.e. this mouse did not produce anti-CBZ antibodies
until the first boost. In feces of mice 1 and 3 an increasing
antibody titer was observed even before the first boost (Fig. 1a).
Moreover the affinity increased strongly (lower test midpoints)
before the second dose of the immunogen was administered to
the mice (Fig. 1b).

The maximum absorbances for all three mice decreased after
having reached their maxima after the first boost. But the test
midpoints stayed almost constant at their lowest levels. So the
reached affinity seems not to deteriorate again, even when there
is no new contact with the immunogen for a while.

For the blood samples collected 48 days after the immuni-
zation, the maximum absorbance of different dilutions was
determined with indirect ELISA (performed at hybrotec). Blood
from mouse 2 showed also the by far lowest absorbance for all
dilution factors. Mouse 1 and 3 showed values in a similar
range, the results for mouse 1 being a little bit better. To get an
estimate of the binding strength of the antibodies from the sera
for free CBZ, a few CBZ calibrators were used during these

This journal is © The Royal Society of Chemistry 2016
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are indicated.

experiments. For all blood samples, recognition of free CBZ by
the antibodies from sera was observed.

The tendencies of the results from blood and feces screening
were in accordance with each other, while much more infor-
mation can be obtained using the feces method and this
without hurting the animals. A direct comparison of both
methods is not possible because two different methods were
used (direct and indirect ELISA) and the antibody concentra-
tions in blood samples are usually much higher than those in
feces extracts.

In a previous study, only the comparability of feces and
blood sampling on one specific day was studied.® Here, it could
be shown that also the development of antibodies in the course
of time can be monitored by this method. Mouse 1 was finally
selected for spleen removal and fusion of B-cells with myeloma
cells.

Characterization of antibodies in cell culture supernatants by
FPIA

The supernatants of hybridoma cells (8 x 96) were tested with
an indirect ELISA (performed at hybrotec) and the five best
clones, showing the highest signals, were selected. All these
clones showed also an inhibition by CBZ. The properties of
these antibodies in cell culture supernatants were investigated
with FPIA. Therefore the assay was performed in cuvettes with
an instrument which allows the kinetic observation of the
tracer/antibody reaction.? Different buffers were tested to select
the optimum conditions for FPIA measurements with the
selected cell culture supernatants: carbonate buffer pH 9.6,
sample buffer pH 9.5, Tris buffer pH 8.5, borate buffer pH 8.5
and PBS buffer pH 7.6. Only buffers with neutral to alkaline pH
values were selected because the fluorescence intensity of the
fluorescein tracer decreases considerably under acidic condi-
tions. For all clones, besides clone 2, borate buffer led to the
highest degree of polarization values using the smallest volume
of the supernatant. For clone 2, carbonate buffer led to the best
results. For a better comparability, borate buffer was used for
further experiments.

This journal is © The Royal Society of Chemistry 2016

The maximum degrees of polarization (P.x) for different
supernatants were determined by adding continuously small
amounts of supernatant to the buffer containing the CBZ-
fluorescein tracer (Fig. 2a). For clone 1, Py,, was already
reached after adding 2 pL of the supernatant. For the other
clones, Py,,,x Was not reached until 20 pL (clone 2) or 30 pL (clone
3-5) of supernatant had been added. Py, of clone 1 with 280
mP was much higher compared to that of all other supernatants
(100-140 mP). So the by far highest affinity towards the tracer
was observed for the antibodies in the supernatant of clone 1.

The supernatants showed an intense color due to phenol red
that is contained in the cell culture medium used. Therefore it
was expected that the fluorescence intensity would increase the
more supernatant was added to the assay. This was the case for
clones 1, 3 and 4, but not for clones 2 and 5 (Fig. 2b). Here,
a first strong decrease of the fluorescence intensities was
observed before the intensities increased again. This means
that the antibodies in the supernatants significantly reduced
the fluorescence intensity of the tracer. After adding a certain
volume of the supernatant, the fluorescence intensities
increased again due to the high amount of phenol red. So for
purified antibodies, it is expected that the fluorescence intensity
does not increase again. This can have negative effects on FPIA
performance because the measured values are fluorescence
intensities and based on them the degree of polarization is
determined. So if the measured intensities are low, the relative
error increases and therefore also the error of the determined
degree of polarization becomes larger.

