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Fiber Optic Immunosensor for Polychlorinated Biphenyls
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A fiber optic immunosensor, consisting of a quartz fiber coated with partially purified polyclonal
anti-PCB antibodies (Abs), was used to detect polychlorinated biphenyls (PCBs). The optical signal
was generated by the binding and subsequent fluorescence of the fluorescein (FL) conjugate of 2,4,5-
trichlorophenoxybutyrate (TCPB) to the Ab-coated fiber. The Abs, immobilized on the fiber, bound
TCPB—FL with high affinity, saturably and reversibly. TCPB and PCBs competed with TCPB—
FL for binding and decreased fluorescence in a concentration-dependent manner, with a detection
limit of 10 ppb TCPB. The biosensor detected 1 ppm Aroclors, but not polychlorinated pesticides,
polychlorinated phenols, or trichlorobenzene. It was more selective for TCPB at 1 ppm than the
four tested Aroclors (i.e. 1016, 1232, 1250, and 1262) by 1.4-, 2.2-, 5.5-, and 3-fold, respectively. It
detected Aroclor 1242 added to river waters and standard reference soil samples with reasonable
accuracy. Advantages of this biosensor are its fast detection time (seconds to minutes), high
sensitivity, and reversibility.
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INTRODUCTION

Polychlorinated biphenyls (PCBs) are a highly stable
family of compounds with paired phenyl rings and
various degrees of chlorination. They were used mostly
as insulators in electrical equipment and were banned
from use over 12 years ago. Yet, they persist in the
environment (Erickson, 1986) and have global environ-
mental distribution. They are detected in water, food,
human tissues (Jensen, 1989), milk (Mullin et al., 1981;
Johansen et al., 1994), and urine (Kutz et al., 1992) and
in high concentrations at Superfund sites in the United
States. Occupational exposure to high doses of PCBs
can cause dermal toxicity (James et al., 1993), as well
as malignant melanomas and brain cancer (Rogan and
Gladen, 1992; Sinks et al., 1992). They have also been
found to alter growth and development in humans
(Lambert and Hsu, 1992). Exposure of chicken embryos
to as little as 0.01 ppm PCBs for 15 days resulted in
retardation of growth and increased frequency of mal-
formations (Hatano and Hatano, 1994). Although there
are 209 possible PCB congeners, only a few account for
most PCBs detected in fish, birds, mammals, and
invertebrates (McFarland and Clarke, 1989), and even
fewer are potentially toxic. However, there are reports
that individuals who consume relatively large amounts
of fish may have elevated serum PCB levels that may
be hazardous (Baker et al., 1980; Kreiss et al., 1981).

Since commercial PCBs released in the environment
are usually mixtures, their detection and analysis is
usually a complicated process. Analysis of commercial
PCB mixtures or PCBs in milk and blood has been
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accomplished by gas chromatography (Safe et al., 1985),
radioimmunoassay (Albro et al., 1979; Newsome and
Shields, 1981; Johanson et al., 1994), and enzyme-linked
immunoassay (ELISA) (Johnson et al., 1994). Immu-
noassay methods were reported to be comparable to GC-
and HPLC-based methods for detection of total PCBs.

Recent advances in optical technology as well as the
availability of a wide range of immunochemicals have
led to the development of biosensors that are cost-
effective, user friendly, sensitive, and field portable.
Biosensors are analytical devices that utilize the speci-
ficity of the binding site of a receptor, enzyme, antibody
(Ab), or DNA to detect an analyte by coupling these
proteins to transduction elements (e.g. glass electrodes,
silicon chips, or optic fibers). Biosensors have certain
advantages that may improve on ELISA. These advan-
tages include speed (with detection in seconds to min-
utes), reusability for multiple assays, simplicity, and
potentially low cost per assay. During the past 6 years,
we have used biosensors (fiber optic evanescent fluo-
rosensors and potentiometric biosensors) to study drug—
and toxin—receptor interactions and their specificities
(Rogers et al., 1989, 1991a, 1992; Eldefrawi et al., 1992)
and to detect and quantitate cocaine (Devine et al.,
1995) and anticholinesterases (Rogers et al., 1991b)
including insecticides (Anis et al., 1992; Fernando et al.,
1993). The more potent of these enzyme inhibitors (e.g.
paraoxon) could be detected at low concentrations (i.e.,
1.5 x 1077 M), while higher concentrations were re-
quired to detect low-potency inhibitors (such as par-
athion) (such as 10~3 M).

