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Abstract

We present a new application of the noncompetitive phage anti-immunocomplex assay (PHAIA)
by converting an existing competitive assay to a versatile noncompetitive sandwich-type format
using immunocomplex binding phage-borne peptides to detect the brominated flame retardant,
brominated diphenyl ether 47 (BDE 47). Three phage-displayed 9-mer disulfide-constrained
peptides that recognize the BDE 47—polyclonal antibody immunocomplex were isolated. The
resulting PHAIAs showed variable sensitivities, and the most sensitive peptide had a dose—
response curve with an SCsq (concentration of analyte producing 50% saturation of the signal) of
0.7 ng/ml BDE 47 and a linear range of 0.3-2 ng/ml, which was nearly identical to the best
heterologous competitive format (ICsq of 1.8 ng/ml, linear range of 0.4-8.5/ml). However, the
PHAIA was 1400-fold better than homologous competitive assay. The validation of the PHAIA
with extracts of house furniture foam as well as human and calf sera spiked with BDE 47 showed
overall recovery of 80-113%. The PHAIA was adapted to a dipstick format (limit of detection of
3.0 ng/ml), and a blind test with six random extracts of local house furniture foams showed that
the results of the PHAIA and dipstick assay were consistent, giving the same positive and negative
detection.
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Antibody-driven specificity and affinity have made immunoassays widely accepted
analytical tools for the detection of a variety of substances, including small-molecular-
weight analytes such as environmental contaminants, pesticides, pharmaceuticals, personal
care products, toxins, and hormones [1-3]. Immunoassays are generally categorized into one
of two functional formats: non-competitive sandwich type or competitive. Macromolecules
with two or more nonoverlapping epitopes can be detected by a non-competitive
immunoassay in which one antibody immobilized on the solid support captures the target
molecule and a secondary antibody conjugated with signal-producing molecules detects the
captured protein. In the case of small analytes, most of the antigen is buried in the antibody
binding pocket after binding; therefore, the analyte cannot be simultaneously recognized by
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a second antibody. For that reason, the competitive format has been the method of choice for
small molecule analytes.

The use of an antibody capable of recognizing an analyte-bound antibody enhances the
affinity and specificity of the primary antibody because of the formation of a ternary
complex, which translates into an improved noncompetitive assay with enhanced sensitivity
[4-8]. Although there have been efforts to produce these anti-immune complex antibodies
by immunization with analyte—antibody complexes, the method has rarely been successful.
In addition, polyclonal antibodies (PAbs) cannot be used as an immunogens for the anti-
immune complex antibody because of their heterogeneous nature. An alternative method,
called open sandwich assay, was recently introduced for the development of homogeneous
noncompetitive assays for small analytes [9-12], but the method relies on the use of
recombinant antibody fragments that must show a markedly different association of the light
and heavy chains in the presence or absence of the analyte, making it case specific.

To circumvent those limitations, we recently introduced the phage anti-immunocomplex
assay (PHAIA) technology for the development of noncompetitive assays for small analytes
[13,14]. Briefly, a phage-displayed library is selected (panned) using the analyte—antibody
immunocomplex as selector molecule, and the phage-borne peptides that are specific for the
immunocomplex, but bind inefficiently to the free antibody, are chosen. These phage clones
are used as secondary reagents in the development of the immunoassay, and the signal is
generated with an anti-phage antibody coupled to horseradish peroxidase (HRP). The assay
showed significantly enhanced sensitivity compared with a hapten-based competitive assay.
In addition, PHAIA is particularly useful in the case of PAb-based assays because it can be a
viable alternative to a heterologous competitive assay that involves the synthesis of
structural variants of the immunizing haptens to minimize the cross-reactivity of
immunoglobulin Gs (1gGs) to the competing hapten [15-17]. Moreover, the heterogeneous
nature of PAbs does not allow them to be used as immunogens to isolate anti-
immunocomplex antibodies.

Although several anti-immunocomplex phage peptides have been selected for monoclonal
antibodies (MADbs) [13,18,19], the method has been applied only to one PAb [14]. To
explore the possibility of further expanding the scope of PHAIA to PAb-based assays, we
developed a PHAIA using a PAb for a common congener of brominated flame retardants,
brominated diphenyl ether 47 (BDE 47). BDEs have been used intensively as flame
retardants in a variety of consumer products, including plastics, textiles, furniture, and
electronic devices, to reduce the risk of fire. Concerns have risen regarding the possible
dispersion of those compounds in the environment and their effects on human health through
exposure by dietary intake, breathing, or direct contact [20-22]. BDEs have been found in a
variety of environmental matrices [23,24]. Although instrumental analysis of BDEs, such as
gas chromatography (GC) and GC—mass spectrometry (GC-MS), give reliable and accurate
detection [25], such methods might not be suitable for rapid monitoring of a great number of
samples. Recently, we reported the development of the PAb-based enzyme-linked
immunosorbent assay (ELISA) for BDE 47 for screening human exposure and
environmental contamination [26]. The goal of the current study is to extend the scope of
our PHAIA technology by developing the PAb-based PHAIA for BDE 47 that provides
higher potential application to various detection systems. For this study, we used the protein-
A-purified PAb isolated for the BDE 47 ELISA. This article describes the selection of the
BDE 47-PAb immunocomplex binding peptide, development of a sensitive non-competitive
two-site sandwich assay, validation of the two assays using the extracts of house furniture
foams and human and calf sera, and adaptation to a simple dipstick format.
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Materials and methods