Another interesting issue is the kinetics of the tracer/anti-
body interaction. Usually this reaction is finished within a few
hundred seconds, e.g. for a previously described caffeine FPIA
using the same instrument, the equilibrium was reached after
100 s.*® Here, similar reaction times were observed: 100 s for
clones 3 and 5, and 200 s for clones 2 and 4 (exemplarily shown
for clone 4 in Fig. 3). Antibodies from clone 1 showed a much
slower reaction with the tracer (1400 s, Fig. 3). But much less
supernatant is necessary to reach a much higher degree of
polarization than for all other supernatants. Using FPIA, a lot of
information about the properties of the antibody, e.g. influences
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Fig. 3 Kinetic measurements of degrees of polarization of superna-
tants from clones 1 (black line) and 4 (blue line); the amount of
supernatant addition for each clone is given in the figure (in pl)
(explanation of the signal drops and peaks: when the supernatant was
added to the assay, the pipette was within the optical pathway and
therefore the degree of polarization changed rapidly for a short time).

on the fluorescence of the tracer like quenching or enhance-
ment, and the kinetics of the antigen/antibody interaction can
be obtained already at this stage of antibody production.
Therefore the implementation of this fast method for cell
culture supernatant screening can simplify the selection of the
antibodies with optimal properties for the desired application.
CR of the antibodies in cell culture supernatants was deter-
mined by direct, competitive ELISA for some selected cross-
reactants. DiOH-CBZ is the main metabolite of CBZ and is
therefore frequently found in wastewater in high concentra-
tions. Compared to the structure of CBZ, this substance shows
a change in the central, nitrogen-containing ring. To investigate
the influence of changes of other parts of CBZ, CR against 2-OH-
CBZ was determined. 4.3% of CBZ are excreted as 2-OH-CBZ.®
Cetirizine was chosen because it was one of the main cross-
reactants of the previously used monoclonal anti-CBZ antibody,
although CET is not structurally closely related to CBZ.*>*°

6888 | Anal. Methods, 2016, 8, 6883-6894

Here, only semi-quantitative statements can be made,
because these results were only produced to simplify the choice
of the right antibody. All antibodies (from supernatants)
showed very low CR (<1%) against DiOH-CBZ and CET. For the
latter, antibodies from clone 5 showed a higher CR of approxi-
mately 8%. This is still a much lower CR than the one the
previously used antibody showed towards this pharmaceu-
tical.’® Nevertheless this would lead to an overestimation of CBZ
determination in water samples. For 2-OH-CBZ, comparable
CRs were observed for all antibodies (10-15%) except clone 2
(ca. 45%). It is noticeable that, with two exceptions, all CRs of
the antibodies were similar for at least the three tested cross-
reactants.

Characterization and comparison of purified antibodies

After the purification of the selected antibodies, the best anti-
body was to be carefully chosen. The FPIA on MTPs was used for
this evaluation because more measurements can be performed
simultaneously. First, different amounts of antibody (constant
volumes of antibody dilutions were used with different dilution
factors) were added to a constant amount of tracer in order to
determine P, (ESI, Fig. Slaf). Clone 1 showed the by far
highest P,,ax (285 mP) and the lowest amount of antibody had to
be employed (160 ng) to reach this level. This P,y is in good
agreement with the value obtained before for the antibodies
contained in the hybridoma supernatants. For the other anti-
bodies, higher P,,.x values were obtained compared to the ones
obtained for the respective supernatants (150-220 mP). For
some antibodies, Pn,x was not completely reached using
1000 ng antibody per measurement.

Total fluorescence intensities decreased for all antibodies
after the addition of the antibody doses (ESI Fig. S1bt). The
fluorescence intensities showed only slight decreases when
clone 3 (29%), 1 (22%) or 4 (21%) was used. However, the
antibodies from clones 2 and 5 led to significant decreases of
fluorescence intensity of 69 and 68%, respectively. The contrary
effect was observed by Tan et al.*® They found that the binding
of the tracer to the antibody increased the fluorescence intensity