While enzyme-based (i.e. acetylcholinesterase) and
receptor-based (i.e., nicotinic) biosensors are generic in
their detection capabilities of substrates and inhibitors
or agonists and antagonists, respectively, Ab-based
biosensors can be highly selective. We utilized Abs
directed toward a bovine serum albumin—parathion
conjugate as sensing elements to construct a fiber optic
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Figure 1. Synthetic scheme for the 2,4,5-trichlorophenoxybutyric acld—-ﬂuorescem conjugate (TCPB ~FL). Scheme A is for synthesis
of the fluorescein ethylenediamine derivative. Scheme B is for synthesis of TCPB—FL from the derivative.

biosensor (i.e. immunosensor) to detect this pesticide
(Anis et al., 1992). The biosensor specifically detected
0.3 ppb of parathion and was 100-fold more selective
for parathion than for its more potent oxidative me-
tabolite paraoxon (Anis et al., 1992).

Immunosensors have also been developed to detect
herbicides such as atrazine in surface water and soil
extracts (Oroszlan et al., 1993), as well as imazethapyr
and other imidazolinone herbicides in soil samples (Anis
et al., 1993; Wong et al., 1993). For the imazethapyr
biosensor, a fluoresceinated imazethapyr probe was
used as the optical signal generator, which bound to the
Abs immobilized on the fiber. The probe that bound to
the immobilized Ab was competitively and reversibly
displaced by imazethapyr. This biosensor was regen-
erable for multiple use because of the reversibility of
binding of the antigen to the Ab. It was selective for
three imidazolinone herbicides (imazapyr, imazaquin,
and imazmethabenz methyl) studied but had at least
100-fold lower affinity for non-imidazolinone herbicides.
Matrix material in soil extracts had minimal effect on
this biosensor.

In the present study, a protocol similar to the one used
for the imazethapyr biosensor was utilized to develop a
sensitive and reversible biosensor for detection of PCBs
found in Aroclors. The sensitivity and selectivity of this
biosensor to various Aroclors, polychlorinated benzene,
phenol, and insecticides are reported.

MATERIALS AND METHODS

Chemicals. Polychlorinated benzene and phenols (reagent
grades, purity 98—99%) were obtained from Aldrich Chemicals
Milwaukee, WI), p,p”-DDT and chlordane were from Chem-
Service (West Chester, PA), and human [1%5]] IgG, 0.5 u#Ci/ug,
was from NEN DuPont (Boston, MA). 2,4,5-Trichlorophenoxy-
butyric acid (TCPB) and 2,4-dichlorophenoxyacetic acid (2,4-
D, reagent grade, purity 99%) as well as all other chemicals
(reagent grade) were from Sigma Chemical Co. (St. Louis, MO).
2,4,5-Trichlorobutyrate—fluorescein conjugate (TCPB—FL) was
synthesized from fluorescein isothiocyanate and TCPB as
shown in Figure 1.

Instrumentation. A portable fluorometer, designed and
built by ORD Inc. (North Salem, NH) [Block and Hirschfeld,
1986; see Rogers et al. (1989)] was used to measure the

fluorescence generated on the surface of 1 x 60 mm quartz
fibers by the fluorescent ligands within the evanescent zone.
Excitation (485/20 nm) and emission (530/30 nm) band-pass
filters were used in conjunction with the fluorescein probe. The
fibers were mounted vertically in a flow cell of 46 uL capacity,
which was exchanged every 14 s. Prior to use, the quartz
fibers were washed in hot ethanol (70 °C) for 30 min and stored
in anhydrous ethanol. Prior to protein immobilization, the
fibers were dried in N2 atmosphere.