Materials

All reagents were of analytical grade unless otherwise specified. The synthesis of haptens
and production of antiserum for BDE 47 were reported previously [26]. BDE 47, BDE
congeners, and metabolites were purchased from AccuStandard (New Haven, CT, USA).
Mouse anti-M13 MAb-HRP and PD-10 desalting columns were purchased from GE
Healthcare (Piscataway, NJ, USA) and helper phage M13KO7 was purchased from New
England Biolabs (Ips-wich, MA, USA). A BCA Protein Assay Kit for the quantification of
purified antibody, a protein A affinity column for 1gG purification, and 3,3'-
diaminobenzidine were purchased from Pierce (Rockford, IL, USA). Bovine serum albumin
(BSA), polyethylene glycol 8000 (PEG 8000), Tween 20, 3,3',5,5"-tetramethylbenzidine
(TMB), and nickel chloride were obtained from Sigma (St. Louis, MO, USA).

Phage-displayed peptide libraries and biopanning

A random phage-displayed peptide library with an estimated diversity of 3 x 10°
independent clones was constructed on the phagemid vector p8V2 [27]. This is a disulfide-
constrained library expressing peptides of 7-11 random amino acid peptides flanked by two
cysteine residues and linked to the N terminus of the major pV11I phage coat protein through
a long glycine-rich spacer [GG-C(X)7/5C(GGGGS)3-]. For the selection procedure, 6 wells
of two Nunc—-Immuno plates were coated with protein-A-purified BDE 47 PAb (10 pg/ml)
in 100 pl of phosphate-buffered saline (PBS) for 1 h at 37 °C. After a blocking for a 1-h
incubation at 37 °C with 3% BSA in PBS, 150 pl of a phage library in BPBSM (1% BSA in
PBS containing 5% methanol [MeOH]) was added to the wells of the one plate. BPBSM
(100 pl) containing 100 ng/ml BDE 47 was added to the wells of the other plate. The plates
were incubated for 1 h at room temperature with gentle agitation using an orbital plate
shaker. The unbound phage peptides were transferred into the wells of the plate that had
been incubated with 100 ng/ml BDE 47 and washed with PBST (PBS containing 0.05%
Tween 20). The plate was incubated for 2 h at 4 °C with gentle shaking. The plate was
washed 10 times with cold PBST and shaken for 30 min at 4 °C with wells filled with
PBST. This procedure was repeated once more. Bound phages were eluted by 10-min
incubation with 100 pl of 0.1 N glycine-HCI (pH 2.2) per well and neutralized with 5.7 pl of
2 M Tris (pH unadjusted). Six hundred microliter of concentrated log-phage Escherichia coli
ARI 292 cells (Affymax Research Institute, Palo Alto, CA, USA) was infected with equal
volume of phage eluate by 30-min incubation at 37 °C and then grown in 20ml SOP medium
(Luria—Bertani [LB] medium containing 0.25% K;HPQOy, 0.1% MgSQOy, 0.1% glucose, and
100 pg/ml ampicillin) to an ODggg of 0.4. M13KO7 helper phage at a multiplicity of
infection of 10:1 was added. After a period of 30 min at 37 °C without shaking, arabinose
and kanamycin were added to final concentrations of 0.02% and 40 ug/ml, respectively, and
the cultures were incubated overnight at 37 °C with vigorous shaking. Phage from liquid
cultures was obtained by clearing the supernatants by centrifugation at 12,0009 for 15 min,
precipitated by adding 0.2 volumes of PEG-NaCl solution (20% PEG 8000 in 2.5 M NaCl)
on ice for 1 h, and centrifuged as above. Phage pellets were resuspended in 2 ml of sterile
PBS and titrated in ARI 292. A number of 1010 transducing units were used for the next
round of selection. The second and third rounds of panning were carried out using the
sample procedure described above except that the amounts of antibody coated in the second
plates, which were used for panning after counter selection of phages in the first plates, were
gradually reduced to 5 and 1 pg/ml for the second and third rounds of panning, respectively.
After three rounds of panning, serial dilutions of individual amplified phage clones were
tested for their ability to bind to the BDE 47-antibody immunocomplex by a phage ELISA.
Positive clones were further selected by checkerboard titration and submitted for DNA
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sequencing using the primer ON891 (tgaggcttgcaggggtc) (Division of Biological Sciences,
Automated DNA Sequencing Facility, University of California, Davis).

Screening of phage eluate for positive clones by phage ELISA

After three rounds of panning, microcentrifuge tubes containing 1 ml of ARI 292 cell culture
in 20 ml of LB (ODggg = 0.5 AU) were centrifuged at 5000 rpm for 5 min and then 900 pl of
medium was removed. Cell pellets were resuspended with 10 ul of diluted phage eluates,
and the tubes were incubated for 20 min at 37 °C. The infected cells were plated on LB agar
ampicillin and grown overnight. A total of 17 individual clones were picked and used for
inoculation of tubes containing 5 ml of SOP, and cells were grown with vigorous shaking at
37 °C. After cultures reached an ODggg of 0.4 AU, 10 ul of M13K07 helper phage at a
concentration of 1 x 101 transducing units/ml was added. Cultures were then incubated for
30 min at 37 °C without shaking to allow infection of the cells. Arabinose and kanamycin
were added as described above, and cultures were grown overnight with shaking at 37 °C.
The next day, the cells were pelleted by centrifugation at 10,000 rpm for 5 min and the
supernatants were used for screening. Phage ELISA for screening the phages that react with
the BDE 47-antibody complex was performed by the direct addition of 10 ul of supernatants
to wells coated with 1 pg/well protein-A-purified BDE 47 PAb with or without the addition
of 25 ul of 200 ng/ml BDE 47 per well. PBST was added to the final volume of 100 pl/well.