This journal is © The Royal Society of Chemistry 2016
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of the tracer. They used this effect and developed a homoge-
neous increasing fluorescence immunoassay (HiFi). They sug-
gested that the fluorescence of fluorescein is quenched due to
the coupled analyte (tetrahydrocannabinol). When the analyte
part of the tracer is obscured due to the binding to the antibody,
the quenching effect is eliminated and the fluorescence inten-
sity increases. In our study, the opposite effect was observed.
That means that the fluorescence of fluorescein is not quenched
due to the coupled analyte. But the interaction with the anti-
body quenches the fluorescence intensity of the tracer. A reason
could be that the conformation of CBZ is changed by the
binding to the antibody. Eisold et al. observed both effects:*” two
antibodies were compared that were produced in the same
immunization process against a fluorophore: one antibody
enhanced and the other antibody quenched the fluorescence
intensity of the fluorophore. The idea of developing a homoge-
neous decreasing fluorescence immunoassay using clone 2 or 5
was not pursued in this study because first experiments with
CBZ calibrators showed that the sensitivity of this assay would
be quite low.

The results obtained for the purified antibodies are in good
agreement with the assumptions made after the initial exami-
nation of the supernatants. As described above, a too strong
decrease of the measured values would increase the measure-
ment uncertainty. The tracer concentration could be increased
to compensate the effect observed for clones 2 and 5. But this
would lead to a reduction of the assay sensitivity. Additionally,
first studies on CR performed with the supernatants showed
higher non-specific binding for these antibodies. Calibration
curves determined for ELISA confirmed that these two anti-
bodies lead to less sensitive methods for the determination of
CBZ than the other antibodies. Taking all this together into
account, these two antibodies are not suitable for the develop-
ment of a CBZ FPIA and therefore were not taken into consid-
eration for further evaluation.

The studies on the cell culture supernatants already showed
that the reaction times of the antibodies with the tracer vary
considerably for different antibodies, especially for clone 1,
where it took very long to reach the equilibrium. All other
supernatants showed a quite fast reaction. This could be
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confirmed for purified antibodies using FPIA: for assays on
MTPs, the reactions were finished within 5 min for clones 3 and
4, whereas clone 1 did not reach equilibrium before 30 min
incubation time. For the standard assay procedure on MTPs,
10 min was chosen as the incubation time because it was well
reproducible for the procedure of FPIA on MTPs even so as
requiring shaking and transfer to the multimode plate reader.
Additionally, a longer incubation time would be counterpro-
ductive with regard to one of the main advantages of FPIA: the
quickness.

Calibration curves for the three remaining antibodies were
determined on MTPs. For this the same amount of tracer was
used and the antibody concentrations were optimized so that
the dynamic range (the distance between upper and lower
asymptotes of the calibration curve) was in a similar range of
130 + 10 mP (ESI Fig. S2}). Under these conditions, a good
comparability of the curves could be ensured. It should be
mentioned that for clone 3 the highest amount of antibody had
to be used per measurement (200 ng) to reach the desired
dynamic range. Using clone 1, less than one tenth of the
amount used of clone 4 was necessary to reach the desired
dynamic range (7.5 instead of 86 ng per measurement, respec-
tively). The assay using antibodies from clone 1 showed the best
sensitivity with a test midpoint of 7.93 pg L™, whereas clones 3
and 4 showed similar test midpoints of 170 and 137 pg L™,
respectively. With regard to sensitivity and the usually most
expensive reagent of FPIA, the antibody, clone 1 was chosen for
further antibody production and development of FPIA
applications.

In addition to the careful examination for their use in FPIA,
the antibodies from our clones were compared for their
employment in direct competitive ELISA. Again the antibody
from clone 1 showed the lowest test midpoint and therefore the
highest measurement sensitivity. Consequently, this antibody is
our choice also for its application in ELISA.

Characterization of the selected antibody (clone 1)

Time dependency. The selected antibody from clone 1
showed a slow reaction with the tracer. Calibration curves of
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different antibody dilutions (given as mass added per
measurement for a better comparability to other formats) over
a time range of 120 min were determined on MTPs. The
maximum upper asymptote is dependent on how much anti-
body is used for the assay (Fig. 4a). 15 ng of this antibody was
sufficient to reach almost Py,,x. When less antibody was used,
the values were much lower. The highest upper asymptote of
each antibody dilution was reached between 30 and 60 min.

