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Noncompetitive immunoassays are advantageous over competitive assays for the detection of small
molecular weight compounds. We recently demonstrated that phage peptide libraries can be an excellent
source of immunoreagents that facilitate the development of sandwich-type noncompetitive immunoas-
says for the detection of small analytes, avoiding the technical challenges of producing anti-immunocom-
plex antibody. In this work we explore a new format that may help to optimize the performance of the
phage anti-immunocomplex assay (PHAIA) technology. As a model system we used a polyclonal antibody
to 3-phenoxybenzoic acid (3-PBA) and an anti-immunocomplex phage clone bearing the cyclic peptide
CFNGKDWLYC. The assay setup with the biotinylated antibody immobilized onto streptavidin-coated
magnetic beads significantly reduced the amount of coating antibody giving identical sensitivity (50%
saturation of the signal (SC50) = 0.2–0.4 ng/ml) to the best result obtained with direct coating of the anti-
body on ELISA plates. The bead-based assay tolerated up to 10 and 5% of methanol and urine matrix,
respectively. This assay system accurately determined the level of spiked 3-PBA in different urine sam-
ples prepared by direct dilution or clean-up with solid-phase extraction after acidic hydrolysis with over-
all recovery of 80–120%.

� 2009 Elsevier Inc. All rights reserved.
Double-sandwich or noncompetitive immunoassays have been
dominantly used for protein detection for many reasons including
improved sensitivity, speed, and specificity. Very few noncompet-
itive immunoassays have been developed for small molecules be-
cause they are too small for double-sandwich approaches to
work as discussed in more detail below. To address this problem
we developed a phage anti-immunocomplex assay (PHAIA)1 which
resulted in noncompetitive assays for several small molecules [1,2].
A limitation of the PHAIA approach was the use of relatively large
amount of reagents which in this study we have addressed with
the use of standard commercial magnetic beads.

Our small molecule target to demonstrate this approach is 3-
phenoxybenzoic acid (3-PBA) which is the major human metabo-
lite of most commercial synthetic pyrethroid insecticides. The
ll rights reserved.

mmock).
MeOH, methanol; OVA, oval-
ffered saline; PEG, polyethyl-
-PBA, 3-phenoxybenzoic acid;
tramethylbenzidine.
metabolism pathway of permethrin in mammals is presented in
Fig. 1. Pyrethroids are hydrolyzed by esterases to 3-phenoxybenzyl
alcohol or 3-phenoxybenzaldehyde which are rapidly converted to
3-PBA. Since pyrethroids were illustrated as a practical approach to
insect pest control by Michael Elliott and co-workers in the 1970s
they have emerged as the major agricultural insecticides in the
world [3,4]. In addition treating bed nets with pyrethroids has
revolutionized efforts to control malaria transmission [5,6]. Their
use is being expanded by treating window curtains and other items
to reduce transmission of vector-borne diseases in homes, treating
recreational clothing, and treating military uniforms [7–9].
Agricultural, residential, and even personal use of these insecti-
cides is increasing human exposure. Although the pyrethroids have
a good safety record there are concerns that have arisen from ani-
mal research indicating that pyrethroid exposure may affect neu-
rological development [10,11], induce cancer [12], suppress the
immune system [13], and disrupt the endocrine system [14]. A re-
cent study has shown that exposure in the general population is
widespread [15,16]. If the pyrethroids are to be used safely in a
variety of applications, techniques for rapid environmental and
particularly human monitoring are needed. This is particularly true
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Fig. 1. The pathway of pyrethroid metabolism in mammals.
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in vector control programs where human exposure is likely to be
very high.

Immunoassays have proven to be rapid, sensitive, relatively
simple, and cost-effective methods. Immunoassays generally fall
into two broad types, competitive or noncompetitive two-site as-
says. The competitive assay uses a limited amount of a specific
antibody and labeled hapten (coating antigen or enzyme tracer)
that competes with the analyte for the antibody binding sites. As
a consequence, quantitative detection is achieved by measuring
the signal produced by the unoccupied sites of the antibody, which
makes it difficult to distinguish the signal generated at low concen-
trations of the analyte from the signal at zero concentration, limit-
ing the assay sensitivity. On the other hand, in noncompetitive
two-site assays, the presence of the analyte is directly detected
by a second antibody that recognizes an independent epitope of
the same molecule. Despite the many advantages of noncompeti-
tive immunoassays, the size of a small analyte precludes detection
by this method. Noncompetitive immunoassays are known to be
superior to competitive ones in terms of sensitivity, precision,
kinetics, and working range [17]. Furthermore, it can be easily
adapted to rapid ‘‘on site” formats such as dipstick, immunochro-
matography, and biosensors.