Preparation of concentrated phage peptide

PHAIA

Phage clones showing different signals in the presence or absence of BDE 47 were selected,
and individually amplified phage clones were obtained as described above. After two steps
of precipitation with PEG 8000-NaCl, the phage particles were suspended with 5 ml of PBS
that was supplemented with Complete Protease Inhibitor Cocktail (Roche Diagnostics,
Indianapolis, IN, USA) and sodium azide at 0.05%. The preparation was filtered (0.45 um)
and stored in aliquots at 4 and —80 °C.

ELISA plates were coated with protein-A-purified BDE 47 PAb at a concentration of 10 pg/
ml in PBS by incubation for 1 h at 37 °C. The amount of PAb for coating and the dilutions
of phage peptide were determined by the checkerboard titration method. The assay was
performed on plates coated with the optimized amount of antibody and blocked for 1 h at 37
°C with 3% skim milk in PBS. Next, 50 pl of serial dilutions of BDE 47 standard in PBS
containing 40% MeOH (PBSM) was mixed with a 1:4000 dilution of peptide (6.3 x 108
particles/ml) prepared in PBST, and then 100 pl of the mixture was added to the wells of the
plate followed by incubation for 1 h at room temperature. The plate was washed 10 times
with PBST, and 100 pl of anti-M13 phage MAb conjugated with HRP (1:5000 dilution in
PBST) was added. After a 1-h incubation and washing, the peroxidase activity was
developed by adding 100 pul of peroxidase substrate (25 ml of 0.1 M citrate acetate buffer
[pH 5.5], 0.4 ml of 6 mg/ml dimethyl sulfoxide [DMSO] solution of TMB, and 0.1 ml of 1%
H»0,), which was dispensed into each well. The enzymatic reaction was stopped after 15—
20 min by the addition of 50 ul of 2 M H,SQOy4, and the absorbance at 450 nm (corrected at
600 nm) was read in a microtiter plate reader (Molecular Devices, Sunnyvale, CA, USA).

Cross-reactivity

The specificity of the noncompetitive assay was characterized by determining its cross-
reactivity with structurally related BDE congeners in the range of 0-1000 ng/ml. Data were
normalized, and the compound concentration corresponding to the midpoint of the curve
(which corresponds to the concentration of analyte producing 50% saturation of the signal
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[SCsp]) was used to express the cross-reactivity of the assay according to the following
equation: % cross-reactivity = 100 x [SCgq (BDE 47)/SCsg (cross-reacting compound)].

Solvent effects

DMSO and MeOH were added to PBS to final concentrations of 0%, 10%, 20%, and 40%.
For assay, an adequate amount of solvent solution with serial dilutions of BDE 47 standard
was mixed with an equal volume of the phage peptides diluted in PBST. The rest of the
procedures are the same as those described above.

Matrix effect and assay validation

Calf serum was diluted with PBSM to final concentrations of 0%, 5%, 10%, and 20%. To
produce the dose—response curves, serial dilutions of BDE 47 standard prepared with each
concentration of serum solutions were mixed with an equal volume of phage peptide
solution diluted in PBST. The assay procedures are the same as those described above. The
slope and maximal signals of the dose-response curves were compared to evaluate matrix
effects. The PHAIA and dipstick format were validated by performing the recovery test and
blind test. House furniture foams with no BDEs were used as the control sample for the
recovery test. The sample extracts were spiked with BDE 47 standard. The calf and human
sera were spiked with BDE 47, and the samples were diluted with the assay buffer
containing control calf serum at 5%. The extracts of house furniture foams collected from
local houses were used for the blind test. The sample extracts were prepared following the
method established in this laboratory [26].

Dipstick assay

Results

Biopanning

For the dipstick assay, 2 pl of serial dilutions of protein-A-purified 1309 PAb in PBS was
spotted onto a 0.45-um nitrocellulose membrane (Bio-Rad Laboratories, Hercules, CA,
USA). After drying (~ 40-60 min) at room temperature, the membrane was blocked by
soaking in 5% skimmed milk in PBS for 40 min. After rinsing in PBST for 5 min, strips
were cut, dried, and kept at 4 °C until used. The assay was performed by dipping the
membrane strips for 30 min in PBS mixed with an equal volume of PBSM spiked with BDE
47 or sample extracts from house furniture foams. The strips were washed with PBST for 5
min by gentle agitation, and then the strips were incubated with anti-M13 MAb-HRP for 10
min (1:4000 dilution). After washing, the color of the HRP activity was developed using the
diaminobenzidine—nickel chloride substrate mix.