Purification of Anti-PCB y-Globulins. The Abs used as
sensing elements were provided by Dr. Jeanette Van Emon
at the U.S. EPA Environmental Monitoring Systems Labora-
tory at Las Vegas. The antiserum was raised against an
alkoxy derivative of 4-hydroxy (2,2",4",5,5’-pentachloro-4-bi-
phenylol) conjugated to keyhole limpet hemocyanin (Johnson
and Van Emon, 1994). The polyclonal Abs were isolated from
the rabbit antiserum by passage through a protein A chroma-
tography column (Acti-Disk; FMC) following the manufactur-
er’'s recommendation. Briefly, 1 mL of immune serum mixed
with 4 mL of phosphate-buffered saline (10 mM disodium
phosphate, 154 mM NaCl, pH 7.2) (PBS) was loaded on the
column, followed by 20 mL of PBS at a 2 mL/min flow rate.
The IgG fraction was then eluted with 0.1 M glycine-
hydrochloride, pH 2.8, at a flow rate of 4 mL/min, and 1.5 mL
fractions collected. Protein-containing fractions (determined
by absorbance at 280 nm) were pooled and dialyzed extensively
against PBS. The protein content of the pooled fractions was
determined accordmg to the Lowry et al. (1951) method and
stored at 4 °C in the presence of 0.02% sodium azide until use.

Immobilization of Antibodies on the Quartz Fibers.
The polyclonal Abs were adsorbed noncovalently on the surface
of the quartz fibers by immersing the fibers in PBS containing
the IgG fraction at 50 ug/mL either for 16 hat 4 °C or for2h
at 23 °C. No attempt was made to determine the amount of
the anti-PCB-Abs adsorbed onto the fibers. However, data
presented under Results will show that the amplitude of the
optical signal was directly related to the concentration of Ab
used in the immobilization procedure. Furthermore, using
['*1]1gG as a tracer (using the 2 h, 23 °C incubation) resulted
in an average of 0.12 ug of IgG adsorbed per fiber.

Fluorescence Measurement. The antibody-coated fibers
were mounted in the flow cell and perfused with PBS contain-
ing 0.1% casein, which was added to the buffer to reduce
nonspecific binding of fluorescein conjugate to the fibers. The
baseline of light energy reaching the detector was recorded
on a strip chart recorder. A 10 min baseline record was
obtained before addition of TCPB—FL to the flow buffer. At
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Figure 2. Specificity of the fluorescence signal. The fluores-
cence transmitted by TCPB—FL, bound to the fiber coated with
the rabbit anti-PCB IgGs, compared to that of the casein-
coated fiber, the bare fiber, and those coated with human IgG
and rabbit IgG.

a flow rate of 0.2 mL/min it téok 14 s to exchange the buffer
inside the flow cell completely. The fluorescence, generated
in the evanescent zone from binding of TCPB—FL to the Ab
on the surface of the fiber, was transmitted through the quartz
fiber to the detector, translated into voltage, and recorded.
Fluorescence transmitted through the fiber was directly cor-
related to the occupancy of Abs by 2,4,5-TCPB—FL. Thus, the
optical signal expresses the binding reaction as it occurs.

Detection of Polychlorinated Hydrocarbons. Polychlo-
rinated hydrocarbons (PCHs) that were recognized by the Abs
competed with TCPB—FL for binding to the Abs, thereby
reducing fluorescence. Unless otherwise indicated, Ab-coated
fibers were perfused with PBS containing 25 nM 2,4,5-TCPB~
FL until the fluorescence reached a steady state (usually <20
min). The PCH, at the desired concentration, was then added
to the flow buffer, and the changes in fluorescence occurring
within the next 5 min were recorded. The PCH was then
removed from the flow buffer, the fluorescence was allowed to
return to steady state, and another PCH was tested.

RESULTS

Specificity of the Fluorescent Signal. The mea-
sured fluorescence was generated by TCPB—FL within
the evanescent zone. As expected, bare fibers (i.e.
quartz fibers that have no proteins on their surface)
bound relatively little TCPB—FL, resulting in a small
optical signal (Figure 2). This nonspecific binding was
reduced by half when the quartz fiber was coated with
casein (1 mg of casein/mL in PBS) prior to use. This
result suggested that casein masked some of the sites
on the surface of the fiber which bound TCPB—FL. The
fiber coated with the rabbit anti-PCB Abs generated
significant fluorescence above background, due to.the
accumulation (i.e. specific binding) of TCPB—FL within
the evanescent zone (Figure 2). Fibers, coated with
rabbit or human IgGs, bound =15% of the TCPB—FL
bound by the specific Abs. Thus, nonspecific binding
of TCPB—FL ranged between 7% and 15% for pretreat-
ment with casein and nonspecific IgG, respectively. The
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Figure 3. Dependence of the rate of fluorescence increase and
the steady state fluorescence level on the concentration of
TCPB—FL in the perfusing buffer. Quartz fibers were incu-
bated in 50 ug/mL anti-PCB rabbit IgG in PBS (10 mM, pH
7.4) solution overnight at 4 °C. The same fiber was used to
generate all curves. The fiber was perfused with PBS after
each TCPB—-FL concentration until fluorescence returned to
baseline level.