To approach a noncompetitive assay for small molecules, ef-
forts have been made to derive antibodies that can bind the ana-
lyte–antibody immunocomplex, without binding the antibody
when the analyte is not present. However, due to the technical
difficulty of producing secondary antibodies that specifically react
with the analyte–antibody immunocomplex this approach has
rarely been successful. Nevertheless, for the last decade, various
attempts have been made to construct two-site assays including:
(1) the anti-metatype antibody-based assay, in which the anti-
metatype antibody binds to the analyte–antibody immunocom-
plex [18–22], and (2) the open-sandwich assay, in which sepa-
rately expressed engineered recombinant variable heavy and
light chains are fused to signal producing molecules to form an
analyte-dependent stable association [23–25]. In order to over-
come these limitations we recently reported a general method
for the substitution of anti-metatype antibodies by phage-borne
peptides selected from phage peptide libraries [1,2]. Selected
phage peptides were capable of recognizing the conformational
change of the antibody binding pocket caused upon binding to
its analyte with monoclonal and polyclonal antibodies. In addi-
tion, the phage particle presents a large surface formed by more
than 2700 copies of the major coat protein pVIII. This serves as
a highly multivalent scaffold for binding of the anti-phage anti-
body-horseradish peroxidase (HRP), resulting in significant signal
amplification.

The PHAIAS showed considerably improved assay sensitivity
compared to those of chemically synthesized competing hapten-
based ELISAs [1,2]. However, when protein A-purified polyclonal
antibodies (PAbs) were used to develop the phage-based assay
on the 96-well plate, rather high concentrations (5–10 lg/ml) of
coating PAbs were needed to obtain the lowest assay sensitivity,
which meant that approximately 50–100 lg of PAb per plate was
necessary. This may present a practical limitation when large-scale
use or commercial fabrication of the assay is required. In order to
minimize the amount of coating antibody, we explored the use of
magnetic beads as a solid-phase support for the 3-PBA PAb and
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the phage bearing the cyclic peptide CFNGKDWLYC as a model
system.

M13 bacteriophages are large filamentous structures, about 1 lm
long and 9 nm wide, and thus their binding to the immunocomplex
immobilized on the surface of microtiter plates is strongly limited by
diffusion or hindrance by coimmobilized nonspecific subpopula-
tions of antibody. The microsize (3 lm in diameter) and dispersed
nature of the magnetic beads will allow for a nearly ‘‘in solution”
reaction optimizing the access of the phage bearing peptide to the
immobilized immunocomplex. Magnetic beads are also particularly
advantageous for various analytical applications due to their easy
manipulation in fluids and common use in automatic detection sys-
tems. In this study we present the development and validation of a
PHAIA for 3-PBA based on the use of magnetic beads.
Materials and methods

Chemicals and buffers

All reagents were of analytical grade unless otherwise specified.
Mouse anti-M13 phage monoclonal antibody-HRP conjugate and
desalting column (PD-10) were purchased from GE Health Care (Pis-
cataway, NJ). Helper phage M13KO7 was purchased from New Eng-
land Biolabs (Ipswich, MA). Bovine serum albumin (BSA), chicken
ovalbumin (OVA), polyethylene glycol (PEG) 8000, Tween 20,
3,30,5,50-tetramethylbenzidine (TMB), and 3-PBA standard com-
pound were obtained from Sigma (St. Louis, MO). Streptavidin-
coated magnetic beads and magnetic extractor were purchased from
Invitrogen (Carlsbad, CA). EZ-Link sulfo-NHS-LC-Biotin was pur-
chased from Pierce (Rockford, IL). Assays were preformed with 96-
well microtiter plates (Nunc-Immuno plate. MaxiSorp surface, Ros-
kilde, Denmark). Normal strength phosphate-buffered saline (PBS)
(1� PBS; 8 g/L of NaCl, 0.2 g/L of Na2HPO4, and 0.2 g/L of KCl, pH
7.5), PBST (PBS containing 0.05% Tween 20), SOP medium (Luria
broth (LB) medium containing 0.25% K2HPO4, 0.1% MgSO4, 0.1% glu-
cose, and 100 lg/ml ampicillin), and 0.05 M citrate–acetate buffer
(14.71 g/L Na3C6H5O7�2H2O, pH 5.5) were used for immunoassay.
HRP substrate buffer was prepared by adding 400 ll of 0.6% TMB
in dimethyl sulfoxide (DMSO) and 100 ll of 1% hydrogen peroxide
(H2O2) into 25 ml of citrate–acetate buffer.