Fig. 1A is a schematic diagram of the PHAIA. The method requires the selective reaction of
the phage-borne peptide with the immunocomplex giving minimal to no reactivity with the
unbound antibody. Due to the small size of the peptide and the stringency imposed during
the selection process, this condition can be more easily accomplished than with the use of
anti-immunocomplex antibodies. Biopanning for the selection of anti-immunocomplex
phage-borne peptides was carried out employing the mixture of phage-displayed peptide
libraries with an insertion of 7-11 random amino acid sequences flanked by cysteine
residues that display circular peptide loops on the major coat protein (pVIII) of phage
particles. To obtain high-affinity phage peptides, we used stringent conditions during the
panning procedure. Phage peptide libraries were first counter selected by incubation in the
wells coated with BDE 47 PAb in the absence of analyte. Unbound phage peptides were
then transferred to other wells that had been incubated with 10 pg/ml analyte for 1 h at room
temperature and washed. As the panning proceeded, the amount of antibody for the selection
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was gradually decreased to remove weak binders by increased competition. Conversely, the
amount of antibody for counter selection remained constant to remove nonspecific binders.
In the last panning step, BDE 47 was added to the phage library after counter selection at a
concentration of 10 ng/ml to competitively remove weak binders. A total of 17 phage clones
were selected for screening by phage ELISA (0. 1B) in the presence (50 ng/ml) or absence
of BDE 47. All tested phage clones reacted with the immunocomplex, showing negligible
cross-reactivity with the unbound antibody. The sequences of these clones are presented in
Table 1. Only three different sequences (designated as C2, C2-1, and C2-2) were identified,
and all of them corresponded to 9-mer peptides despite the fact that the libraries used
expressed peptides in the 7- to 11-mer range. Sequence C2-1 occurred in most of the clones
(11 of 17 tested clones, Fig. 1), and all clones had the consensus sequence RDTXXE,
indicating that the shared amino acids may be important for specific binding to the
immunocomplex.

Phage peptide-based noncompetitive assay

Representative clones for each of the three sequences were amplified and semipurified by
double precipitation as described above. Serial dilutions of phage particles were added to the
wells of the plate coated with four different concentrations of protein-A-purified antibody
(10, 5, 2.5, and 1.25 pg/ml) in the absence or presence of BDE 47 (0 or 20 ng/ml). Fig. 2
presents the result with clone C2-1. Similar results were observed for the other two clones
(data not shown). The maximal signal difference was observed at 10 pg/ml antibody coating
with 6.2 x 108/ml phage particles. With a higher number of phage peptides, the precipitation
of enzymatic products was observed increasing background signal. The signal difference
gradually decreased as the amount of antibody coating decreased. The assay sensitivities for
each of the three clones were estimated using the conditions determined by the above
method. The dose—response curves are presented in Fig. 3. The assay setup with clone C2-1
performed with the highest sensitivity (SCgg = 6.4 ng/ml), followed by clones C2-2 and C2
(SCsq values of 14.2 and 22.3 ng/ml, respectively).

Solvent effects

The addition of solvents to the assay buffer can sometimes enhance the assay performance
when the analyte is highly lipophilic. In addition, a high tolerance to solvents may allow the
analysis of unknown samples without excessive dilution of the sample extract decreasing the
limit of quantification. For these reasons, we tested the effect of two common solvents,
MeOH and DMSO, on assay performance. The assay was carried out using PBS containing
five different concentrations of solvents (0%, 5%, 10%, 20%, and 40%) (Fig. 4). For the
MeOH, there was no significant change in maximal signals over the concentrations.
However, assay sensitivity gradually improved as the concentration of MeOH increased. An
SCsxq value of approximately 1 ng/ml was observed at 20% MeOH, a 6-fold improvement
compared with the SCsq value at 0% MeOH. A similar result was obtained with DMSO up
to a concentration of 10%, but at 20% there was a 40% decrease in maximal signal,
indicating that MeOH is the first choice for the preparation of the assay buffer. Dose-
dependent curves were not obtained at 40% MeOH and DMSO, showing near-background
signals (data not shown). Thus, we used the assay buffer containing a final 20% MeOH
throughout this study.

Dose-response curve at optimized condition

Fig. 5 shows a representative PHAIA dose—response curve generated with optimized
conditions and the inhibition curve of the homologous competitive ELISA. The SCsq value
and linear range of the PHAIA were 0.7 and 0.3 to 2 ng/ml BDE 47, respectively. The linear
range was defined by the BDE 47 concentration, causing 10% and 90% saturated binding of
phage peptide. The ICgq value of the homologous ELISA was 1000 ng/ml, showing
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uncompleted inhibition even at 5000 ng/ml BDE 47. As compared with the 1C5 of
homologous ELISA, the PHAIA showed 1400-fold improved assay sensitivity. Compared
with the sensitivity of heterologous ELISA, the PHAIA had the same limit of detection
(LOD) but a 4-fold narrower linear range. However, the poly-binding nature of phage
particles makes the sensitivity of PHAIA tunable by adjusting the amount of phage peptide
or anti-M13 phage antibody—HRP. For example, the use of lower amounts of phage peptide
or anti-M13 phage antibody—HRP shifted the slope of the curve to the right and the extended
linear range with a loss of sensitivity (data not shown). The standard curve in Fig. 5 was the
most sensitive PHAIA, with the highest allowable number of phage particles resulting in a
relatively narrow linear range. These conditions also result in the greatest assay precision.

Cross-reactivity

The specificity of the PHAIA was evaluated by the cross-reactivity test with several
common BDE congeners by generating dose—response curves for each of them (Table 2).
The highest concentration of tested compounds was 1000 ng/ml. As shown in Table, 2% and
5% cross-reactivity was observed for BDE 49 and 99, respectively, but for other compounds
the cross-reactivity was negligible, showing less than 0.24%, in agreement with what has
been observed for the chemical hapten-based competitive assay [26].