value of 15% was used to correct for nonspecific binding
in subsequent experiments using the same concentra-
tion of TCPB—FL (i.e. 25 nM).

Effect of Concentration of TCPB—FL on the
Fluorescence Signal. Since the fluorescence signal
was generated by TCPB—FL, which bound specifically
to immobilized anti-PCB Abs, it was expected that as
the concentration of the TCPB~FL increased, the fibers
carrying a discrete number of Abs would accumulate the
fluorescent probe. The fluorescence transmitted by the
Ab-coated fibers should then increase in a concentration-
dependent manner and exhibit saturation kinetics.
When Ab-coated fibers were perfused with different
concentrations of TCPB—FL, varying from 1 to 100 nM,
the amplitude of the fluorescence was indeed concentra-
tion-dependent (Figure 3). The time to reach steady
state fluorescence also increased with higher TCPB—
FL concentrations. The change in fluorescence, mea-
sured during the initial 2 min, was used to determine
the initial rate of fluorescence increase.

When a single fiber was perfused with incrementally
increasing concentrations of TCPB—FL, the optical
signal increased stepwise and established steady state
fluorescence levels similar to those recorded from indi-
vidual fibers (data not shown). The steady state fluo-
rescence and the initial rate of fluorescence increase
were linear with increasing concentrations of TCPB—
FL up to concentrations of 50 nM. At higher concentra-
tions, the fluorescence appeared to saturate (Figure 4).
Accordingly, 25 nM TCPB—-FL was selected as the
fluorescent probe concentration because it gave a fairly
strong optical signal.

Fluorescence Signal Effects Due to Antibody
Immobilization Conditions. Since the observed fluo-
rescence signal reflected the binding of TCPB—FL to
Abs immobilized on the surface of the fiber, it was
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Figure 4. Effect of increasing concentrations of TCPB in the
flow buffer on the steady state fluorescence and the initial rate
of fluorescence increase. Fibers were coated with Abs as
described in the legend of Figure 3.
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Figure 5. Effect of increasing concentrations of anti-PCB
rabbit IgG in PBS during immobilization (4 °C overnight) on
the amplitudes of steady state and rate of fluorescence upon
perfusion with TCPB—FL (25 nM). Fibers were incubated at
4 °C overnight. Symbols and bars represent means of three
measurements on triplicate fibers + standard deviations.

expected that the concentrations of Abs on the surface
(i.e. density of the binding sites) would affect the optical
signal. The concentrations of anti-PCB Abs, in the
incubation mixture for immobilization, were varied from
10 to 100 ug/mL. Three fibers were incubated in 0.3
mL of PBS containing 10, 25, 50, or 100 mg IgG/mL of
PBS for 16 h at 4 °C. After the fibers were mounted in
the flow cell, the fluorescence, generated by adding 25
nM TCPB—-FL to the flow buffer, was recorded and the
initial rate of, as well as the steady state of, fluorescence
was plotted against the Ab concentration (Figure 5). The
fluorescence response increased with increasing con-
centrations of Abs (up to 50 ug/mL) used during im-
mobilization then decreased at 100 ug/mL. The ob-
served 10—20% SD reflects variability that is likely to
be associated with differences in the densities of ad-
sorbed Abs on the fiber. Since the concentration of 50
ug/mL gave the highest optical signal, it was selected
for use in all subsequent experiments.
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Figure 6. Time course of association of TCPB—FL to and its
dissociation from the Ab-coated fibers. Bar indicates the time
that TCPB—FL (50 nM) was present in the PBS flow buffer.