The calibration curve for one antibody dilution (15 ng puri-
fied antibody per measurement) was recorded after different
times: 5, 10, 20, 30, 60, and 120 min (Fig. 4b). The upper
asymptote increased from 168 mP to 274 mP. After 30 min
incubation time, the upper asymptote did not increase any
more whereas the test midpoint still increased after 30 min
from 24 ug L™, over 42 pg L™ " after 60 min, up to 58 pg L ™" after
120 min. The time-dependent increase of the test midpoints
was also strong at shorter incubation times: the test midpoint
increased from 12 pg L™ " after 5 min, to 13 pug L™ " after 10 min,
up to 19 pg L™ " after 20 min. Therefore the compliance to the
defined incubation time is very important. The effect of
increasing test midpoint over incubation times was previously
observed for ELISA for polyclonal®® and monoclonal antibodies,
whereas the effect was stronger for polyclonals.*

The time dependency of the antibody reaction with the
enzyme tracer was also studied by direct ELISA. Calibration
curves were recorded after 15, 30, 45 and 60 min tracer incu-
bation time. Here, the dynamic range increased from 0.35 up to
1.3 OD. The test midpoint varied only between 0.17 and 0.25 pg
L™, whereby there was no clear time dependency visible. To
keep the assay time short, the incubation time of the ‘standard’
ELISA was kept (30 min).

The increase of the test midpoints for homogeneous assays,
especially after the highest degree of polarization being
reached, suggests that the antibody first reacts with the free
analyte, which is then slowly replaced by the fluorophore tracer.
For the heterogeneous assay the test midpoint does not
continuously increase over time, ie. the kinetics of antibody/
tracer and antibody/analyte interactions are similar to each
other. The interaction with both the analyte and enzyme tracer
is slow, but none of them replaces the other due to a longer

6890 | Anal. Methods, 2016, 8, 6883-6894

incubation time. For synthesis of fluorescein and enzyme
tracers, respectively, the same hapten had been used. So the
different kinetics towards the tracers may be induced by their
different size (fluorescein tracer 795 Da, enzyme tracer 44 900
Da"). It could also be possible that the slightly higher ratio of
hapten coupled to the enzyme of 1.5 £+ 0.3 ** compared to 1 : 1
coupling of hapten and fluorescein is the reason for the
different kinetics.

Characteristic parameters for CBZ FPIA on MTPs. The
measurement ranges of the assays were determined from the
evaluation of the precision profile, ie. the relative error of
concentration (Fig. 5a). For a higher sensitivity, only half of the
amount of antibody as described before was used for FPIA on
MTPs (7.5 ng per measurement). Due to the time dependency of
the chosen antibody, the characteristic parameters of the cali-
bration curve were determined after 10, 20, 30 and 60 min
(Table 1). The dynamic range and the test midpoint increased
over time as described previously. Consequently, the lower limit
of the measurement range also increased from 0.66 to 1.6 pg
L~ " the longer the incubation. The least sensitive measurement
range is comparable to the previously developed CBZ FPIA using
the same tracer, but a different antibody (test midpoint 13 pg
L', measurement range 1.5-310 pg L™ *).*® The upper limit of
the measurement range also increased. This gives the oppor-
tunity to measure an even wider concentration range, once after
10 min and if concentrations are too high at that moment, the
MTP can be measured again after 1 h.

The highest standard deviation for each curve was very low
with less than 8 mP. For a better comparability also to other
immunoassays, the standard deviations of the degrees of
polarization were normalized to the dynamic range. These
normalized values decrease over time due to the increasing
dynamic range. Nevertheless, the highest relative error was
determined to be 5.2%.

In previous publications, quality criteria for the evaluation of
immunoassays were defined including sensitivity, dynamic
range, slope, goodness of fit and measurement range.'**">*
Almost all these criteria were fulfilled for this assay at all
incubation times, besides some slopes at the test midpoints;
they should be 1.0 £ 0.1.>® The measurement ranges did also

This journal is © The Royal Society of Chemistry 2016
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Table 1 Characteristic parameters determined after different incubation times for antibodies from clone 1 under optimized conditions for CBZ
FPIA on MTPs including the dynamic range, slope, test midpoint (C), coefficient of determination (R%) and measurement range

Time Dynamic range Cc Measurement range
[min] [mP] Slope [ng L] R (g L]

10 123 0.85 6.2 0.998 0.66-110

20 155 0.93 7.7 0.999 0.68-98

30 176 0.88 9.7 0.999 1.3-150

60 200 0.94 17 0.998 1.6-380

not reach the requirement of the width of three orders of
magnitude that was stated for heterogeneous immunoassays.**
But it was already previously discussed that this value should be
reduced for homogeneous assays.” The measurement ranges
determined after different incubation times reached all more
than two orders of magnitude width, which is, compared to
other FPIAs, rather good.