Matrix effect and PHAIA validation

The excellent sensitivity and specificity of an immunoassay makes sample preparation
simple. Particularly for liquid samples such as serum and urine, the dilution of samples with
an assay buffer is generally a preferred sample preparation method for an immunoassay.
However, although the use of diluted samples shortens the general assay, any matrix effect
that may cause false positive or negative results should be eliminated. For this reason, we
evaluated the matrix effect of calf serum on the assay performance. Calf serum with no
known concentration of BDE 47 was diluted in the assay buffer at 5%, 10%, and 20%. The
dose-response curve generated from each serum concentration was compared with that from
0% serum containing assay buffer (Fig. 6A). The result indicated that the serum content in
the assay buffer should be lower than 5% to minimize the matrix effect. However, although
the SCsq value was increased 2-fold at 5% serum in the assay buffer, the PHAIA was still
very sensitive with an SCsq value of 1.5 ng/ml and an excellent shape of the dose-response
curve. On the basis of this observation, an assay buffer containing the same dilution of the
control sample with no BDE 47 was used to compensate for the observed matrix effect.
However, it should be noted that the collected samples from individuals can exhibit different
matrix effects resulting in incorrect quantification. For this reason, we carried out the blind
test with human and calf sera spiked with known concentrations of BDE 47. The standard
curve obtained from the assay buffer containing 5% calf serum was used to measure the
spiked concentrations of BDE 47 in two serum samples. The result is presented in Fig. 6B.
As shown in the figure, the correlation between spiked level and detected concentrations by
the PHAIA is good with an r2 value of 0.97. This method could be useful for the primary
semiquantitative screening of human exposure to BDEs. The PHAIA was further validated
using house furniture foams as the test samples because they usually contain high
concentrations of BDEs and could be the sources for indoor human exposure. The furniture
foams with no BDEs were used as the samples for the recovery test. The assays were carried
out on 3 different days. The recoveries by the PHAIA are presented in Table 3. The overall
recoveries ranged from 95% to 113%, showing no detection of BDE 47 from the nonspiked
sample.

Adaptation of PHAIA to dipstick format

The generation of positive signals by a noncompetitive sandwich-type assay makes the
dipstick assay very useful when the assay is needed to be adapted to an on-site detection
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system, enabling one to easily distinguish the color intensity at a low concentration from that
at zero concentration. We developed the dip-stick assay by immobilizing immunoaffinity-
purified 1309 PAD on the nitrocellulose strips. Fig. 7A shows an evaluation of the sensitivity
of the dipstick format. The LOD by this format is approximately 3.0 ng/ml BDE 47 because
the intensity of colors at this concentration is clearly distinguishable from that by
nonspecific binding at zero concentration. Fig. 7B shows a recovery test using the extracts
of house furniture foams spiked with BDE 47 standard (0%, 0.1%, 0.5%, 1%, and 3%). All
concentrations of spiked BDE 47 were detected by the development of visible colors,
showing no nonspecific colors developed at zero concentration. The assays were further
validated by performing a blind test using six extracts of house furniture foams collected
from local houses. Table 4 shows the concentrations detected by the PHAIA and dipstick
formats. The strip immobilized with antibody with no analyte was used to evaluate
nonspecific binding of phage peptide to the antibody. Three of six extracts were positive,
consistent with the results by the PHAIA showing 0.5 to 1% concentrations for the positive
samples. These conclusions were consistent with the result determined by X-ray
fluorescence and GC-MS [24]. No color was observed from the negative control (data not
shown). It should be noted that it is necessary to use the control strip immobilized antibody
without adding analyte to estimate background signal because the diaminobenzidine—nickel
chloride substrate mix can generate background signals by prolonged incubation.

Conclusion

We have described the development of a sensitive phage-borne, peptide-based, two-site,
sandwich-type noncompetitive assay for the detection of BDE 47, a common flame
retardant. There is great concern over its increasing environmental presence. The presented
phage-peptide-based technology can be a general method for an easy conversion of existing
competitive assays to versatile noncompetitive formats for small molecules to meet the
demanding needs in developing high-throughput screening methods providing significantly
improved sensitivity and high adaptability to various detection systems. The main
advantageous features of the technology described in this study are as follows. First, the
general procedures and time for PHAIA development can be shortened by using
immunoaffinity-purified PAbs. In our previous PAb-based PHAIA, we isolated analyte-
specific PAbs using a hapten affinity column for which we covalently immobilized
immunizing hapten—protein conjugate onto the beads packed in a column. In this study, we
demonstrated that the PAbs obtained by using a commercially available immunoaffinity
column (protein A immunoaffinity column) can be a good source for antibodies used in
PHAIAs, eliminating the need for constructing the hapten affinity column for each
antiserum. Second, the technology can be universally applied to all types of compounds. We
have reported the PHAIASs for hydrophilic and moderately hydrophilic compounds. In this
study, we showed that the PHAIA can be developed against highly lipo-philic compounds.
The solvent tolerance of the PHAIA was similar to that of the competitive ELISA, indicating
that the solvent effect on the PHAIA appears to be dependent on the tolerance of the primary
antibody. Third, the technology can be an alternative to an approach for a chemical hapten-
based heterologous assay. The extensive chemical synthesis of structural variants of
immunizing haptens is frequently required for PAb-based competitive assays to improve
assay sensitivity. Ahn and coworkers developed a sensitive heterologous competitive assay
for BDE 47 by a synthesis of several derivatives of the immunizing hapten and subsequent
time-consuming evaluation [26]. Although this approach has been commonly accepted in
chemical synthesis-based laboratories, the method is not an easy task in most other
laboratories. Using the huge diversity of a phage peptide library as a heterologous binding
source, we were successful not only in improving assay sensitivity (1400-fold) but also in
developing a noncompetitive format. Fourth, the PHAIA produces positive signals
proportional to the analyte concentrations. Application of the PHAIA in a simple assay
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format such as immunochromatography can reduce LOD values, enhancing accuracy of on-
site rapid detection and not requiring an expensive instrument for signal readout.