Preliminary experiments indicated that fibers incu-
bated in 50 ug/mL IgG at 23 °C for 2.5 h bound more
TCPB—FL and transmitted more fluorescence than
fibers incubated at 4 °C for 16 h (data not shown).
Although a fairly short incubation time (i.e. <60 min)
at 23 °C was adequate to generate a fluorescent signal
(data not shown), 150 min at 23 °C was selected as the
standard immobilization condition to optimize signal
and for convenience.

Reversibility of Binding of TCPB—-FL to the Ab-
Coated Fiber. Binding of TCPB—FL to the Ab-coated
fiber was reversible (Figure 6). Upon the introduction
of 50 nM TCPB-FL into the flow buffer, the fluores-
cence increased, thereby reporting binding of TCPB—
FL to the Ab, and approached equilibrium (i.e. steady
state). When TCPB—FL was removed from the flow
buffer after 20 min, the fluorescence decreased as the
bound TCPB—FL dissociated from the fiber. Although
dissociation was initially rapid, after 60 min, the
fluorescence level was still higher than the initial
baseline level. A plot of the logarithm of fluorescence
vs time indicated a fast dissociating component (43.2%)
that had Tyz of 3 min and a slower dissociating
component (56.8%) that had Ty of 7.8 min. Thus,
TCPB—-FL bound to at least two populations of binding
sites on the Ab-coated fiber. The dissociation rate
constants kgiss or k-3 of the fast and slow components
were calculated from the formula k-1 = 0.693/Ty2 and
found to be 0.231 and 0.088 min~!, respectively. An
apparent rate constant of association (kgpp) of 2.29 min™!
was calculated from the linear plot of Ln FL.y/(Ln FLq
— Ln FL;) vs time (Limbird, 1987). The steady state
fluorescence was used to represent FL¢;. The associa-
tion rate constant k; was then calculated from the
equation k; = ky/[L] since kapp = k1" + k-1 and two k-
values were obtained. Both k-; values were used to
obtain k; values of 4.4 x 107 and 4.0 x 107 M~1. The
average of the two values (4.2 x 107 M~1) was used to
calculate the equilibrium dissociation constant Kp val-
ues. The Kp for the fast component was 1.04 x 1078 M
and for the slow component 4 x 10~° M.

Concentration-Dependent Displacement of
TCPB—-FL by TCPB. When TCPB was added to the
flow buffer containing TCPB—FL after steady-state
fluorescence was achieved, it displaced the bound
TCPB—FL and reduced fluorescence in a concentration-
dependent manner (Figure 7). The rate of decrease in
fluorescence, calculated from the slope of the initial 2
min segment of the curve following addition of TCPB
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Figure 7. Concentration-dependent displacement of bound
TCPB—FL from the Ab-coated fiber by different concentrations
of TCPB. This experiment was done on a single fiber. The fiber
was incubated with 50 ug/mL Ab at 4 °C overnight; then the
lowest concentration of TCPB was introduced after 15 min of
perfusion with PBS containing 50 nM TCPB—FL to establish
a steady state. The initial rate of fluorescence decrease (initial
2 min) was recorded. The fiber was then perfused with PBS
containing TCPB—FL for 10—20 min to reestablish the steady
state before introduction of the next TCPB concentration.
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Figure 8. Reduction in fluorescence caused by displacement
of TCPB—FL with increasing concentrations of TCPB: (left)
initial rate of decrease; (right) Linear regression of the data.
Symbols are means of triplicates.

to the flow buffer, was greater with increasing TCPB
concentration. The displacement of the fluorescent
probe by increasing concentrations of TCPB was satu-
rable, and a logarithmic transformation yielded a linear
response (Figure 8). A single fiber was used to make
all measurements, which was feasible because of the
reversibility of TCPB binding. After each measurement,
the fiber was perfused with the flow buffer containing
TCPB—FL until the fluorescence returned to steady
state level. The time required increased as the concen-
tration of TCPB increased. The rate 5000 ng/mL TCPB
was selected to represent 100% displacement. Linear
transformation of the data (Figure 8) was used to
generate a standard curve for comparison of other
PCHs. The ICsp value for TCPB of 750 ng/mL is equal
to 2.64 uM. Using the Cheng—Prusoff equation [(K; =
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Figure 9. Selectivity of the biosensor as shown by the
displacement of bound TCPB—FL by PCBs added to the flow
buffer at 10, 100, and 1000 ppb: (A, top) PCB mixtures
(Arochlors); (B, middle) polychlorinated di- and trichlorophenol
or benzene; (C, bottom) polychlorinated pesticides.