Characteristic parameters for CBZ FPIA in cuvettes. For the
determination of a calibration curve and the respective preci-
sion profile for CBZ FPIA in cuvettes (Fig. 5b), higher amounts
of antibody from clone 1 had to be used (150 ng per measure-
ment). Reasons for this are the higher volumes of the reagents
that have to be used for this assay format and the higher
concentration of the tracer that was necessary to reach
a reasonable fluorescence signal on this instrument. Shorter
incubation times were chosen, because the mixing in cuvettes is
more efficient than on MTPs: in cuvettes, a stirring bar is used,
whereas the MTPs are incubated on plate shakers.

The tendencies over time of the different characteristic
parameters (Table 2) are similar to those determined for FPIA
on MTPs. Only the lower limit of the measurement range shows
a different behavior: it does not increase so much. Here, the
lower limit between the shortest and the longest incubation
increased by 6%, whereas it increased by 140% for FPIA on
MTPs. However, the upper limit of the measurement range
shows a higher increase in cuvettes. The width of the
measurement range reached almost three orders of magnitude
after 30 min and is therefore similar to ELISA. In general, the
FPIA on MTPs is slightly more sensitive and needs less antibody
than the same assay performed in cuvettes.

Besides the lowest CBZ calibrator, which showed a normal-
ized standard deviation of 6.4-10%, all other errors were lower
than 5.8% normalized to the dynamic range. Almost all char-
acteristic parameters were in good agreement with the previ-
ously defined quality criteria.

Characteristic parameters for CBZ ELISA. Under optimized
conditions, the precision profile and the characteristic param-
eters were determined for ELISA: dynamic range 0.86 OD, slope
1.0, test midpoint 0.32 pg L', coefficient of determination
0.999 and measurement range 49 ng L' to 36 ug L™'. CBZ
ELISA performed with a commercially available antibody and
the same substrate showed a comparable sensitivity with a test
midpoint of 0.15 pg L™ and a measurement range of 17 ng L'
to 20 pg L~ "% The highest standard deviation of the measured
value was 4.4%, normalized to the dynamic range. All require-
ments for heterogeneous immunoassay quality criteria
described by Grandke et al. were fulfilled.”

ELISA is approximately 20 times more sensitive than the
FPIA on MTPs regarding the test midpoint and the lower limit of
the measurement range is 14 times lower. At the same time, 5
times as much antibody is used for FPIA on MTP (7.5 instead of
1.5 ng per measurement). Nevertheless, the performance of
ELISA requires altogether 20 h, whereas for FPIA on MTPs the
same amount of samples can be determined in 20 min,
including all pipetting, incubation and measurement steps
(incubation time of 10 min).

Cross-reactivity of the selected antibody (clone 1). Under
optimized assay conditions, CRs of the antibody were measured
with FPIA and with ELISA for twelve substances, most of them
structurally related to CBZ (Table 3). For FPIA measurements,
the MTP format was used, because here more measurements
could be performed in a shorter time. For most of the cross-
reactants, the results from FPIA and ELISA are in good agree-
ment. Only some CRs showed differences between the results of
both methods, especially for 2-OH-, 3-OH- and DiH-CBZ. It was
suggested that this is a result of the different pH values used for
the competitive step for the two assay platforms. The effect of
different pH values on CRs was previously observed by Bahl-
mann et al.® Therefore the CRs for the three mentioned
substances were determined again for ELISA but this time at pH

Table 2 Characteristic parameters determined after different incubation times for antibodies from clone 1 under optimized conditions for CBZ
FPIA in cuvettes including the dynamic range, slope, test midpoint (C), coefficient of determination (R?) and measurement range

Time Dynamic range c Measurement range
[min] [mP] Slope [hg L™ R [hg L™

5 160 1.1 8.9 1.00 1.4-79

10 221 1.0 11 1.00 1.4-290

15 249 1.0 13 1.00 1.5-210

30 273 1.0 21 1.00 1.5-1200

This journal is © The Royal Society of Chemistry 2016
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Table 3 Molar CRs of the new antibody (clone 1) determined for FPIA
(10 min) and ELISA