Interestingly, the PHAIA sensitivity is improved 6-fold in the presence of 20% MeOH in the
assay buffer compared with the sensitivity at 0% MeOH, and this may help to process less
diluted sample extracts decreasing the limit of quantification. The PHAIA and dipstick
formats were validated performing the recovery test using the human and calf sera, the
spiked extracts of house furniture foams, and the blind test employing six extracts of house
furniture foams collected from local houses. The PHAIA showed good recoveries of 80—
113% for the spiked concentrations. The LOD of the dipstick assay was approximately 3.0
ng/ml BDE 47 in assay buffer, providing distinguishable colors from background signals.
The dipstick assay detected all concentrations of spiked BDE 47 showing colors developed
on the strips, with no color at 0 concentrations. The positive and negative detection of BDE
47 by the PHAIA was consistent with the dipstick assay for the blind test, demonstrating
that furniture could be easily screened to detect the use of brominated flame retardants.

Acknowledgments

This work was supported in part by the National Institute of Environmental Health Sciences (NIEHS) Superfund
Basic Research Program (P42 ES004699), the NIEHS Children’s Environmental Health Center, and the Fogarty
International Center (TW05718). The support of the Western Center for Agricultural Health and Safety at the
University of California, Davis (PHS OH07550), is also acknowledged.

Abbreviations used

PAb polyclonal antibody

PHAIA phage anti-immunocomplex assay

HRP horseradish peroxidase

MAb monoclonal antibody

IgG immunoglobulin G

BDE 47 brominated diphenyl ether 47

GC gas chromatography

GC-MS gas chromatography—mass spectrometry
ELISA enzyme-linked immunosorbent assay
BSA bovine serum albumin

PEG 8000 polyethylene glycol 8000

TMB 3,3',5,5'-tetramethylbenzidine

PBS phosphate-buffered saline

MeOH methanol

LB Luria—Bertani

DMSO dimethyl sulfoxide

SCsg concentration of analyte producing 50% saturation of the signal
LOD limit of detection

Anal Biochem. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

References
1.

10

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

Page 10

Farré M, Kantiani L, Barcel6 D. Advances in immunochemical technologies for analysis of organic
pollutants in the environment. Trends Anal Chem 2007;26:1100-1112.

. Morozova VS, Levashova Al, Eremin SA. Determination of pesticides by enzyme immunoassay. J

Anal Chem 2005;60:202-217.

.WuJ, Fu Z, Yan F, Ju H. Biomedical and clinical applications of immunoassays and

immunosensors for tumor markers. Trends Anal Chem 2007;26:679-688.

. Jackson TM, Ekins RP. Theoretical limitations on immunoassay sensitivity: current practice and

potential advantage of fluorescent Eu3* chelates as non-radioisotopic tracers. J Immunol Methods
1986;87:13-20. [PubMed: 3512720]

. Voss EW Jr. Anti-metatype antibody reactivity: a model for T-cell receptor recognition. Immunol

Today 1990;11:355-357. [PubMed: 2222759]

. Ullman EF, Milburn G, Jelesko J, Radika K, Pirio M, Kempe T, Skold C. Anti-immune complex

antibodies enhance affinity and specificity of primary antibodies. Proc Natl Acad Sci USA
1993;90:1184-1189. [PubMed: 7679491]

. Voss EW Jr, Mummert ME. Anti-metatype antibodies in immunoassay. Mikrochim Acta

1997;126:193-202.

. Nagata S, Tsutsumi T, Yoshida F, Ueno Y. A new type sandwich immunoassay for microcystin:

production of monoclonal antibodies specific to the immune complex formed by microcystin and an
anti-microcystin monoclonal antibody. Nat Toxins 1999;7:49-55. [PubMed: 10495466]

. Suzuki C, Ueda H, Mahoney W, Nagamune T. Open sandwich enzyme-linked immunosorbent assay

for the quantitation of small haptens. Anal Biochem 2000;286:238-246. [PubMed: 11067746]

. Ueda H, Yokozeki T, Arai R, Tsumoto K, Kumagai I, Nagamune T. An optimized homogeneous
noncompetitive immunoassay based on the antigen-driven enzymatic complementation. J Immunol
Methods 2003;279:209-218. [PubMed: 12969562]

. Lim SL, Ichinose H, Shinoda T, Ueda H. Noncompetitive detection of low molecular weight
peptides by open sandwich immunoassay. Anal Chem 2007;79:6193-6200. [PubMed: 17636882]