IC50/(1 + [L)/Kp)] (Cheng and Prusoff, 1973), the equi-
librium constant of inhibition of TCPB—FL binding by
TCPB (K;) was calculated to be 7.8 x 1079 M.

Cross-Reactivity with PCHs. Because antiserum
toward a specific PCB congener was used to construct
this immunosensor, it is expected that these Abs would
cross-react with other PCBs. Five PCB mixtures (i.e.
Aroclors) were tested and showed cross-reactivities
ranging from 23.1 to 197% of the relative response to
TCPB (each at 1000 ng/mL) (Figure 10 and Table 1).
The biosensor was more selective for TCPB at 1 ppm
than the four Aroclors: (1016, 1232, 1250, and 1262)
by 1.4-, 2.2-, 5.5-, and 3-fold, respectively. However, it
was 5.8-fold more sensitive in detecting 10 ppb Aroclor
1248 than TCPB (Figure 9). In the concentration range
from 1 to 1000 ppb, Aroclor 1248 showed a concentra-
tion-dependent displacement of the bound TCPB—FL
from the anti-PCB Ab-coated optic fiber (Figure 10).

Aroclor 1248 is a mixture of PCBs. An average
molecular mass of 290 Da based on pentacholorobiphe-
nyl was used to calculate the inhibitory equilibrium
constant as a measure of affinity of the biosensor for
this PCB mixture. The average molecular mass was
used to convert the ICsp value (Figure 10) into molar
concentration, and the Cheng—Prusoff equation [K; =
ICs¢/(1 + [L)/Kp)] was used to calculate a Kj of 1 x 1078
M. In other words, the immobilized Abs seem to have
similar affinities for TCPB—FL and Aroclor 1248 despite
the high cross-reactivity of this PCB mixture with the
sensor (Table 1).

On the other hand, the immunosensor had low cross-
reactivity with a number of other PCHs. Dichlorophe-
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Figure 10. Concentration dependence of displacing bound
TCPB-FL with Aroclor 1248. Percent displacement was
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triplicate measurements, each on a separate fiber, and the bars
represent standard deviations.

Table 1. Cross-Reactivities of PCBs and Other
Polychlorinated Hydrocarbons

compound cross-reactivity index®

Aroclors

1016 70.6

1232 50.7

1248 197

1250 23.1

1262 35.9
polychlorophenol/benzene

2,5-DCP 2.8

2,6-DCP 54

2,4,5-TCP 3.6

1,2,4-TCB 6.2
pesticides

p,p’-DDT 11.6

chlordane 8.1

2,4-D 17.6

o Cross-reactivity values of PCBs and other polychlorinated
hydrocarbons are calculated as follows: The initial rate of
fluorescence decrease caused by the addition of 1000 ng/mL of
TCPB to the flow buffer after fluorescence reached a steady state
is considered as 100. The initial rate of fluorescence decrease in
the presence of 1000 ng/mL of each compound is divided by that
for TCPB to obtain the cross-reactivity index.

nols (2,5-DCP and 2,6-DCP), trichlophenol (2,4,5-TCP),
and trichlorobenzene (1,2,4-TCB) were hardly detected
at 1 ppm (Figure 9 and Table 1). The immunosensor
showed slightly higher cross-reactivity with the insec-
ticides DDT and chlordane and even more for the
herbicide 2,4-D (Figure 10), which is similar in structure
to 2,4,5-TCPB.

Detection of Aroclor 1242 in Two Surface Water
Samples and Soil Extracts. A displacement curve of
TCPB—FL binding to the fiber optic immunosensor with
increasing concentrations of Aroclor 1242 was gener-
ated, and a least squares regression of the displacement
curve (Figure 11) yielded a regression coefficient of 0.97.
This was used as a calibration curve for Aroclor 1242
added to two water samples obtained from the Potomac
and Chesapeake Bay and soil extracts. Recoveries of
Aroclor 1242 added at low concentrations (10 and 100
ng/mL) to the waters and assayed the same day or at
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Figure 11. Linear transformation of the concentration-
dependent displacement of TCPB—FL with Aroclor 1242.