CR FPIA CR ELISA

Cross reactant Chemical structure [%] [%]
CBZ Q N O 100 100
OJ\NHZ
DiH-CBZ 110 180
OJ\NH2
O
JA
Ep-CBZ 120 140
O)\NHZ
CBZ-triglycine Q N O Hof 94 120
N OH
A
H o
3,0
2-OH-CBZ N 50 15
OJ\NHZ
3-OH-CBZ Q N O 37 5.1
o%‘ OH
NH,
OH
10-OH-CBZ Q . O 3.0 4.1
O)\NHZ
Q
Ox-CBZ O N O 0.53 0.53
OJ\NHZ
HQ OH
DiOH-CBZ Q N O 0.07 0.07
OJ\NHZ
cl
Loratadine AN qo 0.05 0.04
_ 0
Wi
)
Opipramol O N\_\_ 0.01 0.02
\__/N_-\_OH
Cetirizine N/\ <0.01 0.01
O LN~ OH
cl o)
o)
Iminostilbene O N O <0.01 <0.01
H
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of 8.5 (sample buffer was used as described before, adjusted to
PH 8.5 instead of 9.5). For 2- and 3-OH-CBZ, the CR of ELISA at
pH 8.5 was more similar to FPIA than that at pH 9.5 (23 and
24%, respectively). For DiH-CBZ, an even higher CR of 226%
was determined.

Differences between CRs of single cross-reactants deter-
mined by FPIA and competitive ELISA were reported previously.
Kolosova et al. found that only CRs determined for a direct assay
differ from results of FPIA, whereas the results from indirect
ELISA were comparable with those of the homogeneous assay.*”
However, Xu et al. also found different CRs using FPIA and
indirect ELISA.**

CRs determined with ELISA using the cell culture superna-
tant and the purified antibody are in very good agreement: for
CET and DiOH-CBZ for both types of antibodies of clone 1 CR
was lower than 1%. The third tested substance, 2-OH-CBZ,
showed a CR of 13% for the supernatant and 15% after purifi-
cation of the antibody. So the results from supernatants can be
attributed also to the purified antibody when the same assay
type and assay conditions are used.

Due to the time dependency of the reaction noted for FPIA,
the CR was additionally measured after 10, 20, 30 and 60 min
incubation time (Fig. 6). For some cross-reactants, an increase
of the CR was observed over time: CET (<0.01 to 0.21%), CBZ-
triglycine (94 to 340%), Ep-CBZ (120 to 150%), and DiH-CBZ
(110 to 150%). Therefore the strict compliance of the incubation
time is very important, because a longer incubation time can
lead to higher overestimations. This effect was previously
observed for polyclonal antibodies: here, the CR increased with
longer incubation times or remained stable.”® For two cross-
reactants the antibody showed a decrease of the CR: DiOH-CBZ
(from 0.07 to 0.05%) and Ox-CBZ (from 0.53 to 0.47%). But these
differences are so small, that the benefit of a longer incubation
time is negligible. For further considerations only the values
after the standard FPIA incubation time of 10 min are taken into
account.

After passing the human body, the highest amount of CBZ is
excreted as DIOH-CBZ (32%).* This is the main metabolite of
CBZ, what makes it very valuable that the CR towards this
substance is lower than 1% (Table 3). For the metabolite imi-
nostilbene, also a very low CR was observed. CRs against other
pharmaceuticals like antihistamines (CET and loratadine), an
antidepressant (opipramol) and another anticonvulsant (Ox-
CBZ) are lower than 1%, too, and therefore negligible.

The CR against 10-OH-CBZ (3.0%) is negligible, especially
when taking into consideration the excretion of this compound
of less than 0.1%.® The CRs of 3- and 2-OH-CBZ are higher with
37 and 50%, respectively. Associated with the presence in
human excretion of 5.1 and 4.3%, respectively, only slight
overestimations are expected for the determination of CBZ in
water samples.?