Pulli T, Hoyhty& M, Soderlund H, Takkinen K. One-step homogeneous immunoassay for small
analytes. Anal Chem 2005;77:2637-2642. [PubMed: 15828804]

Gonzélez-Techera A, Vanrell L, Last JA, Hammock BD, Gonzalez-Sapienza G. Phage anti-
immune complex assay: general strategy for noncompetitive immunodetection of small molecules.
Anal Chem 2007;79:7799-7806. [PubMed: 17845007]

Gonzalez-Techera A, Kim HJ, Gee SJ, Last JA, Hammock BD, Gonzalez-Sapienza G. Polyclonal
antibody-based noncompetitive immunoassay for small analytes developed with short peptide
loops isolated from phage libraries. Anal Chem 2007;79:9191-9196. [PubMed: 17973501]

Kim YJ, Cho YA, Lee HS, Lee YT, Gee SJ, Hammock BD. Synthesis of haptens for immunoassay
of organophosphorus pesticides and effect of heterology in hapten spacer arm length on
immunoassay sensitivity. Anal Chim Acta 2003;475:85-96.

Shan G, Huang H, Stoutamire DW, Gee SJ, Leng G, Hammock BD. A sensitive class specific
immunoassay for the detection of pyrethroid metabolites in human urine. Chem Res Toxicol
2004;17:218-225. [PubMed: 14967009]

Ahn KC, Watanabe T, Gee SJ, Hammock BD. Hapten and antibody production for a sensitive
immunoassay determining a human urinary metabolite of the pyrethroid insecticide permethrin. J
Agric Food Chem 2004;52:4583-4594. [PubMed: 15264887]

Tanaka T, Hu Y, Sutton J, Asawapornmongkol L, Fuller R, Olson AJ, Barbas CF 111, Lerner RA.
Selection of phage-displayed peptides that bind to a particular ligand-bound antibody. Bioorg Med
Chem 2008;16:5926-5931. [PubMed: 18472269]

Inaba J, Nakamura S, Shimizu K, Asami T, Suzuki Y. Anti-metatype peptides, a molecular tool
with high sensitivity and specificity to monitor small ligands. Anal Biochem 2009;388:63-70.
[PubMed: 19454218]

Shao J, Eckert ML, Lee LEJ, Gallagher EP. Comparative oxygen radical formation and toxicity of
BDE 47 in rainbow trout cell lines. Mar Environ Res 2008;66:7-8. [PubMed: 18400291]

Anal Biochem. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

21.

22.

23.

24.

25.

26.

27.

Page 11

Domingo J, Marti-Cid R, Castell V, Llober JM. Human exposure to PBDEs through the diet in
Catalonia, Spain: temporal trend—A review of recent literature on dietary PBDE intake.
Toxicology 2008;248:25-32. [PubMed: 18420330]

Talsness CE, Kuriyama SN, Sterner-Kock A, Schnitker P, Grande SW, Shakibaei M, Andrade A,
Grote K, Chabhud I. In utero and lactational exposures to low doses of polybrominated diphenyl
ether-47 alter the reproductive system and thyroid gland of female rat offspring. Environ Sci
Technol 2008;116:308-314.

Athanasiadou M, Cuadra SN, Marsh G, Bergman A, Jakobsson K. Polybro-minated diphenyl
ethers (PBDESs) and bioaccumulative hydroxylated PBDE metabolites in young humans from
Managua, Nicaragua. Environ Health Perpect 2008;116:400-408.

Venier M, Hites RA. Flame retardants in the atmosphere near the Great Lakes. Environ Sci
Technol 2008;42:4745-4751. [PubMed: 18678000]

Lagalante AF, Oswald TD. Analysis of polybrominated diphenyl ethers (PBDES) by liquid
chromatography with negative-ion atmospheric pressure photo ionization tandem mass
spectrometry (LC/NI-APPI/MS/MS): application to house dust. Anal Bioanal Chem
2008;391:2249-2256. [PubMed: 18504559]

Ahn KC, Gee SJ, Tsai HJ, Bennett D, Nishioka MG, Blum A, Fishman E, Hammock BD.
Immunoassay for monitoring environmental and human exposure to the polybrominated diphenyl
ether BDE-47, Environ. Sci Technol 2009;43:7784-7790.

Cwirla SE, Dower WJ, Li M. In vitro selection of peptides acting on NMDA receptors. Methods
Mol Biol 1999;128:131-141. [PubMed: 10320979]

Anal Biochem. Author manuscript; available in PMC 2010 June 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Kim et al.

Page 12

«—— Anti-M13 phage antibody-HRP

«+—— M13 bacteriophage

A =
o
(© «—— Analyte (BDE 47)

\
—_—
+——  BDE antibody

B E3.O- 00 ng/ml
<
o 251 M 50 ng/ml
n
S 2.0
©
8 15
c
]
£ 1.0 A
2
3 J
2 0.5
0.0 -
00000 Q00 Qo0 OO0 0000
- N w D [$;] (o)) ~ (o] (o R N T T N

Phage clones

abeyd sadjoH

Fig. 1.