Phage preparation

ARI 292 cells with the peptide encoding vector that expressed
the coat protein pIII-cyclic 8 amino acids (CFNGKDWLYC) fusion
was cultured in 5 ml of LB overnight at 37 �C. Three milliliters of
the overnight culture was added into a 1 L culture flask containing
500 ml SOP medium and the flask was incubated with vigorous
shaking until OD600 = 0.4. After adding 1 ml of helper phage
(1 � 1012 transducing units (t.u.)/ml) and 30 min of incubation at
37 �C without shaking, 5 ml of 2% arabinose and 0.5 ml of kanamy-
cin (20 mg/ml) were added. The cells were then cultured with vig-
orous shaking overnight at 37 �C. The overnight culture was
divided into the three 250-ml centrifuge bottles followed by cen-
trifugation at 12,000g for 20 min. The clear supernatants were
transferred into new centrifuge bottles. A 0.2 vol of 20% PEG in
2.5 M NaCl (PEG–NaCl) was added to the bottles and incubated
on ice for 1 h. The bottles were centrifuged again and the phage
pellets were resuspended with 150 ml of PBS. After another addi-
tion of 0.2 vol of PEG–NaCl, incubation on ice for 1 h, and centrifu-
gation, the phage pellets were resuspended with 5 ml of
suspension buffer (PBS containing 0.02% NaN3 and 1� protease
inhibitor cocktail of Roche Diagnostics). This phage stock solution
was filtered through a 0.22-lm membrane, aliquoted into Eppen-
dorf tubes, and stored at �70 �C.
Checkerboard titration of phage peptide

Each of four different concentrations of biotinylated 3-PBA PAb
(1, 0.5, 0.25, and 0.125 lg) was added to separate Eppendorf tubes
containing 0.1 mg of beads (6–7 � 106 beads) in 100 ll of PBS. The
tubes were incubated at room temperature for 30 min with gentle
shaking. After washing with PBST, 300 ll of 3% skim milk in PBST
was added for blocking followed by 1 h incubation at room tem-
perature. After another washing, all of the beads in each tube were
placed in an individual well of a ELISA plate. The mixture of 50 ll of
each of various phage dilutions with the same volume of 20 or
0 ng/ml of 3-PBA diluted in PBST was added to the wells and the
plate was incubated for 2 h at room temperature with gentle shak-
ing. Bound phage peptides were detected as described below.

Selection of the amount of beads and phage concentration

The saturated immobilization of 3-PBA PAb onto the magnetic
beads was carried out by incubating 5 lg of biotin conjugated 3-
PBA PAb with 1 mg streptavidin-coated magnetic beads (6–
7 � 107 beads, average diameter of 3 lm) for 30 min at room tem-
perature with gentle shaking as suggested by the supplier’s
instruction manual. The beads were then washed three times with
PBST and finally resuspended with 500 ll PBS containing 0.1% BSA
and 0.02% NaN3. Bead preparations (5 or 10 lg) were placed in the
wells of microtiter plates and then serial dilutions of phage stock
solution were added with 1 ng/ml of 3-PBA for maximal signals,
or without 3-PBA for the background signals.

Magnetic bead-based PHAIA

Five microliters of the bead preparation (10 lg beads) was
placed in each well of the 96-well plate. One hundred microliters
of the mixture of phage solution (2.5 � 108 phage particles,
1:4000 dilution in PBST) with various concentrations of 3-PBA
standard was added and the plate was incubated for 2 h with shak-
ing on a plate orbital shaker. The plate was held on a magnetic sep-
arator while the wells were washed three times with PBST. Anti-
phage antibody MAb-HRP conjugate (1:40,000 dilution in PBST)
was added and the plate was incubated for 1 h with shaking. The
plate was again held on a magnetic separator and washed with
PBST three times. TMB solution was added and the plate was incu-
bated for 15 min and the beads were drawn to the corner of the
wells by the aid of the 96-well plate magnet. Fifty microliters of
4 N sulfuric acid was added and the plate was read at 450 nm in
a plate reader (Molecular Devices, Sunnyvale, CA).