Table 2. Recovery of Aroclor 1242 from River Water
Using the Fiber Optic Immunosensor®

added Aroclor measured Aroclor
1242 (ng/mL) 1242 (ng/mL) SD % recovery
10 8.91 1.38 89.26
100 70.81 22.58 70.96
500 547.54 180.15 109.51
1500 1707.37 315.21 113.80

o Each sample was assayed in triplicate. Measured Aroclor
1242 (ng/mL) respresents the mean of the three assays.

Table 3. Recovery of Aroclor 1242 from Methanol
Extracts of Standard Reference Material (SRM) Soils

amount of Aroclor 1242 added to SRM (mg/kg)

extraction®
and analysis 05 1.5 8.0 25 45 100
K1 2.10 3.06 351 257 29.7 97.4
2 1,93 5.00 9.64 447 428 154
3 2.19 4,16 589 313 42.7 70.5
expected 0.50 1.50 8.00 250 45.0 100
mean® 2,12 4,07 635 339 384 119

% error 324 171 21 36 15 19

@ The numbers 1-3 refer to three fortified soil standards for
each concentration. ®* Mean of the values for samples 1-3.

high concentrations (500 and 1500 ng/mL) and assayed
after 7 days ranged from 71 to 101% for the low
concentrations and from 109 to 114% for the high
concentrations (Table 2). Aroclor 1242 was extracted
from standard reference material (SRM) soils using a
simple and rapid methanol extraction procedure. Mean
values were determined from three or four extracts
(Table 3). Percent error values were greatest at the
lower concentrations when the biosensor overestimated
the concentration of Aroclor 1242. The relative stan-
dard deviation values averaged about 30%.

DISCUSSION

Although TCPB—FL was observed to bind to the
quartz fibers in the absence of Ab or to fibers coated
with casein or immunoglobulins, binding of TCPB—-FL
to anti-PCB Abs, which were immobilized on the quartz
fibers, gave a significantly greater response (Figure 2).
In previous studies, nonspecific binding was discovered
to be a major problem in determining the specific
binding of FL—a-bungarotoxin to nicotinic receptor
protein-coated fibers (Rogers et al., 1989). However,
pretreatment of quartz fibers with PBS containing
0.1 mg/mL bovine serum albumin, and the use of low
concentrations of FL—a-bungarotoxin, eliminated the
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problem. Although using the same strategy in the
current study did not totally eliminate nonspecific
binding, the data were corrected for the presence of
nonspecific binding, as is commonly practiced in radio-
active ligand binding assays (Limbird, 1987).

The observed fluorescence resulting from the ac-
cumulation of probe in the evanescent zone using this
system has been used to accurately measure bimolecular
binding (Rogers et al., 1991). In the present study, the
optical signal (i.e. fluorescence) increased with increas-
ing concentration of TCPB—FL, due to a higher oc-
cupancy level for immobilized binding sites. The time
course of the reaction (Figure 3) indicates that the
binding reaction reaches steady state fairly quickly (<20
min), especially at low TCPB—-FL concentrations. Since
the fluorescence transmitted through the fiber reports
the binding event, it is to be expected that higher
concentrations of TCPB—FL would yield higher fluo-
rescence (Figures 3 and 4). According to the law of mass
action, the steady state fluorescence resulting from the
event correlates directly with the concentration of the
reacting species, i.e. the Abs and TCPB—FL (Figure 5).
Therefore, increased concentrations of either of these
reactants would produce higher fluorescence. Further-
more, the reaction should show saturation behavior
since the fiber carries a limited number of binding sites.
Variability in density of the immobilized Abs is expected
to contribute to variable levels of the optical signal.
Variability due to this source can be dramatically
reduced by using each fiber as its own control.

The affinity of an Ab for its antigen is a basic
experimental parameter in the thermodynamic ap-
proach to the molecular basis of their interactions
(Goldberg and Djavadi-Ohaniance, 1993). If the analyte
binds reversibly with low affinity to the Ab, the biosen-
sor is easily regenerated for multiple measurements; if
it binds with very high affinity, its regeneration is much
slower. The determination of the affinity value is
complicated not only by the heterogeneity of Abs but
also by the multivalence of Abs and their immobilization
on the glass fiber. This is affected by how the Ab is
positioned on the fiber and any steric hindrance result-
ing from the density of immobilized Abs. The apparent
affinity of this biosensor for TCPB—FL (Kp = 0.4, 1.0 x
1078 M) results in fast dissociation of the bound TCPB—
FL (Figure 6) and its competitive displacement by
unlabeled TCPB (Figures 7 and 8) or other chemicals
(Figures 9—11) that cross-react with the Abs (Table 1).
This is advantageous because it allows for the rapid
regeneration of the biosensor and return of steady state
fluorescence upon fiber perfusion with analyte-free flow
buffer.