CBZ-triglycine was used to synthesize the immunogen and
tracers for ELISA and FPIA. Therefore it was expected to show
a high CR (94%). There is no natural occurrence of this
substance. Although a high CR was found against DiH-CBZ
(110%), no overestimations are expected due to this compound,
because it occurs neither in human metabolism nor has it been

This journal is © The Royal Society of Chemistry 2016
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found in any kind of water sample.” The presence of Ep-CBZ
may lead to slight overestimations due to its high CR (120%).
The excretion of this substance is approximately one tenth of
the CBZ excretion (1.4% compared to 13.8%).%

Compared to a commercially available monoclonal anti-CBZ
antibody that has been used for the determination of CBZ in
environmental samples, CRs against CBZ-related substances
are in a comparable range.' CRs of the antibody presented in
this study are especially advantageous regarding other phar-
maceuticals. Loratadine and opipramol were recognized with
approximately 2% compared to CBZ by the commercially
available antibody (at pH 9.5)," whereas the new antibody
showed CRs lower than 0.1% against these two pharmaceuti-
cals. Especially beneficial is the low recognition of CET by the
new antibody. This antihistaminic drug with a strongly devi-
ating structure to CBZ was highly recognized by the commer-
cially available antibody with CRs up to 400%." Using the new
antibody, this pharmaceutical was not recognized by the anti-
body under the chosen assay conditions. Other structurally to
CET related pharmaceuticals like norchloreyclizine, hydroxy-
zine and cloperastine showed CR of 114, 41 and 13%, respec-
tively applying the commercially available antibody." Due to the
fact that CET was not or only slightly recognized by the new
antibody, it can be concluded that also these pharmaceuticals
will not or only to a negligible degree be recognized.

In summary, it can be said that the antibody only showed
CRs towards CBZrelated substances. The CRs towards

This journal is © The Royal Society of Chemistry 2016

substances with relevant concentrations in human metabolism
and consequently in water samples are mostly very low and
therefore the possibility for an accurate determination of CBZ in
these samples is given when this antibody is used.

Conclusion

The applicability of improved strategies for the production
and characterization of new monoclonal antibodies could be
successfully proven. It could be shown that examinations of
antibodies in feces and in conventional blood samples are
in good agreement. Feces screening is an animal-friendly
alternative to blood sampling and allows time-resolved
monitoring of the immune response. The properties of anti-
bodies from cell culture supernatants and purified antibodies
were determined using FPIA and ELISA. A good agreement
between these methods was found. Therefore the application
of FPIA should be considered for a more time-efficient cell
culture supernatant screening. Additionally, it could be
shown that the reaction time, binding properties and also
fluorescence quenching vary significantly between different
antibodies. All these antibody properties can easily and
rapidly be determined using FPIA for characterization of
purified antibodies, but also at the stage of cell culture
supernatant screening. The application of this homogeneous
assay would therefore simplify the selection of antibodies
with desired properties.
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Analytical Methods

A new monoclonal anti-carbamazepine (CBZ) antibody was
produced and characterized for the application in FPIA and
ELISA. With the finally selected antibody (clone 1), sensitive
immunoassays could be established. Using FPIA in cuvettes,
CBZ concentrations in the range of 1.4-79 pg L' can be
determined after an incubation time of 5 min and with a test
midpoint of 8.9 pg L™ ". This assay allows a fast and automated
CBZ determination of single samples. FPIA on MTPs allows
a simultaneous determination of 24 samples in a total assay
time of 20 min within the concentration range of 0.66-110 ng
L' and a test midpoint of 6.2 pg L™". With the ELISA format,
a more sensitive, but more time-consuming assay could be
developed; here, a measurement range of 0.05-36 pg L' and
a test midpoint of 0.32 pg L' could be reached. The CR of the
purified antibody was determined by ELISA and FPIA. Most of
the determined values are in good agreement, but for some
cross-reactants, the different pH values used for the assays
influence the CR. For DiH-CBZ, the kind of immunoassay
(heterogeneous and homogeneous) seems to influence the
binding affinity of the antibody. The antibody showed a high
time dependency of CRs and the assay performance including
characteristic parameters. Assay performance at the non-equi-
librium state improved the sensitivity and selectivity. In general,
the determined CRs indicate a good specificity of the antibody
and enable for future application in medical and environmental
analyses.

The antibody can be requested from the corresponding
author. It was assigned the ordering code BAM-mab 01 (CBZ).
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