Effect of blocking reagents

Three common blocking reagents (BSA, nonfat dried skim milk,
and OVA, 3% in PBST) were tested. Five hundred microliters of each
blocking solution was added to the Eppendorf tubes containing an
appropriate amount of antibody-coated beads and then incubated
for 1 h by gentle shaking. The 96-well plate was also blocked with
300 ll of the same blocking buffer covering each well. Ten micro-
grams of beads was placed in the wells of the plate and then the
phage (2.5 � 108 phage particles, 1:4000 dilution in PBST) with
0.5 ng/ml of 3-PBA or without 3-PBA was added. The rest of assay
procedures were as described above.

Effect of methanol (MeOH) and urine matrix

The effects of MeOH and urine matrix on assay performance
were estimated by observing the signal trend in a sample contain-
ing the same concentration of 3-PBA with increasing concentra-
tions of MeOH or urine in PBST buffer. MeOH was added to the
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Fig. 2. Checkerboard titration of phage peptide. Each of four different concentra-
tions of protein A-purified 3-PBA PAb conjugated with biotin was immobilized on
0.1 mg of streptavidin-coated magnetic beads. Various numbers of phage peptide
diluted in PBST were added with 20 or 0 ng/ml of 3-PBA standard.

48 Magnetic bead-based PHAIA for the detection of 3-PBA/H.-J. Kim et al. / Anal. Biochem. 386 (2009) 45–52
PBST buffer to final concentrations of 0, 10, 20, and 40%. 3-PBA
standard was spiked to each preparation at 0, 0.5, and 1 ng/ml.
For evaluation of its potential interference, urine was collected
from donors that had no known exposure to pyrethroid insecti-
cides. Prior to use, urine samples were filtered through 0.22-lm
membranes and then diluted with PBST to 0, 10, 20, or 40%. For
each urine dilution, 3-PBA standard was added to a final concentra-
tion of 0, 0.4, and 1 ng/ml. Fifty microliters of these solutions was
mixed with 50 ll of phage solution and then added to the well con-
taining the antibody-immobilized beads. Assay was performed as
described above.

Determination of inter and intraassay variation

Urine sample was spiked with 3-PBA at the concentrations of 5,
10, and 20 ng/ml and each sample was diluted 25-fold with PBST.
Assay procedures were as described above. Interassay variation
was determined by performing assays on seven different days with
four replicates of each concentration. Intraassay variation was
determined by a single assay using 16 replicates for each
concentration.

Validation of PHAIA

Three urine samples were collected from donors with no known
exposure and kept at�15 �C prior to analysis. For the validation, the
frozen urine sample was thawed at room temperature. The thawed
sample was shaken vigorously for 30 s to completely homogenize
the sample. The sample was allowed to stand for at least 2 h. A 0.5-
ml aliquot of the clear supernatant was added into a 4-ml tube. 3-
PBA was spiked into the urine sample. For application of the 3-PBA
analysis in urine, typically the urine samples are hydrolyzed prior
to analysis to release conjugated 3-PBA. To mimic this procedure,
the urine samples were hydrolyzed by adding 100 ll of 6 N hydro-
chloric acid and heating at 100 �C for 1 h. The hydrolyzed urine
was neutralized by adding 100 ll of 6 N sodium hydroxide. Sodium
acetate buffer (0.2 M; pH 4.5; 1 ml) was added to the tube and mixed
thoroughly. To reducing the matrix effect of the hydrolyzed urine, a
solid-phase extraction (SPE) method was slightly modified from the
method of Ahn et al. [26]. That is, the diluted urine samples were
loaded onto the mixed-mode SPE column (100 mg, Strata Screen-
A, Phenomenex, Torrance, CA) which was preequilibrated with
1 ml each of methanol, water, and the buffer. The column was
sequentially washed with 1 ml each of water and methanol. The col-
umn was then dried under high vacuum (10” Hg) for 5 min. The 3-
PBA was finally eluted with 1.5 ml of 1% acetic acid in the mixture
of ethyl acetate:hexane (30:70, v/v). The eluate was evaporated to
dryness using a centrifugal vacuum concentrator (Speed Vac, Laurel,
MD) and dissolved with 2.5 ml PBS containing 10% methanol.