The 5.8-fold higher selectivity of this biosensor for
Aroclor 1248 than for TCPB (Figure 9 and Table 1) is
not surprising in view of the fact that the immunogen
for the antiserum was a PCB congener present in this
Aroclor. Nevertheless, these Abs recognize and bind
TCPB with fairly high affinities. Although the affinity
of the biosensor for Aroclor 1248 is higher than for
TCPB, they both have K; values close to 1078 M. This
paradox may be caused by using an average molecular
mass value for a pentacholorobiphenyl to calculate the
K; value. Use of a single PCB as the analyte would
eliminate this problem. Nevertheless, the biosensor
showed a high specificity for certain of the Aroclors, with
low cross-reactivity for numerous other PCHs (Table 1).

The fiber optic immunosensor detected Aroclor 1242
with a sensitivity limit of 10 ng/mL (Figure 11). Re-
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coveries of Aroclor 1242 from river and bay waters and
from extracts of SRM soils were reasonably good. They
ranged from 71 to 114% for the water samples and from
79 to 119% for soil extracts, with the exception of the
two SRM lower concentrations (Tables 2 and 3). The
displacement curves of both Aroclor 1242 and 1248 were
shifted approximately 1 order of magnitude to the right
(i.e. higher ECs values) as compared to ELISA assays
using the same anti-PCB Abs (Johnson and Van Emon,
1994). This is an interesting observation in light of two
previous reports that two other fiber optic immunosen-
sors detected parathion (Anis et al., 1991) and
imazethapyr (Anis et al., 1993) with similar or lower
detection limits than ELISA. Detection of PCBs may
be improved by using a combination taper fiber which
was described by Ligler and co-workers (Anderson et
al., 1993). The taper fiber improves signal acquisition,
enhances sensitivity, and improves reproducibility.

It has also been reported that polyclonal antiserum
has been used to construct an ELISA suitable for field
use. This field kit detected several Aroclors including
Aroclor 1248 in soil samples at concentrations higher
than 5 ppm (Mapes et al., 1993). The fluorescent
immunosensor described in the present study detects
TCPB and Aroclor 1248 at 10 ppb, which is 3 orders of
magnitude higher sensitivity than that reported by
Mapes et al. (1993) and is comparable to the detection
limits of GC-based methods for measurement of PCBs
as a class.

Evanescent fluorometry allows the observation of an
immunochemical reaction in real time. Furthermore,
the fact that initial rate fluorescence measurements
parallel changes in the steady state fluorescence (Fig-
ures 4 and 5) suggests that one may use shorter assay
times (e.g. 30 s) to measure Aroclors than were em-
ployed in the reported data. This strategy was applied
successfully for detecting imazethapyr in soil extracts
(Anis et al., 1993) and reflects a general advantage for
biosensors.

At least two populations of immobilized Ab binding
sites were observed to contribute to the biosensor-
detected binding event. This may reflect the use of
polyclonal Abs or arise from immobilization artifacts.
This question may be resolved by production of a
monoclonal Ab with optimal affinity for the analyte and
its use to construct a specific immunosensor. The
isolation of mRNA from the spleen of a mouse im-
munized with TCPB, followed by the production of
reciprocal genes and cloning of Fab fragments into
Escherichia coli (Ward, 1992), would provide an excel-
lent means for selecting an Ab with optimal specificity
for an analyte. This method would also guarantee a
stable continuous supply of homogeneous Abs for the
biosensor. The similarities in chemical structures of
PCBs and the variety of their mixtures in the environ-
ment suggest the need for production of several mono-
clonal PCB Abs for the biosensor, each with high
selectivity for a single PCB of interest. To minimize
false positive results, the detection of each analyte may
require the use of at least two Abs with different
selectivity profiles.
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