Schematic diagram of PHAIA (A) and screening of positive phage clones by PHAIA (B).
The 96-well ELISA plate was coated with 1.0 pug/well protein-A-purified BDE 47 antibody.
Then 20 ul of phage overnight culture with 80 pl of PBST at 50 or 0 ng/ml BDE 47 was
added to the wells. A 1:6000 dilution of M13 phage antibody—HRP was used for the
detection of bound phage. The solid and open bars refer to the signals at 50 and 0 ng/ml
BDE 47, respectively.
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Reactivity of the phage-borne peptide (C2-1) with the BDE-antibody immunocomplex

using different amounts of coating antibody. Plates were coated with affinity-purified

antibody at 10 pg/ml (A), 5 pg/ml (B), 2.5 pg/ml (C), and 1.25 pg/ml (D) and were
incubated with serial dilutions of phage-borne peptide in the presence (black squares) or
absence (white squares) of 20 ng/ml BDE 47.
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Fig. 3.

Dose-response curves for phage clones C2, C2-1, and C2-2. The PHAIA was performed on
the ELISA plates coated with 100 pl of affinity-purified antibody at 10 pg/ml. Then 50 ul of
PBST containing an appropriate number of phage particles determined by the phage titer
was mixed with the same volume of PBS with various concentrations of BDE 47 containing
10% MeOH.
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Effect of MeOH (A) and DMSO (B). PBST containing 12 x 108 phage peptide was mixed

Anal Biochem. Author manuscript; available in PMC 2010 June 1.

with the same volume of PBS containing different concentrations of each solvent and BDE
47, and 100 pl of the mixture was added to each well coated with 1.0 pg of BDE antibody.
Then 100 pl of anti-phage MAb—HRP solution in PBST (1:4000 dilution) was added and
incubated for 1 h. Each value represents the mean value of four replicates.
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Representative dose-response curve. Serial dilutions of BDE 47 in PBS containing 40%
MeOH were mixed with 6 x 108 particles/ml diluted in PBST. Then 100 pl of the mixture
was added to the antibody-coated wells. For homologous competitive ELISA, the serial
dilutions of BDE 47 in the same assay buffer were mixed with an equal volume of BDE 47
PADb diluted in PBST, and 100 ul was added into the each well of the plate coated with
immunizing hapten. Each point represents the mean value of four replicates.
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Matrix effect and PHAIA validation. (A) Matrix effect. The serial dilutions of BDE 47 were
prepared with four different concentrations of calf serum in PBSM and mixed with an equal
volume of phage peptide solution. (B) PHAIA validation with serum samples. The standard
curve was generated with PBSM containing 5% calf serum. The standard curve was used to
evaluate the recoveries for the spiked BDE 47 concentrations in calf and human sera.
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Dipstick assay. Various amounts of affinity-purified BDE 47 antibody were immobilized on
the 0.45-um nitrocellulose membrane by manual spotting. PBST (700 pl) containing 7 x
1010 phage peptide was mixed with the same volume of PBS containing 40% MeOH and
BDE 47 standard or sample extracts. (A) Evaluation of the sensitivity of the dipstick assay.
(B) Validation of the dipstick assay with the extracts of house furniture foams spiked with
BDE 47 at 0%, 0.1%, 0.5%, 1%, and 3% (w/w).
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Table 1

Peptide sequences isolated with the PBDE PAb immunocomplex.

Clone name  Sequence

c2 CFGRDTIFEVC(4)
c2-1 CVHRDTIYEYC(1)
c2-2 CVGRDTVHEFC(2)

Note. A total of 17 clones were sequenced. The numbers of isolates bearing the same sequence are indicated in parentheses.
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Table 2
Cross-reactivity.
Compound  IUPAC SCso (ng/ml)  Cross-reactivity (%)
BDE 47 2,2',4,4'-Tetrabromodiphenyl ether 0.7 100
BDE 15 4,4'-Dibromodiphenyl ether >10002 <0.24
BDE 49 2,2',4,5'-Tetrabromodiphenyl ether 35 2
BDE 99 2,2',4,4' 5-Pentabromodiphenyl ether 14 5
BDE 100 2,2',4,4' 6-Pentabromodiphenyl ether >10002 <0.24
BDE 153 2,2',4,4'5,5'-Hexabromodiphenyl ether > 10002 <0.24
BDE 154 2,2',4,4' 5,6-Hexabromodiphenyl ether >10002 <0.24
BDE 209 2,2',3,3',4,4'5,5',6,6'-Decabromodiphenyl ether 5 19002 <0.24
Phenyl ether >10002 <0.24

aPhage peptide binding was not observed up to 1000 ng/ml of compounds.
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Assay validation by recovery with the extract of house furniture foams.

Table 3

Recovery by PHAIA (%, w/w)

Fortification level (%, w/w) Run1 Run 2 Run 3 Recovery (%)
0 <LOQ? <LOQ2 <LOQ3

0.1 0.08+0.01 0.08+0.01 0.13+0.02 95

0.5 0.56+0.02 0.60+0.04 051+0.03 111

1 150+0.05 0.75+0.06 138+0.10 121

3 350+0.20 354+030 312+0.30 113

aLOQ was determined as the limit of detection at 5000 dilution of sample extract (in this assay, LOD = 0.03%).
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Table 4
Blind test with PHAIA and dipstick format.

Sample  Detected by PHAIA (%, wiw)  Dipstick assay?

| ND
1l 0.58
1l ND
[\ 0.98
\Y 1.00
VI ND

Note. ND, not detected.

aProtein-A-purified BDE 47 PAb was immobilized on nitrocellulose membrane at the amounts of 1.0, 0.5, and 0.3 ug per spot from left. The assay
methods are as described in Materials and Methods.
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