Results

Checkerboard titration of phage peptide

Since a major aim of the study was to reduce the amount of
antibody for the practical application of this assay to a large num-
ber of samples we first studied this feature by titering the amount
of phage peptide. Using a checkerboard, we used a fix amount of
beads (0.1 mg) and analyte (20 or 0 ng 3-PBA/ml), and then used
different concentrations of antibody in combination with different
number of phage particles. As shown in Fig. 2, in the combination
of 1.25 � 108 phage particles (1:8000 dilution of phage stock) with
0.125 lg antibody, the signal was similar to those in combinations
with higher concentrations of antibody showing signals ranging
from 2.8 to 3.1. A slightly lower signal for 1 lg of antibody resulted
from the precipitation of enzymatic products. When the number of
phage particles exceeded 1.25 � 108 significant interference oc-
curred due to precipitation of enzymatic products. These results
indicate that compared to the antibody concentration used for
the 96-well plate-based assay, 10-fold less amount of PAb could
be used for phage peptide assay development.

Selection of the amount of beads and phage concentration

Because PHAIA is a noncompetitive two-site assay, it is neces-
sary to determine the highest concentration of phage that can sat-
urate the antibody immobilized on a given number of beads. Since
each phage particle serves as a multiple binding scaffold (more
than 2700 pVIII major coat proteins), precipitation of substrate
products by excess binding of HRP-conjugated secondary antibody
should be avoided. An excessive number of phage particles can also
cause a high nonspecific background signal. To optimize the con-
centrations of phage and determine the minimal number of beads
giving an appropriate difference between background and maxi-
mal signals, the assay was further optimized by titering the phage
peptide at a fixed concentration of secondary antibody (1:40,000
dilution), adding serial dilutions of phage to the wells containing
5 or 10 lg of bead preparation (equivalent to 0.1 and 0.2 lg PAb,
respectively) with or without 3-PBA (1.0 ng/ml). As shown in
Fig. 3, when the number of phage particles was more than
5 � 108 phage per well (1:2000 dilution) the precipitation of sub-
strate products occurred at both bead concentrations, but at the
concentrations lower than 2.5 � 108 phages per well (1:4000 dilu-
tion), no precipitation was observed. Throughout this study, 10 lg
of bead preparation and 1:4000 dilution of phage were used to as-
sure the binding of coating antibody by a maximal number phage
without producing precipitation of substrate.

Effect of blocking buffer

BSA, OVA, and skimmed milk were assayed as blocking agents
and signal/noise (S/N) revealed that the latter reagent produced
the highest signal to noise ratio (Fig. 4).

Magnetic bead-based PHAIA

Fig. 5 shows the scheme of bead-based PHAIA. We previously
selected the phage peptide used for this study from the phage dis-
play library using a well-established panning method [2]. This
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phage peptide is capable of distinguishing the free antibody bind-
ing pocket from the pocket–analyte complex. Thus, the phage pep-
tide binds to the antibody predominantly in the presence of
analyte. The PHAIA on the 96-well plate showed that 50% of a sat-
urating concentration (SC50) of 0.3 ng/ml was 400-fold better in
sensitivity than the chemical competing hapten-based homolo-
gous ELISA previously reported. Fig. 6A shows standard curves ob-
tained from the 96-well plate-based PHAIA. SC50s of 0.3 and 0.4 ng/
ml were observed with the plates coated with 1.0 and 0.5 lg of
PAb/well, respectively. However, when the coating PAb concentra-
tion was reduced to 0.1 lg/well, concentration-dependent signals
were not obtained. Although the antibody-coated plate PHAIA
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was very sensitive, the fact that the plate needed to be coated with
relatively high concentrations of PAb could limit an application of
this assay to high production. To overcome this drawback, we ex-
plored the use of magnetic beads as a solid support for antibody
immobilization. The large surface area of the magnetic beads might
reduce steric hindrance of the phage access to antibody binding
sites requiring less amount of antibody, while still maintaining
the same sensitivity. Biotinylated 3-PBA PAb was immobilized on
streptavidin-coated magnetic beads. An aliquot of antibody-immo-
bilized beads was placed in the wells of the 96-well ELISA plate.
Addition of phage and analyte to the wells allows phage to bind
to the antibody in the proportion to the concentration of analyte.
Bound phages were detected with HRP-labeled anti-M13 phage
antibody. During the incubation step, settling of the beads was pre-
vented by shaking the plate with an orbital plate shaker. Bead
washing was carried out four times with 100 ll of PBST by tapping
the plate several times on the paper towel immediately after
dumping washing buffer while holding the plate on the magnet.
The magnetic extractor utilized for this study was strong enough
to hold all bead particles during the washing and drying procedure.
To avoid light scattering by suspended bead particles, beads were
drawn to the corner of wells before adding the stop solution. We
observed no difference in signal read-out between the plate with
bead particles drawn to the corner of wells and the new plate with
final solution transferred (data not shown). Fig. 6B shows the dose-
dependent signal curves obtained for the magnetic bead-based as-
say. SC50 values and the steep slope of the linear range of the
curves were slightly affected by the incubation time and the con-
centration of secondary antibody. With 2 h incubation, similar
SC50 values (0.2–0.4 ng/ml) were observed, but the slope of the
curve was gradually decreased giving a more extended dynamic
range from 0.1–0.2 to 0.1–1 ng/ml as the dilution of secondary
antibody increased from 1:10000 to 40000. At 1:10,000 dilution
of secondary antibody, precipitation of substrate product was pro-
duced at high concentration of analyte. With 1 h incubation and
1:10,000 dilution of secondary antibody, the SC50 was increased
to 1 ng/ml giving a detectable range of 0.3–2.5 ng/ml. These data
indicate that the bead-based PHAIA gives an identical sensitivity
to the 96-well-based PHAIA requiring 10- to 20-fold less amount
of antibody. Furthermore, the sensitivity and detectable linear
range could be tuned by adjusting the combination of incubation
time and the concentration of secondary antibody.

Effect of MeOH and urine matrix

An estimation of the assay tolerance to solvent or matrix is nec-
essary for an accurate detection of unknown samples when sam-
ples are prepared by solvent extraction or dilution of crude
samples. The effects of MeOH and urine matrix were determined
by reading signals at a given concentration of 3-PBA spiked into
samples with increasing concentration of urine or MeOH (Fig. 7).
The signals were reduced by approximately 15% at 20% MeOH at
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Fig. 7. The effect of MeOH and urine matrix in assay buffer. Three different
concentrations of 3-PBA standard in each concentration of MeOH or urine solution
were mixed with the same volume of phage solution (2.55 � 108 phage particles,
1:4000 dilution in PBST) followed by 2 h incubation on the orbital plate shaker. One
hundred microliters of anti-phage MAb-HRP solution in PBST (1:40,000 dilution)
was added and incubated for 1 h. Each value represents the mean value of four
replicates.

Table 2
Assay validation: 6 different concentrations of 3-PBA were spiked to 3 different urine
samples diluted with PBST and two samples prepared by SPE clean-up.

Spiked (ng/ml) Urine A Urine B Urine C Average recovery (%)

Sample prepared by dilution
0 <0.1 <0.1 <0.08
5 5.9 4.2 3.1 101

10 12.2 8.1 10.0 92
20 21.4 18.0 15.8 97
50 56.2 40.3 49.0 97

100 96.5 90.2 105.7 88

Sample prepared by SPE
0 N.D <0.2 aND
3 2.5 3.2 ND 95
5 4.7 4 ND 87

10 10 11.7 ND 109
50 52.6 54.3 ND 107

a Not determined.
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both concentrations of 3-PBA. However, negligible changes in sig-
nals were observed up to 10% MeOH, indicating that unknown
samples containing 10% MeOH can be used by the assay with no
matrix effects. For urine, there was a 20% decrease in signal at
10% urine with 0.4 ng/ml 3-PBA, indicating that 10% urine could af-
fect the linear range. Therefore, unknown urine samples should be
diluted by more than 10-fold or if prepared by SPE, by dissolving
the eluate with buffer to <20% MeOH.

Inter and intraassay variations and assay validation

Urine samples collected from people who had no known expo-
sure to pyrethroid insecticides were used for the experiments. For
the determination of inter and intraassay variations, one urine
sample spiked with three different concentrations was diluted
25-fold with PBST to minimize potential matrix effects. The results
are shown in Table 1. The recoveries are generally within 91–104%
of the spiked concentrations with coefficients of variation of 16% or
less. The samples for assay validation were spiked with 3-PBA, then
prepared by simple dilution of crude urine with PBST or hydrolysis
followed by SPE clean-up. Simple dilution of samples is suitable for
detection in urine containing high concentrations of 3-PBA. Since
3-PBA is known to exist as different conjugates such as glycine
or glucuronide, hydrolysis is necessary to form the free 3-PBA.
The utilized SPE method for urine clean-up was established and
validated by LC-MS analysis in this laboratory (unpublished data).
As shown in Table 2, for both methods of sample preparation, gen-
Table 1
Inter and intraassay variations of PHAIA.

Fortification
level (ng/
ml)

aInterassay variation bIntraassay variation

N Measured
(ng/ml)

Average
recovery
(%)

CV
(%)

N Measured
(ng/ml)

Average
recovery
(%)

CV
(%)

5 7 4.9 ± 0.4 98 8.2 16 4.9 ± 0.3 98 6.1
10 7 10.3 ± 1.6 103 15.5 16 10.4 ± 0.6 104 5.8
20 7 18.1 ± 1.7 91 9.4 16 20.2 ± 1.5 101 7.4

a Interassay variation was determined by four replicates on seven different days.
b Intraassay variation was determined by 16 replicates on a single day.
eral recoveries ranged from 80 to 120%. This result demonstrated
that the bead-based PHAIA could be a useful assay to accurately
detect 3-PBA in urine.

Conclusion

In the current study, we described the development of a sensi-
tive magnetic bead-based PHAIA for the detection of a human uri-
nary biomarker of pyrethroid exposure, 3-PBA. This method used
significantly less PAb than required for the 96-well plate-based as-
say. PHAIA is a sandwich-type two-site immunoassay initially
developed for the detection of small molecular weight compounds
in which the phage-borne peptide binds to the analyte–antibody
complex. In order to circumvent the drawback of the 96-well-
based PHAIA which requires a large amount of PAb for coating,
we used micrometer-sized magnetic beads as a solid support with
the assumption that the large surface area of beads likely de-
creased steric hindrance of mega Dalton-sized phage particles to
the 3-PBA-specific subpopulation of PAb. The checkerboard titra-
tion test showed that a 10-fold lower amount of PAb compared
to the microplate assay was acceptable because approximately
0.1 lg of antibody immobilized on 0.1 mg of beads showed a sig-
nificant difference between in the presence and in the absence of
analyte. Further experiments indicated that the amount of beads
could also be significantly reduced showing that the use of 5 or
10 lg of beads gave a similar difference in signals observed from
the checkerboard titration. The final concentrations of antibody
and beads were 0.1 and 5 lg, respectively. The standard curve gen-
erated using 5 lg of beads immobilized with biotinylated 3-PBA
PAb not only significantly reduced the amount of coating antibody
but also gave identical sensitivity in terms of SC50 value (0.2–
0.3 ng/ml) to that of the assay with PAb directly coated on the
wells of the plate at 1.0 lg per well. In estimation of blocking effi-
ciency with three common blocking agents (3% of BSA, nonfat dried
skim milk, OVA), 3% nonfat dried skim milk showed the most effec-
tive blocking giving the highest S/N value. For an application of this
assay to unknown urine samples, crude urine samples need to be
diluted at least the 10 times with assay buffer because the assay
was tolerant to 5% final concentrations of urine matrix. Since the
assay tolerance to MeOH was up to 10% final concentration, the
concentration of MeOH is allowable up to 20% during sample prep-
aration. The estimation of inter and intraassay variation with 25-
fold diluted urine showed no significant variations with general
recoveries of 90–105 and 16% of coefficients of variation or less
when assays were performed over seven different days. When this
assay was used for the detection of 3-PBA in urine samples, we ob-
served a good recovery of spiked 3-PBA with overall recoveries of
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80–120% for two different types of urine samples prepared by di-
rect dilution of urine with PBST or urine clean-up with a SPE meth-
od. In addition, because of the demand in developing the sensing
technologies for multiplexed, reliable, in-field measurements
beads have gained popularity as material for a variety of formats
of assays [27–29]. This bead-based PHAIA could be easily extended
to various high throughputs or multiplexing assay systems. Such
systems could utilize the versatility of the phage particle such as
PCR-amplified detection of phage gene [30] or the direct multiple
binding of fluorophores for the nanoparticle-based fluoroimmuno-
assay or the microchannel-based immunoassays which reduce the
sample volume and speed assay procedures [31–33].
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